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Abstract

Understanding the mechanisms responsible for different clinical out-
comes following hepatitis B infection requires a systems investigation
of dynamical interactions between the virus and the immune system.
To help elucidate mechanisms of protection, we developed a deter-
ministic mathematical model of hepatitis B infection that accounts
for cytotoxic immune responses resulting in infected cell death, non-
cytotoxic immune responses resulting in infected cell cure and pro-
tective immunity from reinfection, and cell proliferation. We analysed
the model and presented outcomes based on three important dis-
ease markers: the basic reproduction number Ro, the infected cells
death rate & (describing the effect of cytotoxic immune responses),
and the liver carrying capacity K (describing the liver susceptibil-
ity to infection). Using asymptotic and bifurcation analysis techniques,
we determined regions where virus is cleared, virus persists, and
where clearance-persistence is determined by the size of viral inoculum.
These results can guide the development of personalized intervention.
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1 Introduction

Despite effective vaccines and improved treatment strategies, hepatitis B virus
(HBV) continues to be a global health burden with over 3.5% of the world
population being chronically infected [1]. HBV spreads vertically from mother
to child, through sexual contact and after exposure with infected blood or body
fluids [2]. The risk of progression to chronic disease is dependent on host age,
viral characteristics, and immune responses. While acute infection is generally
cleared in adult immunocompetent patients, up to 90% infants, 50% children
younger than five, and 5-10% adults develop chronic infections which lead to
liver disease such as cirrhosis and hepatocellular carcinoma [3, 4, 5]. Extensive
work has been conducted that focuses on understanding of key immunological
interactions, as well as hepatitis B virus molecular dynamics, that dictate
the infection outcome [6]. HBV has developed multiple strategies for avoiding
innate and adaptive immunity, with hepatitis B e- and s-antigens (HBeAg and
HBsAg) being responsible for the suppression of interferon responses [7] and
of natural killer cell function [8]; the impairment of dendritic cells [9]; and
the exhaustion of cellular T-cell function [10]. Chimpanzee inoculation studies
have linked the magnitude of the HBV dose with infection outcomes, which
range from no infection, to acute infection (where the entire liver is infected
prior to viral clearance), to chronic viral persistence [11]. They determined
that the varying outcomes are immune-dependent, with medium inoculum dose
leading to CD8 T-cell mediated immune response that synchronize with HBV
dynamics and result in low or no liver infection; low inoculum dose leading to
improper CD8 T-cell responses, 100% liver infection, and viral persistence; and
high inoculum dose resulting in acute infection of the entire liver followed by
viral clearance [12, 11]. Understanding the mechanisms responsible for different
outcomes requires a systems investigation of dynamical interactions between
host and virus (described using theoretical tools, such as mathematical models)
in order to provide testable biological hypotheses for the observed empirical
outcomes.

Previous modeling work has helped understanding the relationship between
inoculum dose, immune responses, cell depletion, and infection outcomes [13]
for hepatitis B viral infections [14, 15, 16, 17], HIV [18], respiratory viral
infections [19], and vaccine induced immunity [20]. Non-autonomous systems of
differential equations, who incorporate time dependent functions for infection
rates [17, 21] or immune responses [14] (assumed to be dose dependent), have
predicted that delayed immune responses lead to acute infections followed by
clearance, weak immune response lead to viral persistence, and strong immune
responses block the infection altogether. In autonomous systems of differential
equations, however, the dependence of outcomes on initial inoculum, i.e. the
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initial condition of the virus concentration variable (rather than parameters
or time-dependent functions), requires the presence of bistable dynamics. The
target cell limited model of viral infection (see [22, 23, 24, 21] for a review)
that assumes interactions between target cells 7', infected cells I and virus V/
according to the following system:

dr

— =s— BTV —dT

prial BTV .

dI

= =BTV —6I 1
7 pITvV , (1)
dv

2 —p] —

=P cV,

predicts no infection when Ry = % < 1 and viral persistence when Ry >
1, regardless of initial conditions. In this paper, we show that an extended
autonomous system, incorporating additional hepatitis B-specific viral-host
mechanisms into the model Eq. (1), such as the proliferation of uninfected and
infected cells [25, 26, 16, 27], cytolytic and non-cytolytic immune responses [25,
26, 15], and the emergence of cured cells that are protected to reinfection [26,
28], results in bistable dynamics. Here, we determine conditions for bistability
and investigate the relationship between inoculum dose and model outcomes.
Armed with these insights, we propose target mechanisms and interventions
that induce viral clearance.

2 Immunological model of HBV

We expand the classical viral dynamics model Eq. (1) by assuming the interac-
tion between hepatitis B virus (V') and three classes of liver cells (hepatocytes
- the main target of hepatitis B virus): uninfected (T'), infected (I), and
protected from (refractory to) reinfection cells (P). We model homeostatic
proliferation of each hepatocyte family via logistic growth rates with the same
carrying capacity K and different per capita proliferation rates rp, r;, and
rp for uninfected, infected, and protected cells, respectively. In addition, we
assume that uninfected hepatocytes die naturally at per capita rate d. Upon
interaction with virus, target cells become infected at rate 8 and infected cells
are removed via either immune-mediated killing at rate § or immune-mediated
cure that moves them into the protected class at rate p. In addition, infected
cells produce 7 virions per day and virus is cleared at rate c. Lastly, the
immune-protected state of class P wanes at rate p. A model diagram for these
interactions is given in Figure (1) and the corresponding autonomous system
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of differential equations, describing these interactions is given by:

logistic growth
dT T+I1+P
Y o P A
at T ( K

logistic growth

absorption  waning death

—~ = =~ /=
Target >— 8TV + wpuP — dT

absorption cure death

dl T+I1I+ P ~ = N =~
Infected — = 7] (1—L) + BTV —"pI =61

dt K (2)
logistic growth
cure waning
dP T+I+P =~ =
Protected — =rpP |1 — Cuk i + pl — uP
dt K
virus prod.  clearance absorption
. dVv =~ = ~ =
Free virus v Il — <V - BTV

The initial conditions are T'(0) = Ty, I(0) =0, V(0) = V; and P(0) = 0.

*
*** * X
*

*
C

X X
*

Fig. 1 Diagram for model Eq. (2), where T, I, P, and V represent the uninfected cells,
infected cells, protected from reinfection cells, and free viruses, respectively.

Next, we will investigate the long-term dynamics of model Eq. (2) via sta-
bility analysis. Moreover, we will determine relationships between outcomes
of model dynamics, parameters, and initial conditions via both bifurcation

and threshold analysis along with numerical simulations similar to previous
studies [29, 30, 31, 32, 33].
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3 Threshold dynamics, equilibria, and
bifurcation analysis

The analytical results suggest that the model Eq. (2) has three boundary
equilibria. The first boundary equilibrium is the trivial equilibrium

&) =(0,0,0,0),

corresponding to clearance of infection in the presence of liver failure. It exists
for all model parameters. The second boundary equilibrium is the infection-free
equilibrium (IFE)

50 = (To7 07 07 O)a

where T° = K (1- %) It is biologically relevant if and only if the uninfected
cells’ per capita division rate exceeds their per capita death rate, i.e. rr > d.

