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The relationship between the inoculum dose and the ability of the pathogen
to invade the host is poorly understood. Experimental studies in non-human
primates infected with different inoculum doses of hepatitis B virus have
shown a non-monotonic relationship between dose magnitude and infection
outcome, with high and low doses leading to 100% liver infection and inter-
mediate doses leading to less than 0.1% liver infection, corresponding to
CD4 T-cell priming. Since hepatitis B clearance is CD8 T-cell mediated, the
question of whether the inoculum dose influences CD8 T-cell dynamics
arises. To help answer this question, we developed a mathematical model
of virus–host interaction following hepatitis B virus infection. Our model
explains the experimental data well, and predicts that the inoculum dose
affects both the timing of the CD8 T-cell expansion and the quality of its
response, especially the non-cytotoxic function. We find that a low-dose
challenge leads to slow CD8 T-cell expansion, weak non-cytotoxic functions,
and virus persistence; high- and medium-dose challenges lead to fast CD8 T-
cell expansion, strong cytotoxic and non-cytotoxic function, and virus
clearance; while a super-low-dose challenge leads to delayed CD8 T-cell
expansion, strong cytotoxic and non-cytotoxic function, and virus clearance.
These results are useful for designing immune cell-based interventions.
1. Introduction
The relationship between the inoculum dose (defined as the number of patho-
gens at the start of an infection) and the ability of the pathogen to invade and
colonize the host is poorly understood. Uncovering this information will
advance our knowledge of how the initial dose impacts immune responses
and, consequently, long-term disease outcome. Host reactions against virus
challenge are highly variable, ranging from immune tolerance, as in chronic
infections with hepatitis B virus (HBV) [1], to adequate priming and disease
control, as in mild infections with influenza and dengue viruses [2–4], to exacer-
bated responses leading to severe disease and death, as in respiratory infections
with respiratory syncytial virus (RSV) and SARS-CoV-2 [5,6]. To determine
whether variability in disease outcome is virus dependent, host dependent,
inoculum dependent, or a combination of all these factors and more, one
needs to investigate inoculum-outcome scenarios within the same animal
model (or humans), infected with the same pathogen (or even the same patho-
genic strain). In this study, we used data from chimpanzees infected with
different doses of the same strain of hepatitis B virus to analyse the relationship
between inoculum dose, host response, and disease outcome.

HBV is a DNA virus that infects liver cells (hepatocytes) of humans and
results in either acute hepatitis or chronic disease [7], with the likelihood of pro-
gression to chronic illness being inversely correlated with the age of the patient
[8]. Virus clearance is attributed to strong, diverse, and mature adaptive
immune responses, with polyclonal and multispecific hepatic CD8 T-cell
responses being the main factor in HBV removal [9–11]. Virus-specific CD8
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T-cells contribute to both virus control and liver injury in
hepatitis B virus infection [12,13]. Studies in chimpanzees
and HBV-transgenic mice have shown that, in addition to
causing viral hepatitis through production of cytotoxic gran-
ules that are able to directly kill the infected hepatocytes [14],
HBV-specific CD8 T-cells inhibit virus replication inside a
hepatocyte via non-cytotoxic processes mediated through
production of interferon-γ (INF-γ) and tumour necrosis
factor-α (TNF-α) [15–17]. The exact contribution of cytotoxic
and non-cytotoxic processes to virus control is not clearly
defined. Here, we are primarily interested in determining
whether development of protective CD8 T-cell responses is
dependent on inoculum dose. For this, we focused on pub-
lished data from HBV-naive, immune-competent adult
chimpanzees who were challenged with different doses of
the same monoclonal HBV inoculum [18]. As revealed in
the data, challenge with different inoculum doses resulted
in different outcomes, including less than 0.1% liver infection,
100% liver infection without chronic infection, and 100% liver
infection with persistent viremia. The outcomes were also
related to CD4 T-cell kinetics, with early CD4 T-cell priming
being associated with synchronized interhepatic CD8 T-cell
response and viral clearance. Low virus challenge resulted
in delayed CD4 T-cell, weak and poorly synchronized CD8
T-cell responses, and persistent viremia. The study suggested
that the lack of virus control is due to compromised CD8 T-
cell function, presumably due to lack of adequate priming
and continuous expression of negative regulators that sup-
press antiviral functions and cause CD8 T-cell exhaustion
[18]. While the role of CD8 T-cell in HBV clearance has
been widely reported [9–11,19,20], the synergistic effects of
CD8 and CD4 T-cells (such as CD4 T-cell help being
needed for CD8 T-cell activation) deserve further quantifi-
cation [21], as uncertainty remains on these issues,
especially in the context of varying inoculum doses. Indeed,
while the CD4 T-cell response was found to be strong and
multispecific in acute HBV infections and relatively weak in
chronic HBV patients [21], CD4 T-cell depletion at the peak
of HBV infection did not show any effect on viral replication
and liver disease [19]. Moreover, CD4 T-cell depletion in vac-
cinated chimpanzees who were re-challenged with HBV did
not result in enhanced virus replication [22]. An important
question is whether the relationship between the inoculum
dose and the CD4 T-cell kinetics observed in the clinical
study [18] translates into predictions for CD8 T-cell kinetics,
such as expansion and function. Mathematical modelling
can help answer these questions.