Remark 1 Here we introduce existence conditions guaranteeing the positivity of

equilibria:
T =K (1 - d)
rT

(a) Let
be the concentrations of uninfected liver cells in the absence of virus. It is
positive if and only if *F > 1,

(b) Let

I

IO:K(1—5+”>

be the concentrations of infected liver cells in the absence of virus. It is
positive if and only if =*& > 1,

5+p
PP=K (1 - “)
rp

be the concentrations of protected liver cells in the absence of virus. It is
positive if and only if %P > 1,

(c¢) Let

(d) The concentration of protected liver cells exceeds the concentration of
uninfected liver cells in the absence of the virus,

P'>T,

if and only if %’ > .
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The viral clearance is the desired outcome of any exposure to hepati-
tis B virus. The third boundary equilibrium is the clearance with immunity
equilibrium (ClImE)

&= (T",0,P",0),

7 P° B* _ rr —0_—0 == . . .
where T = TEET and P = yoam (P —T")T . It is biologically relevant

if and only if the per capita division rate of the protected cells over their
lifespan is bigger than the per capita division rate of the uninfected cells over
their lifespan and the per capita division rate of the protected cells is bigger
. . . . . -0

than their per capita death rate i.e. %P > min {1, 2} (alternatively, P~ >
min{O7TO}, see Remark 1).

Lastly, model Eq. (2) has up to three biologically feasible interior equilib-
ria, corresponding to different types of chronic infection equilibrium (CIE)
& =@ 1PV, i=123
Their general expressions and conditions for existence will be presented in
theorem 4 and proposition 5.
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Table 1 Equilibria and conditions for their local stability

Equilibrium Notation (T,1,P,V) and the Threshold condition(s)
existence condi-
tion(s)*
(i) | Clearance with 58 (0,0,0,0) rp r; Tp
liver failure max { > (5'+.p’ T} <1
equilibrium (scc proposition 1)
Ro < 1, where
.. o _TY
w (iD) Infection-free &o (TO’ 0,0,0), where Ro = G+p) (}) K )
=} T . |
] equilibrium (IFE 70 _ d ™ BT
3, a (FE) Tm=K1-35) T o (c+8TY)
5 (see theorem 2)
T",0,P",0), wh
(iii)| Clearance with 501 £* ’ )ﬁow ere [TV
immunit, = —=—0—=0- otp—m
Y 1+ 7L (PO -T0)’ see th :
equilibrium (ClImE) _, me(E )| (see theorem 3)
P = KT“(P —-T)T
Q
S
@]
B,
4 i T .
& (iv) P : 1 e (see theorem 4 and proposition 5)
8 ChrhoAnlc- infection g (TT, It PT7 VJ()
& equilibrium (CIE) irtio i Vi

Backward bifurcation
condition

T >maxql4 4, %}
Condition Eq. (F24) holds

(Theorem 6).

*Existence conditions guaranteeing the positivity of equilibria 58, &o, Egl, and 5:, are given in
Remark 1.

3.1 Asymptotic stability of equilibria

So far, we presented conditions for the existence of equilibria. In order for
the solutions of model Eq. (2) to converge to these equilibria in the long-
term, we need to determine conditions for local asymptotic stability of each
equilibria, given that the model’s initial conditions are sufficiently close to the
equilibria. In this section we will identify the parameter space that guarantees
equilibria’s local asymptotic stability. In general, asymptotic stability occurs
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when all eigenvalues of the Jacobian matrix

A I o w7

Jripv) = — + BV e ol T
i Sz .
—-BV T 0 —c— BT

(3)
evaluated at an equilibrium point (T,I,P,V) are negative or have negative
real parts, where N =T + 1+ P.

Proposition 1 The clearance with liver failure equilibrium 58 is locally asymptoti-

cally stable if maz§ T, 67;rlp7 %’} < 1, and unstable otherwise.

Proof See the proof in Appendix A. a

Since clearance with liver failure is not a biologically desired out-
come, for the rest of the paper (unless otherwise stated) we assume that

A S4p
for the existence of infection-free equilibrium, &. Next, we derive the local
stability condition for &.
Let us define the basic reproduction number, Ry, as follows:

min { Le It T—P} > 1. Note that this is a necessary and sufficient condition

rr T - 8T’

R R SRR E Fe

Ro = (4)

The threshold quantity Rg, given by Eq. (4), gives the average number of
secondary infected cells produced by one infected cell during its lifespan in

a fully susceptible target cell population. The first term ((;:_—Ip)(l — T?O) is the

average number of offspring produced by an infected cell during its lifespan
T BTO
(0+p) (c+8T°)
the average number of secondary infections produced by one infected cell
during its lifespan in a completely naive cell population (through horizontal

transmission) [30, 29].

(through wertical transmission) and the second term describes

Theorem 2 The infection-free equilibrium (IFE) &gy is locally asymptotically stable
if Ro < 1. Otherwise, if Ro > 1, &y is unstable.

Proof See the proof is in Appendix B. a

Theorem 3 Let TO,TO7PO > 0 (see Remark 1) and assume that P’ >T. If
e m

p o d+p—7’
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then the clearance with immunity equilibrium (ClUImE) Sgl is locally asymptotically
stable. Otherwise, it is unstable.

Proof See the proof in Appendix C. |

The chronic infection equilibria (CIE), £F = (TT,TT,?T,VT), are given by

[_ (c+8TNd _ Tlrp | (ch*)(pw)w}

—7 B rr Brrr
P = 1 =70
[g BT arp _ (p+drp _ p(c+BT )}
P pr(c+BT) prI il
7 _ rpP [ T'n LB _pHS (5)
P lri(c+pT) TP I
7= ﬂTT’
c+ BT

where TT is the positive root of the following quadratic polynomial:

why ottt i _
P(T ) = CI,()T + CLlT + ClQT + CL3T + a4 = 0. (6)

Detailed derivations and expressions for coefficients ag, a1, as, as, and a4 are
given in Appendix D. We next investigate conditions needed for the positivity

of chronic infection equilibrium £ = (TT,TT,?T,VT) .
Theorem 4 Assume that r > ry, 7 > 0 (see Remark 1), and

e rp rr
reorel , 7
moe{ 50} <5 ®

T

Then equation Eq. (6) has at least one and at most three positive values of T .

Proof See the proof in Appendix D. |

Proposition 5 Assume that TT >0 and
v _rp (1 _ paTt ) rip(c+ BT

510w ' Groer ) b Tt ®

Then It > 0, vi> 0, and pt > 0, ensuring the positivity of the chronic infection
equilibrium (CIE) €' given by Eq. (5).

Proof See the proof in Appendix E. O
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Next, we will show analytically and numerically that model Eq. (2) can
exhibit bistable dynamics with two local attractors. Here, such bistability
occurs via backward bifurcation. In the next subsection, we will derive a
condition for the existence of backward bifurcation.

3.2 Bifurcation analysis

Bifurcation analysis is a powerful mathematical tool for exploring the complex
behavior of mathematical models and identifying critical parameters (named
bifurcation parameters) leading to transition between different outcomes [29,
30, 31, 32, 33]. Of particular interest to HBV infection is determining biological
markers responsible for the shift from clearance of the virus in some patients to
development of chronic infection in others. By determining such parameters in
the modeling framework presented here (through bifurcation analysis), we aim
to provide a quantitative framework for understanding the dynamics of HBV
infection, suggesting potential interventions, and informing clinical decision-
making to improve patient outcomes.

In this section, we prove the existence of backward and forward bifurcations
in model Eq. (2) using a theorem developed by Castillo-Chavez and Song [34].