Mathematical models have provided a reliable platform
for in-depth analysis, quantification, and mechanistic descrip-
tion of host–pathogen interactions [23–36]. In particular, they
have been used to determine how inoculum dose correlates
with pathogen kinetics and immune response development.
Handel et al. [37] investigated the role of inoculum dose in
virus kinetics during acute infections of pathogens such as
adenovirus, infectious bronchitis, influenza A, and human
parainfluenza viruses. They found that both innate and adap-
tive immune responses are needed to explain the inoculum
dose-dependent data [38], and that protection and morbidity
do not change monotonically with increased inoculum dose.
Best et al. [25] showed that Zika virus infections with a low-
dose challenge slow down virus dynamics (such as a longer
time to the peak and clearance), but result in a similar viral
burden as with the high-dose challenge. We previously
investigated the role of the dose and characteristics of
Simian Immunodeficiency Virus (SIV) inoculum in rhesus
macaque infections and found that the structure of the inocu-
lum (containing free virus, rather than virus-immune
complexes) can explain higher infectivity of the virus
during early infections [39]. In addition, several groups
have used mathematical models to determine the role of the
inoculum dose on CD8 T-cell expansion in the context of vac-
cination [40–42] and found that a medium dose leads to
pathogenesis, high-dose leads to immune exhaustion, and a
low dose leads to protection. Here, we develop a mathemat-
ical model of virus–host interaction following HBV infection
and use it, together with data from HBV-infected chimpan-
zees, to determine the effect of the inoculum dose on CD8
T-cell development and function, resulting in various disease
outcomes. In particular, we determine whether the incolulum
doses affect the timing of CD8 T-cell expansion and/or the
strength of cytotoxic or non-cytotoxic responses and, conse-
quently, the dynamics of the virus, the extent of liver
disease, and the infection outcomes.
2. Material and methods
(a) Model development
We model the interactions between six populations: uninfected
hepatocytes, T; infected hepatocytes, I; hepatocytes refractory
to reinfection, R; HBV virions, V; cytotoxic CD8 T-cells, E; and
alanine transaminase (ALT), A (a chemical that measures the
level of hepatic injury). We model proliferation of uninfected,
infected, and refractory hepatocytes using logistic terms with
the same per capita expansion rate r and carrying capacity Tm.
In the presence of HBV, target cells become infected at rate β,
and infected cells produce p new viruses per infected cell per
day. Virus is cleared at rate c. Following HBV infection, naive
HBV-specific CD8 T-cells, E, proliferate and either convert produc-
tively infected cells into refractory cells at rate ρ, or produce
cytotoxic granules that are able to directly kill infected cells at
rate μ. The refractory class corresponds to either previously
infected cells that are refractory to new infection because of the
continuing effects of a non-cytotoxic immune response or infected
cells that are not producing measurable amounts of virus [32].
However, because antigens may persist on the surface of refractory
cells for some time [15], the refractory population may still be
assayed as infected by antibody staining, and killed by cytotoxic
CD8 T-cells. We assume CD8 T-cell-mediated killing of refractory
cells occurs at the same rate μ. Since refractory cells have lost
most or all of the replicative intermediates and covalently closed
circular (ccc) DNA, they do not produce virus [15,43]. Both infected
and refractory cells are killed by cytotoxic CD8 T-cells at rate μ, and
infected hepatocytes are moved into the refractory class in the
presence of cytokines produced by cytotoxic CD8 T-cells at rate ρ.