Theorem 6 (Bifurcation at Ro = 1) Assume that 7%= > 1, ™% > TTP (alternatively,

dtp
> maz{l + 4, %}), and let

=0 =0
o 2 Bri(c+ BT )2 n 2BreuK [ Kp(c+ BT)
T reT \rp(T° —P")
0.3 70
2K T =0 K T K
- ”’“ﬁ;ftﬁﬁg +28mc [ e+ AT + p(f(fﬁio)ﬂﬁ .
’I'TTPT (T - P ) TP(T - P ) T
If a > 0, model Eq. (2) undergoes a subcritical/backward bifurcation at Rg = 1;
namely, an unstable positive equilibrium exists for Rq sufficiently close to 1 from the
left. If a < 0, model Eq. (2) undergoes a supercritical/forward bifurcation at Ro = 1;
namely, a locally asymptotically stable positive equilibrium exists for Ro sufficiently
close to 1 from the right.

Proof See the proof in Appendix F. a

Furthermore, for model Eq. (2), numerical simulations show that the
chronic infection equilibrium (CIE) is losing stability through a Hopf bifurca-
tion (see figure 7). We next derive the Hopf bifurcation condition analytically,
by using Routh—Hurwitz Criteria. By first computing the Jacobian matrix at

the CIE equilibrium £ = (TT,TT,?T,VT), we obtain
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=t =t =t =t _
—r2T _ Pl T_%T R
+t - Ay i <t _
; _T[Ig —‘r‘ﬂVT rp— ri(T +]2(1 +P) §— p _leg ﬂTT
J(E ) = rp B! rpP rpP o' )
o pP— K % -3 0
v r 0 —c— BT

(9)

and the corresponding characteristic function

fo) = ApAt 4+ AN3 4+ A\ + Az) + Ay, (10)
where
Ay =1, (11)
=t st w7t Bl 7
T P ri(T' +2I' +P") rpP pl Tl
Al* 7 +7*T —7rr+ K +5+p+ K +jT+C+BT,
T P
(12)
_TTTT _ llﬁf _ﬂ
A2 :det K TT K

7t — =ty o7t L Bt
_%+5VT ISR LICIE7 1E0 b By S

_T‘TTT _@ _’I‘TTT _TTTT _E _ 71‘
+det< o A +det< g AT )

_rpP" rpPl
K
I

P— "k T BT K

T —c— BT 0 fchTT
(13)
=t o7t Bt t
rr— ri(T +12<I +P) _ P m}(l BTT
— T PT T F}r YT
Az = —det p— T —IE— — % 0
T 0 —c—ﬁTT
T -t - ¥
ek e T
— det _rpP' _rpP 0777T 0
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_rT _ P _rrT! —pT"
K Al K
=t - =t oTt B _
— det _,,Kf +5VT rp— @ +I2{1 +P)_6_p BTT
—HVT 7r —c— ﬂTT
roT'  uP! ro T ro T
— e — — —L=—+pu
,I%r 11’ r (TT+2TTI-(i-ﬁ') K_ Vil
—det | =+ BV - —d—p T ;
_T‘PﬁT p _ ’I’pﬁlf _"”PﬁT _ ﬂ
K K K bzl
(14)
o LP: _rgT" _@_A'_M _5TT
K T K K
- =t o7t Bt t
e —d TIKI +ﬂVT r;— ri(T +}2(I +P) 5 p 7”; BTT
4 =det o pal P T
E p— It el 2L 0
K K K Vi
—BVT T 0 —c— ﬁTT
(15)

Using these coefficients, we established the result below.

Theorem 7 (Hopf Bifurcation at a positive equilibrium) A Hopf bifurcation occurs
at a positive equilibrium (TT,TT,?T,VT) if and only if A1 AsAg — A%A4 — A% =0,
where Ag, A1, A, A3, Ay are defined by Egs. (11)-(15), respectively.

Proof See proof in Appendix G. |

4 Numerical simulations and bifurcation
diagrams

Parameter values. We numerically investigate the parameter space where
we observe different behaviors for model Eq. (2), as described in the stability
analysis section. We use previously published parameters as a starting point in
our simulations. Briefly, we assume that the proliferation rate for uninfected
hepatocytes is 7 = 1 per day [25, 26, 28], for infected hepatocytes is r; =
0.08 per day [23, 16], and for protected from reinfection hepatocytes is rp =
10~* per day. The liver carrying capacity is K = 1.4 x 107 hepatocyte/ mL
[25, 26, 28]. The lifespan of uninfected hepatocytes was previously reported
to range between 150 to 450 days [35]. We assume 150 days as the half-life of
the uninfected hepatocytes, corresponding to a death rate of uninfected cells
of d = 0.005 per day. We consider higher death rate of the infected cells,
ranging between § = 0.01 and § = 0.2 per day, corresponding to infected cells
lifespan between 5 and 100 days. The infectivity rate [ is assumed to range
between 1076 and 10~* mL/(virusx day), the cure rate of the infected cells
to be p = 1073 per day, and the immune cell waning rate to be g = 1072 per
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Table 2 Variables and parameters used in simulations

Variables Description Value Reference
T Target cells T° = 1.4 x 107 per mL 25, 26, 28]
I Infected cells =0 per mL
P Protected cells P = 0 per mL
\% Free virus VO = 1-10° per mL

Parameter Description Value Reference
rr uninfected cells proliferation rate 1d7T [25, 26, 28]
ry infected cells proliferation rate 0.08 d~ 1! (23, 7]
rp immune cels proliferation rate 10-%14-T
K hepatocyte carrying capacity 1.4 x 107 ml~ 1T [25, 26, 28]
B8 infectivity rate 1076 —10~F mL vir T d- 1!
d uninfected cell death rate 0.005 d— T [23, 35]
) infected cell death rate 0.001 —.2d T
P infected cell cure rate 10-3 41T
o immune cell waning 10-3d 1T
™ virus production rate 0.05d°1T [23]
c viral clearance 0.67 inf~1 d~T [25, 26, 28]

day. We assume a virus production rate of 7 = 0.05 virus/(infected cellx day)
[23] and clearance rate of ¢ = 0.67 per day [25, 26, 28]. A summary of these
parameter values is given in Table 2.

Numerical simulations. We solve model Eq. (2) using ODE45 in Mat-
lab with parameters and initial conditions described above and in Table 2.
Moreover, we consider two initial viral inoculum, V?Ow = 1 virus/mL and

V?”-gh = 10 virus/mL. As described in Section 3, model Eq. (2) has complex

dynamics. Next, we will investigate model Eq. (2)’s outcomes numerically by

varying the infected cells death rate § and considering high and low initial
. =0 —0

viral loads, V,; , and V.

We find that high infected cells killing rate, § = 0.12 per day, results
in virus clearance, corresponding to asymptotic stability of the infection free
equilibrium (IFE), regardless of the initial viral inoculum (see Figure 2(A)-
(B) and Figure 7, Region (D) and (E)). Decrease in infected cells killing rate
to d = 0.0845 per day, results in bistability between the IFE and limit cycles
corresponding to chronic infection equilibrium (CIE), with high viral load

. —0 . .. ..
inoculum V = 10° virus/mL resulting in convergence to a limit cycle and
low Y

low viral load inoculum V?Ow = 1 virus/mL leading to convergence to IFE (see
Figure 3(A)-(B)and Figure 7, Region (C)). An even further decrease in infected
cells killing rate to § = 0.07 per day, results in bistability between the IFE
and the CIE, with viral inoculum deciding which equilibrium is attracting. In
particular, high viral load inoculum of V?Ow = 10° virus/mL results in conver-

gence to CIE and low viral load inoculum of V?”-gh = 10? virus/mL results in
convergence to IFE (see Figure 4(A)-(B)and Figure 7, Region (B)). To deter-
mine the transition from virus clearance to virus persistence, we plotted virus
over time (see Figure 5(A) and at equilibrium (see Figure 5(B)) based on inocu-
lum size. Numerical results suggest that with the low inoculum size (V° < 107
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virus/mL), virus clears and with high inoculum size (V° > 107 virus/mL),
virus persists. Finally, an even lower infected cells killing rate of § = 0.035 per
day, results in viral persistence, corresponding to local asymptotic stability of
CIE, regardless of the viral inoculum (see Figure 6 and Figure 7, Region (A)).

—109 =
A'101° V(0)=10" per mL B. 010 V(0)=1 per mL
) g [
= t
5 10° 5 10°F
g 2 t Target cells, T
@ P Infected cells, |
c
.5 L — Protected cells, P
g 10°] Target cells, T 5 10° ——Free viruses, V
3 =)
= Infected cells, | I
o — Protected cells, P a
108 — Free viruses, V 105
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

Time post infection (days) Time post infection (days)
Fig. 2 Population dynamics for target cells T'(t) (green lines), infected cells I(t) (cyan lines),
protected cells P(t) (blue lines), and HBV V(¢) (red lines) over time as given by model Eq.

(2) for: (A.) V(})L'igh = 10° virus/mL and (B.) V(l)ow = 1 virus/mL. All other parameters and
initial conditions are given in Table 2. Note that this exemplifies convergence to the IFE, &.

V(0)=1 per mL

>

V(0) = 10° per mL

w

107 "10'
) -
€ 10° K\ E 105
g = Target cell, T
s gy . AL 7] Infected cell, |
g 1071/ e g Protected cell, P
T Target cell, T T 10° ——Free virus, V
2 10! I Infected cell, | §_ —
£ —— Protected cell, P o

——Free virus, V 5
107 107
0 2000 4000 6000 8000 10000 0 500 1000 1500 2000 2500 3000
Time post infection (days) Time post infection (days)

Fig. 3 Population dynamics for target cells T'(¢) (green lines), infected cells I(t) (cyan
lines), protected cells P(¢) (blue lines), and HBV V(t) (red lines) over time as given by model
Eq. (2) for: (A.) V(;Ligh = 109 virus/mL and (B.) V?ow = 1 virus/mL. All other parameters
and initial conditions are given in Table 2. Note that this exemplifies bistability between
the chronic infection equilibrium, £ which undergoes through Hopf bifurcation results in
periodic solutions converges to limit cycles (A.) and infection-free equilibrium, & (B.).

Bifurcation analysis. An event where equilibria emerge, vanish, or alter
their stability with respect to a set of parameter values, is called a bifurcation,
and the curve representing changes in outcomes for a bifurcation parameter
is called the bifurcation curve [36]. We next derived one-parameter (one-
dimensional) bifurcation curves, with the infected cells killing rate ¢ as the
bifurcation parameter. We consider three critical § values: é., corresponding to
a saddle node bifurcation point; dp, corresponding to a Hopf bifurcation; and
do, corresponding to a transcritical bifurcation point.
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>

V(0)=1og per mL V(0)=1 per mL

B.
10'° 100

S —

o
o

Target cells, T

Infected cells, |
— Protected cells, P
— Free viruses, V

100} —Target cells, T
Infected cells, |

— Protected cells, P

—Free virus, V

o
°

Populations (per mL)
\
Populations (per mL)

S
&

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time post infection (days) Time post infection (days)

Fig. 4 Population dynamics for target cells T'(¢) (green lines), infected cells I(t) (cyan lines),
protected cells P(t) (blue lines), and HBV V (¢) (red lines) over time as given by model Eq.
(2) for Vip;gp, = 10° HBV DNA per mL (A.) and V,,,, = 1 HBV DNA per mL (B.). All other
parameters and initial conditions are given in Table 2. Note that this exemplifies bistability
between the chronic infection equilibrium, £ (A.) and infection-free equilibrium, & (B.).

Persistence

Virus (per mL)

0 50 100 150 200 250 300
Time post infection (days)

25

Convergence to CIE

Convergence to IFE

Virus at cquilibrium (per mL)
(9]
T

10? 10* 10° 10° 10"
Virus inoculum (per mL)
Fig. 5 Virus population V(¢): (A.) over time and (B.) at equilibrium as given by model
Eq. (2) versus virus inoculum. Other parameters and initial conditions are given in Table 2,
§ = 0.07 per day, and 8 = 10~* mL/(virusxday). Note that V(t) converges to IFE & when
70 <107 virus/mL and it converges to CIE £ when 70 > 107 virus/mL.

Next, we present different bifurcation curves for the virus population at
equilibrium given by model Eq. (2) for varied infected cell killing rates ¢ (bot-
tom x-axis) and basic reproduction number Ry (top x-axis) (see Figure 7),



Springer Nature 2021 BTEX template

16 Bistability in a Model of Hepatitis B Virus Dynamics

A 10 V(O)=10%permL B. V(0)=1 per mL
= T 05
E . g 10
2 H
2 2
2 £ 10°
T 10° Target cells, T s Target cells, T
a Infected cells, | 3 Infected cells, |
o
a — Protected cells, P & — Protected cells, P
105} —Free viruses, V| 10 ——Free viruses, V
A
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time post infection (days) Time post infection (days)

Fig. 6 Population dynamics for target cells T'(¢) (green lines), infected cells I(t) (cyan lines),
protected cells P(t) (blue lines), and HBV V (¢) (red lines) over time as given by model Eq.

(2) for: (A.) V?”-gh = 109 virus/mL and (B.) V?ow = 1 virus/mL. All other parameters and
initial conditions are given in Table 2. Note that this exemplifies convergence to CIE £T.

where d and Ry have an inverse relationship. The first bifurcation, the saddle
node bifurcation point o., shows transition between no CIE and two CIE. In
particular, there are no CIE when ¢ > ., one CIE when é = §,., and two CIE
when ¢ < . (see Figure 7, regions D and E). Note that for all the values of §
near 0. (from the left and right),where R, < Ro < 1 (here, R, represents the
basic reproduction number at § = J.), the model (2) demonstrates that the
IFE is locally asymptotically stable and virus is cleared.

The second bifurcation, the Hopf bifurcation point J;, shows emergence of
limit cycles. In particular, CIE is locally asymptotically stable when § < dy,
CIE is unstable when § > ¢, and we obtain oscillatory solutions when § = ¢y,
(shaded region C in Figure 7). Note that in Figure 7, R, represents the critical
value of Rg at § € 0.

The last bifurcation, the transcritical bifurcation point &g, shows the emer-
gence of bistable dynamics. In particular, IFE is locally asymptotically stable
when § < g (Ro < 1), and CIE is locally asymptotically stable and IFE is
unstable when § > 0y (R > 1). Furthermore, when Ry is sufficiently close to
1 from the right, an unstable positive CIE S{r separates the basin of attrac-
tion of IFE & from that of CIE & (see Figure 7, regions A and B). For
Ry € [0.5913, 1], bistability between CIE &) and IFE &) occurs via a backward
bifurcation (see Theorem 6). Inside the bistable region, the viral inoculum
size determines whether IFE & or CIE &) will be reached (see Figure 7).
Hence, Ry < 1 is a necessary but not sufficient for viral clearance.

Bistability is a natural phenomenon, occurring via backward bifurcation
(or hysteresis), and refers to dynamical systems containing multiple stable
equilibria and/or limit cycles with distinct basins of attraction. In model Eq.
(2), bistability occurs when the IFE and CIE are both locally asymptotically
stable (see Figures 7 and Table 3). Note that model Eq. (2) has periodic
solutions through Hopf bifurcation, with the CIE (inside the bistable region)
losing its stability through a Hopf bifurcation and becoming unstable (see
Figures 7 and Table 3).
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Ro=1 Ry € (0.5888,0.5913) R = 0.4502
108 : Persistence (Ry > 1) Bistability (R < 1) Clearance (R < 1)
A £ Limit cycle
Stable CIE i 4
anle Stable CIE ?
10 “-zzz===-
T
N .- gl
.
/
2. !
10 ® i ® ®
1
Unstable IFE f Stable IFE & Stablt‘e IFE Stable IFE
v | v v v
100 i 1 Y
0.02 5 =0.0498 zih €(0.08419, 0.08456) {ic =0.1117

Fig. 7 Bifurcation curves for viral equilibrium as given by model Eq. (2) versus the infected
cells killing rate § (bottom x-axis) and basic reproduction number Rq (top x-axis). Solid,
dashed, and thick solid lines represent stable, unstable, and periodic equilibria. IFE is the
infection-free equilibrium (&y), CIE is the chronic infection equilibrium ((‘,'1f and S;r), do is
the transcritical bifurcation point, §; is the Hopf bifurcation point, and d. is the saddle node
bifurcation point. All other parameters are given in Table 2.

Table 3 Summary of the one-dimensional bifurcation results from Figure 7.

Region from left to right &o SI Sg system Eq. (2)
A § < do Ro>1 Us —* LAS converges to 5;
B 0o < 0 < op, Rn<Ro<1 LAS | US LAS shows bistability
(@] d € op Ro € Ry LAS | US | limit cycle | converges to IFE, &
D Op <0<de | Re <Ro<Rp | LAS | US UsS converges to IFE, &
E d > dc Ro < Re LAS — — converges to IFE, &

* To represent the equilibrium does not exist, we used —.

For the observed dynamics above, backward bifurcation condition (a >
0, see theorem 6) holds. We will show numerically how we can move from
backward (a > 0) to forward (a < 0) bifurcation by varying the infection
rate parameter, 3. Indeed if 3 > 10~¢ mL/(virusx day), we have a backward
bifurcation and bistability between IFE and CIE (see Figure 8A). However,
if 3 < 107% mL/(virusx day), bistability is lost, a forward bifurcation occurs
and the Hopf bifurcation region is elongated (see Figure 8B).

Lastly, we derived a two-parameter (two-dimensional) bifurcation diagram
by varying the infected cells killing rate § between 0.01 per day and 0.2 per
day and the liver carrying capacity K between 10° hepatocytes/mL and 1.4 x
107 hepatocytes/mL, representing 7 — 100% of the liver being susceptible to
hepatitis B infection (see Figure 9). We find that the system displays viral
persistence for low J values, regardless of the carrying capacity K (see Figure
9, regions A and B). This means that the transcritical bifurcation occurs at the
infected cell killing rate o = 0.04977 per day, for all carrying capacity values
K considered. As the infected cell killing rate increases, the carrying capacity
influences the results. In particular, the saddle node bifurcation point changes
from §. = 0.08229 per day for K = 105 hepatocytes/mL to 6. = 0.1117 per
day for K = 1.4 x 107 hepatocytes/mL (see Figure 9, region D and E) and
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Fig. 8 Bifurcation curves for V(¢) at equilibrium as given by model Eq. (2) for varied
basic reproduction number R values. Solid lines, dashed lines, and star represent stable,
unstable, and periodic equilibria, (A.) 8 = 2 x 1076 mL/(virusx day), (B.) 8 =1 x 1076
mL/(virusx day), and the rest of the parameter values are given in Table 2.

the Hopf bifurcation point varies from &, = 0.06931 per day for K = 10°
hepatocytes/mL to 6, = 0.08423 for K = 1.4 x 107 hepatocytes/mL (see
Figure 9, region C). The two-parameter bifurcation diagram shows that there
is a tradeoff between target cell susceptibility to infection and host immune
responses, with less infected cell killing needed for viral clearace when fewer
hepatocytes are susceptible to viral infection.

Table 4 Summary of the two-dimentional bifurcation diagram results (Figure 9)

Shaded region from left to right | No. of equilibria Stability Outcome
A IFE:1, CIE: 1 CIE is stable and IFE is unstable viral persistence
B IFE:1, CIE: 2 IFE is stable, one stable and one unstable CIE bistablity with IFE and CIE
C IFE:1, CIE: 2 IFE is stable, one stable and one unstable CIE | bistablity with IFE and limit cycles
D IFE:1, CIE: 2 IFE is stable, both CIE are unstable viral clearance
E IFE:1, CIE: none IFE is stable viral clearance

Three equilibria

One stable IFE
Two unstable CIE

Viral clearance

@

L
0.02 0.04 0.06 0.08 0.1 0.12 0.14
Infected cells killing rate (5)

Fig. 9 Two-parameter bifurcation diagram for model Eq. (2) with varying parameters §
(killing rate of infected cells) and K (hepatocytes carrying capacity).

The basic reproduction number (Rg) is an important threshold in epi-
demiology. Generally, the condition Rg < 1 is associated to viral clearance
(i.e., the IFE is locally asymptotically stable) and the Rg > 1 condition is
associated to viral persistence (i.e., CIE is locally asymptotically stable) (see
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Figure 7). Since model Eq. (2) displays bistability, there are parameter regions
where the IFE and CIE steady states are both stable when Ry < 1 (shaded
region in Figure 7). More precisely, model Eq. (2) predicts virus clearance
when Ry < Rp = 0.5913, regardless of the size of virus inoculum. When
0.5888 = Ry, < Rp < 1, however, the outcome is dependent on the size of the
viral inoculum, with low inoculum dose leading to viral clearance (i.e. solu-
tions are attracted to the IFE equilibrium) and high inoculum dose leading to
viral persistence (i.e. solutions are attracted to the CIE equilibrium).

5 Discussion

We developed a mathematical model of hepatitis B infection and used it
to determine the virological and immunological factors that result in viral
clearance or chronic hepatitis. In previous work, we incorporated immune
populations into our models, including CD8 T-cells (and their cytotoxic and
non-cytotoxic functions) [26, 25, 37], antibody molecules (and their neutraliz-
ing and non-neutralizing functions) [28], as well as liver cells protected from
(refractory to) reinfection [26, 38]. Here, we simplified these previous model-
ing assumptions by only including the population of protected liver cells, while
ignoring immune populations. We did, however, include immune functions, in
particular the cytotoxic CD8 T-cell immune responses (parameter ¢) and non-
cytotoxic CD8 T-cell immune responses (parameter p). A novel feature of the
model is the assumption that all classes of liver cells (uninfected, infected,
and protected from reinfection) proliferate at different rates. While it is well
established that liver regenerates following cellular stress and death [39], the
exact contribution to liver reconstitution of each of these liver classes is not
understood.

We examined the model using asymptotic analyses, and found that is
exhibits rich dynamics. They include parameter regions where we approach a
monostable viral clearance equilibrium, parameter regions where we approach
a monostable viral persistent equilibrium, and parameter regions where we
have bistability of viral clearance and viral persistence equilibria.

We presented the transitions between these different outcomes in the con-
text of three important disease markers: the basic reproduction number R
(describing the expected number of infections one infected cell generates dur-
ing its life span through horizontal and vertical transmission), the infected
cells death rate 0 (describing the effect of cytotoxic immune responses), and
the liver carying capacity K (describing the liver susceptibility to infection).

We found that for low Rg values (Ry < 0.5913) virus is cleared and for
high Ry values (Ry > 1) virus persists. For intermediate Ry values (0.5913 <
Ro < 1), however, viral clearance is dependent of viral inoculum size, with
V(0) < 10" HBV/mL leading to clearance and V(0) > 10" HBV/mL leading
to persistence. Bistability can occur in two ways: a parameter region where
both clearance and persistent equilibria are stable (see figure 7 region (B)),
and a parameter region where periodic positive solutions (through a Hopf
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bifurcation) and the clearance equilibrium are bistable (see figure 7 region
(C)). While the first region is biologically relevant and numerically achievable,
the second region is narrow, not biologically relevant, and hard to achieve
numerically.

Given that cellular immune responses (early in the infection) are crucial for
viral control [40, 11, 41, 42], we described the model results through the lens
of the infected cell killing rate parameter 6. We found that when § > 0.08456
per day (corresponding to an infected cell lifespan of 11.8 days, 8-times higher
than the death rate of an uninfected hepatocyte), virus is cleared; when ¢ <
0.0498 per day (corresponding to an infected cell lifespan of 20 days, 4-times
higher than the death rate of an uninfected hepatocyte), virus persists, and
when § € (0.0498,0.08456) per day, we have bistability between clearance and
persistence. In this case, clearance depends on the size of viral inoculum, with
V(0) < 107 HBV/mL leading to clearance and V(0) > 10” HBV/mL leading
to persistence.

Lastly, we investigated how susceptibility to hepatitis B infection affects the
results, by varying the susceptible target cell population’s carrying capacity
parameter K, from 7% to 100% liver size. The § — K bifurcation diagram
showed that the carrying capacity K can influence the results at intermediate
and high killing rates 6 but has no effect when the killing rates are low (see
figure 9).

Taken together, these results suggest that strong immune-mediated killing
is important for viral clearance, and that the awakening of the cellular immune
response is crucial to ensure viral clearance [40, 11, 41, 42]. At the intermediate
killing rates, however, viral clearance can still happen depending on the size
of the inoculum. Since our study investigates acute hepatitis B infection, we
can relate the viral inoculum size with the routes of transmission. Hepatitis B
is transmitted through sexual contact, contaminated blood (through sharing
needles, syringes, and other drug-injection equipment), other body fluids, and
prenatal transmission. Depending on the mode of transmission, the amount
of virus inoculum establishing the infection varies, with higher levels needed
for viral invasion during sexual transmission and lower levels needed for viral
invasion during infected blood transmission. Therefore, the transmission route
is an important heterogeneous factor that needs consideration when making
personalized recommendations.

Our model has several limitations. First, we did not explicitly model the
dynamics of CD8 T-cells populations. While we showed that strong cellular
immune responses are needed for clearance, our model does not distinguish
between immune cell population sizes and the immune potency in induc-
ing the required response strength. Second, we ignored the dynamics of viral
markers, such as serum hepatitis B surface-antigen and serum hepatitis B
e-antigen, which are known to induce immune tolerance during chronic infec-
tions [43, 21, 44, 45, 46, 47]. Lastly, our results are theoretical and rely on
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unknown parameters (or parameters estimated in other studies). Data vali-
dation is needed before being able to quantify the tradeoff between inoculum
doses, routes of transmission, and the strength of the immune response.

In conclusion, we developed a mathematical model of hepatitis B infection
and used asymptotic, bifurcation, and numerical analysis to predict the viro-
logical and immunological factors that lead to hepatitis B clearance. These
results can contribute to guiding development of interventions.
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Appendix A

Proof of Proposition 1: We consider the local stability of the clearance with liver
failure equilibrium £J. The Jacobian Eq. (3) of system Eq. (2) evaluated at £ is

rp—d 0 W 0

_ 0 rr—=d0—p O 0
Teg = 0 p rp—pu 0
0 m 0 —c

The corresponding characteristic equation is given by
(ro—dn=XN(rr =6 —p=XA)(rp —p—A)(-c—A) =0,
with roots
M=rr—dAa=r;—06—p,Ag=rp— A =—c
58 is locally asymptotically stable if all eigenvalues have negative real parts. This
happens when

Tl<1, 1 <1,andT—P<1.
d ) s

That is, if max {%”, 6:/)’ %3} < 1 (alternatively, max{TO,TO,ﬁO} < 0, see Remark

1) then 58 is locally asymptotically stable, otherwise 58 is unstable. This completes
the proof. O
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Appendix B

Proof of Theorem 2: We linearize system Eq. (2) around the infection-free equilib-
rium (IFE), & = (T",0,0,0) where 7° = K(1 — ;%) and d < rp. The linearized

T

subsystem can be written as X = (F — V)X where

rid _ 5 _ 70 d a7
Fov= 0—p BT _[%BT

rT 0 0+p 0 9
m —c— BT 0 0 - ¢+ BT

Here, entries in F account for new infections and entries in V account for movement
in and out of compartments due to cell division, viral production, death, clearance
or cure. We apply the next-generation matrix theory [29, 48], which states that the
basic reproduction number R corresponds to the largest eigenvalue of the matrix
FV~L. Given that

= 0

S+p X :|

s
(0+p)(c+BT") c+BT’

d 730
el BT
0 O

Fy = [

rid Tl'ﬁTO ﬂTO
= [m(ﬂp) (64p)(c+BT) c+ﬂT0:|
0 0
is an upper triangular matrix, its eigenvalues are the diagonal elements. The largest
eigenvalue (spectral radius) is

Tjd WﬂTo

rrO+p) (54 p)(c+ BT
rr i + ™ ﬂT
O+p) e O+p) (¢4 BT

since T® = K (1 — i) .
rr

This completes the proof. O

Appendix C

Proof of Theorem 3: The Jacobian matrix J evaluated at the clearance and immune
equilibrium &§! is

[ (f —o%) - T TR 6T
o+ o
Tort = 0 rr (% _ ”ﬂ) 0 BT
< — = —*
_T’PI? p— T‘P]f _T’P; 0 .
L 0 s 0 —c—pT
0 =0 e T —
—%(P _T)_TT]? i%? L _TTI? +u _E*
_ 0 (P —1) 0 BT
’I‘p]f p ’I‘p]f ’l"pP 0 .
L 0 T 0 —c— BT
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The corresponding characteristic polynomial is given by

f) = ao)\4 + a1)\3 + ag)\Q + aszA + aq, (C1)
where
ap =1,
0 0 - B e _
a =L@ -T)+ L@ 1)+ L+ T o T,
P — —0 - - B —
as = ”}( (%(PO -7 +u) n %(PO 1 4 8T (%I(PO iy fw)
Tr =0 =0 o\ (7 —0 0. rpP T
+(F(P _1)+c+5T) R el
rpP (T 0 =0 e\ /TT 0 =0
ag =~ (%(P —I)+c+ﬂT)(fT(P —T)+u)
0 P A _
+<;?(PO—TO)+TF}( + L >(TII(C(P° 1°)+ﬂT*(%(PO—IO)—w)),
rpP" 7 0 =0 rIc ,~0 =0 —x (T] =0 =0
ag = L= (?T(P ~T%) + 1) HEP —1 48T (P -T") - 7)),

where 7' = K(1 - 4), 7" = K(1 - %2) and P’ = K (1 - ).
Note that if K
-0 -0 ™ rp rr
P> +— =~ >_—+ C2
rI I o+p—m (€2)
then a; > 0, i = {0, ...,4}. To establish the asymptotic stability of the 551 equilib-
rium, we are using the Routh-Hurwitz criterion. The Hurwitz matrices are

Hy = [a1] (C3)

_ _al 1

Hy = |0 o (C4)
_CL1 1 0

H3 = |a3 a2 a1 (C5)
L0 a4 a3

a1 1 0 0
_|laz az a1 1
Hy= 0 a4 a3z az|’ (C6)

[0 0 0 ay

According to the Routh-Hurwitz stability criterion a fourth-order system has eigen-
values with negative real parts if and only if the Hurwitz matrices have positive
determinants, that is det(H;) > 0, i = {0, ...,4}.

For simplicity, let

_rr —O_*O ’f’pﬁ* TTT*
by = K(P )+ K + K
bgz%(F0_7°)+c+5T*,

b= 2 (TP 70 41).
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by = TII{C(P 1%+ 8T (%(ﬁo -1% —7r) .

which implies a; = b1 + b2,a2 = b1ba + b3 + by, a3 = b1by + bob3 and ayq = b3by.
Notice by, b2, b3, by are positive when condition (C2) holds. Hurwitz matrices become
Hy = by + by, Hy = bybg + baby + byba(by + ba), Hz = byba(bg — by)® + byba(by +
b2)(b1bg+b2b3), Hy = aq Hs, which shows that the Hurwitz determinants are positive
if condition Eq. (C2) holds. This completes the proof. d

Appendix D

Proof of Theorem 4: Let, £ = (TJr 7' PJr ) denote the chronic infection equilib-
ria (CIE) of system Eq. (2) with all varlables in the positive orthant. Setting the
right-hand side of the system Eq. (2) equal to zero results in the following conditions

—t
c+ BT
1 =t yoll
= (D8)
rp(c+pBT") " rpT
+ Gl
-0 = —HET2Ed (09)
ri(c+BT) M
and ;
=
Nzl e (D10)
K rp PT rp
where NT =T + It + P'. From Eq. (D8) and Eq. (D9) we obtain
it el vl
7t = rrle+ 8T ’“‘];— BT”TJF””—‘Z]. (D11)
pr reT ri(c+ BT") T T
From Eq. (D9) and Eq. (D10), we obtain
¥l o)
TT:TPP BT ﬂff +ﬂ_p—|—5 (D12)
I T R
Lastly, from Eq. (D11) and Eq. (D12), we obtain
_ (BTN Tlry (46T (pt+d)rr
71- B I Brry
P = — —. (D13)
© BT arp  (p48)rp w(c+BT")
p pr;(c-&-ﬁTT) prI ﬂwTT
Substituting Eq. (D13) into Eq. (D12) leads to
[7 <c+gT*>d il ey (exs 5><p+5>w} {g 4 BTlwre <p+a>rp}
_ ‘n' wrr p T orI
#_ pri(ctAT) . (D14)

w BT'wrp  (p4d)re (c+BT)
P pri(e+BT) PrI BT
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and substituting Eq. (D14) into Eq. (D7) leads to

o | _dletsTh) T7T 4 BT ptd)rr | fu | BT'wre  _ (p4d)re
vi_ P prr1 Pl pri(etpT)  PTI
Tty (w BT arp  _ (p+d)rp _ p(ctBT)
(BT |5+ rrerst prI BrT! }

(D15)
Substituting Eq. (D13), Eq. (D14) and Eq. (D15) into the target cell equation of
system Eq. (2), results in the quartic polynomial in T' given as

Y T 4 S o g o gt
P(T )7a0T +a1T" 4+ a7 +a3T + ay.
Its coefficients are
2
ao:M[@(2_1>+rT+&+M<L_Q> (LT_l)
Krr | p \r1 ™ p d+p rr
rp 1 Ty rT dp(3 + p)* ( ry TT) < T TP):|
+d(6 £ 4= -2 )+ -+ -2,
( +p)(m“1 7T> (5+p d) mprI d+p d)\é+p n
wBrp.c (rr rr rp
= R (A 2 .
“ KPTI[TF (7’1 )(WTP+ M(5+p)<5+/) I )>

+Kﬁ7rrp+Kﬁu(6+p)( T _1> (LP_ﬂ>

I rr o+p m w2

2crpp  cd(S+ p) T 2rpm 3u(d + p) T rp
+ T + 2 §+p d 3+ rr + rr d+p o

KBué+p) (11 TP I KBpp | 3cpury

_ P 1)) o 2EPE L SCPRTT

+ Ty 6+p ° 7T+((S+p) 5—1—/) T + 7.[.2 }7

_crr(d+p) < T _1> (57”"13 n 28u(d + p) ( o Tj) B 357#)

T d+p prI prI b+p n m

az

cu [ rr rr rp cd rr T rp 3
(T _q _ P had _ T P2
+Kp(v"1 )(5+p u)+K(5+p d)(PTIJr“)

+( rr _Q’) (57m+3cdp(§+p)< rr _Tl))+ cry
S+p p prI Krpry b+p d K@ +p)

28 3epry
{ ( Tp) 3pr1} p]
6+p I T

C6+p  Kp(d+p)
_ Prop [(1_ d+p

PTI Tr )
Erp (r 771 6+p ry 7r7p)+d(6+p) +u
KBr |[\d+p d prI 5—|—p iz rr ’
cs,urT< 6+ ) c ,urTI
ag = —— .

. =0 -0 =0 .
If 7% > 1 and max{%,%’} < 545 (e, max{T",P"} < I'), then ag is

positive. Moreover, if J%p > 1 (ie., fJ > 0), then a4 is negative. When ag > 0 and
aq < 0, the number of possible positive roots for equation Eq. (6) depends on the
signs of the remaining coefficients a1, as, and asz. This can be analyzed by using the
Descarte’s rule of sign on the quartic polynomial function P(T") defined in equation
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Table D1 Number of possible positive real roots of P(TT)

Cases

as | No. of sign changes | No. of positive real roots

1

1

VI [+]+]8
L+ 1 ]|+]8

+

oo | o o x| ol o
I
+
I

|
o[ Lof = Lo Wof | =
=Wl =] W w|—

[ ]S

Eq. (6). The different possibilities for the roots P(TT) are tabulated in Table(D1).

Hence, equation Eq. (6) has one positive root when cases 1, 2, 5, and 8 in Table(D1)
are satisfied and three positive roots when cases 3, 4, 6, and 7 in Table(D1) are
satisfied. This completes the proof. O

Appendix E

Proof of Proposition 5: Assuming that TT > 0, we obtain that ﬁT > 0 and TT >0
when
rT (1 B BTt ) o T TP (1 B el > n rip(c+ BTT)
d @ +p)c+pTT) ] “o+p " n (6+p)(c+BTT) |~ pr(s+p)TT’
(E16)
and
rr rp BWTT
6+p<u<1_(6+p)(c+6ﬂ))' (B17)

Moreover, V'S 0whenT' > 0. Combining Eq. (E16) and Eq. (E17) and using the

fact that

rT ,BTFTT
m‘“{d (1 @ e+ T

rp Tp rr
max < —, — ¢ < <
X{d u} d+p

Note that TT is positive then

which completes the proof.

Appendix F

rI <T£ 1—
b+p  p

rp (o BTt N _ o frrorp
)’u(l (5+p)(c+/3ﬂ>>}< {5l

rp (1 _ pat! ) | raple+ BT
(

[ S+p)(c+pBTT) ) Br(d+p)TT

BT’ rip(c+ BT
(6 + p)(c+ BTT) Br(6+ p)Tt’

Proof of Theorem 6: In this section, we prove the backward bifurcation condition
using the center manifold theory [49]. We choose the infected clearance rate (4) as
the bifurcation parameter, solve Rg = 1, and obtain the following critical value (do)

do

rrd | wfT’

T, (F18)
T et BT
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To apply the center manifold theory, let us first change the variables of system Eq.
(2) to X = (z1,x2,23,%4), where x1 =T, 29 = I, x3 = P, and x4 = V. Moreover,
we assume all but parameter § are known. Then, model Eq. (2) becomes

dx
a4 = f&X9),
where
feC?R"x R,RY
is given by
dry . x1+m2+x3)
e fi=rra (1 % Bxiz4 + pr3 — dry,
dzy . w1+x2+9€3)
dat fa=rras (1 e + Bxiz4 — dT2 — P2,
drs _ . _ :B1+x2+ac3)
L =f3=rRw3 (1 % uxs + pra,
dx
7; = f4 = 7re9 — crg — PriT4.

Let J5,(£0) denote the Jacobian of system Eq. (2) evaluated at the infection free
equilibrium (&p) for the critical parameter § = dg

d—rp d—rp d—rp+p —BT°

— T 7
Jso(E0) = c+pT" 8 (F19)
0 p d:—TP —p 0
0 g 0 —c— BTO
Then, the characteristic polynomial of Js,(&p) is
—0
f()\):)\(d—rT—)\)<dT—P—u—)\> /\+c+BTO+LT70 . (F20)
T c+ BT

Assume that T° > 0 (i.e., Z* > 1) and 7 >P (ie., 7F > “F), then system Eq. (2),
with § = dp, exhibits a non-hyperbolic equilibrium point (i.e., the linearized system
Eq. (F19) has a simple eigenvalue with zero real part and all other eigenvalues have
negative real part).

If Rop = 1, it can be shown that Js5,(£9) has a left(row) eigenvector, v =
[v1, v2, v3,v4], corresponding to the 0 eigenvalue and given by

v1 =O,U2:c+BTO,U3:O,v4:BTO, (F21)

where all v; are non-negative. Similarly, Js, (€) has a right(column) eigenvector,
w = (w1, wa, w3, w4}T, corresponding to the 0 eigenvalue and given by

0 0
Tde T’de ’I“p(T —P)
0
w2 = et AT (F22)
_ Kp(c—i—BTO)
W3 = ——5 —g.
TP(T 7P)

wy = T.
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Note that, > IT(—T” if and only if 7 > d+p. Moreover, w1 < 0, wa > 0, w3 > 0,
and wyg > 0. We used Theorem 4.1 [34] to establish the existence of a backward
bifurcation for Eq. (2). The local bifurcation analysis near the bifurcation point
(6 = dp) is then determined by the sign of two associated constants, denoted by a
and b defined (respectively) by

2 2
3 o T i 0= 32 TG0,
i,5,k=1 i,k=1
with ¢ = 6 — dg. It is worth noting that, in f;(0,0) the first zero corresponds to the
IFE, &y, for the system Eq. (2). In other words, f;(0,¢) =0, for k = {1,...,4} if and
only if the right-hand side of all equations in system Eq. (2) are zero at £y. Moreover
since (§ = dg) is the bifurcation parameter, it follows from ¢ = § — §p that ¢ = 0
when § = §p, which is the second component of f (0, 0).
Computation of a: To compute a, we need to find the following partial
derivatives

Pfy o P v Pfy o Pfa 5

8:):% T dz0xy K Ox10x3 0 Ox10x4 )
Pfo _ r Ph_ 20 P r Pfr
Ox20x1 K’ 8:5% K’ 0Ox90x3 K’ 0x90z4 ’
Prr _y Ph _ o Ph_, Ph
Or3011 " Ox30x0 K’ 82:% ’ Ox30x4 ’
Ph _, PH _ Ph _ PR _

0r40x1 " Ox401o Ox40x3 ’ Bmi ’

Pls _ o Pfs o Pf o Pl

Gm% T dx10x9 | Ox10x3 0 Or10x4 ’

Pf _Pf_ Pf o OPfi

0r20x1 ’ 8:&% 0203 ? Ox90x4

Phr _o Pfa _ g Pfa_y P _

03011 " Ox30xo ox? " Ox3014 ’

Pl _ 5 Pl _ Ph _, Pl
0x4011 ? Ox40x2 0x4013 63:421 ’

Substituting vectors v defined in equation(F21) and w defined in equation(F22) into
the partial derivatives (evaluated at the IFE &) simplifies to

9 fx(0,0)
Z VW Wj—( O,0m,
i,5,k=1 J

After some algebraic manipulation this becomes

2rrwava (w1 + wa + w3)
I .

a = 2Bwiws(ve —vg) —
Using the values of wy, w2, w3, wyq, ve, and vy

2mBry(c+ ﬁTO)Z n 2BmcuK <Kp(c + BT0)>
T rp(T° —P°)

-0
TTT
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{Mmﬂm(ch g © 28 (C 470 4 Kelet ﬁfz) N ﬂﬁK>]
rprpT (T° — P°) rp(T"—P7) 'T
=a1 — a2, (F23)

where

a = 2mBr (c+BT°)? + 28mcuK <Kp(c+ﬁ?0)>:|

T T‘TTO Tp (TU —ﬁo)

ap = | 2RI 1 opme (o AT + KECHTD) 4 x0K } .
Hence, a > 0 if and only if

a1 > ag, (F24)
and a < 0 if and only if

a1 < ag. (F25)

Computation of b: Similarly, to compute b, we need to find the following partial
derivatives,

Pr _, Ph _ | Ph _, Ph
8%185 ’ (9:1’2(95 ’ 8:6385 ’ 8%485 ’
Ffas o Pfs o Ph o P

0106 ) Ox008 ) 0308 | Oxa05

Substituting the vectors v defined in equation(F21) and w defined in equation(F22)
and the respective partial derivatives (evaluated at the IFE &) into the expression,

- 9% £1,(0,0)
b= Zlv T D00

After some algebraic manipulation, we obtain

b= —wyvy = —(c+ AT")? < 0. (F26)

Therefore, b is always negative. Meanwhile a is positive if condition F24 holds and
negative if condition F25 holds. Thus, by Theorem 4.1 [34] we have a backward
bifurcation under condition F24 and a forward bifurcation under condition F25. This
completes the proof. O

Appendix G

Proof of Theorem 7: The Hurwitz determinants obtained from the characteristic
polynomial Eq. (10), H;, are

Hy = Ay,

Hy = A1 Ay — As, (G27)
Hs = A1 AsAs — ATAy — A3,

Hy = AgHs.

The generalized Routh-Hurwitz criterion indicates that £ tis locally asymptotically
stable if and only if H; > 0 Vi and that a necessary condition for the existence of a
Hopf bifurcation is [50]

H; >0, Hy >0, Hsl5, =0, and d H3H5h) 0, (G28)
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where ¢, is the Hopf bifurcation parameter. This simplifies to
A1 AgAg — A3 Ay — A3 = 0. (G29)
This completes the proof. O
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