Following the successful resolution of the infection, CD8
T-cells contract and die, with a small number being replaced
by memory cells. We model the CD8 T-cells expansion using a
Hill-type function of time, with maximum population level e0,
time of half-maximal expansion τ, and Hill coefficient n [44,45].
We assume that CD8 T-cells peak half a year post-infection and
then contract to zero a year post-infection. We model the post-
peak temporal pattern of contraction using a reverse of
the Hill-type function used for expansion. Therefore, the CD8
T-cell population is given by

E(t) ¼
e0 tn

tnþtn , t , 182:5,

e0 (365�t)n

tnþ(365�t)n , 182:5 � t � 365,
0, t . 365:

8><
>: (2:1)



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20202715

3
We also considered a more general model including the possible
non-zero contraction phase (see electronic supplementary
material). Our data fitting and model comparison showed
that the model with non-zero contraction phase did not improve
the fitting and the parameter estimates did not change from the
estimates using the model (2.1). Therefore, we used model (2.1)
for the dynamics during the study period and consider the
extended model for sensitivity of the long-term dynamics.

Liver releases ALT at a constant rate sA, corresponding to
natural hepatocyte death, plus an immune-dependent rate pro-
portional to the cytotoxic CD8 T-cell-induced infected and
refractory hepatocyte killing (μI E and μR E, respectively), with
proportionality constant α. ALT is degraded at per capita rate
dA. The non-autonomous system of differential equations
describing these interaction is given by

dT
dt

¼ rT 1� T þ I þ R
Tm

� �
� bTV,

dI
dt

¼ rI 1� T þ I þ R
Tm

� �
þ bTV � mIE� rIE,

dV
dt

¼ pI � cV,

dR
dt

¼ rR 1� T þ I þ R
Tm

� �
þ rIE� mRE,

dA
dt

¼ sA � dAAþ amIEþ amRE:

9>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>;

(2:2)

Initial conditions are given by T(0) = Tm, I(0) =R(0) = 0, V(0) =V0,
and A(0) =A0 = sA/dA, where V0 is the normalized inoculum
concentration and A0 is the smallest ALT measurement for
each subject.
3. Experimental data and parameter estimation
(a) Experimental data
For this study, we use HBV and ALT time series data from
nine HBV-naive, adult chimpanzees previously published
in Asabe et al. [18]. In addition, the data considered include
the per cent of liver cell damage in these nine animals.
HBV is measured in GE/ml, which we assume is a good
proxy for infectious virus concentration [46]. We categorize
the animals into two groups.

(i) CD4 T-cell-competent group
The first group consists of seven CD4 T-cell-competent sub-
jects, who were inoculated with a serial dilution of the
same monoclonal HBV inoculum. Briefly, one chimpanzee
(subject A006) was infected with a high-dose inoculum of
1010 GE HBV DNA. This resulted in fast virus spread, 100%
liver infection, elevated ALT (suggesting cytotoxic CD8
T-cell killing of infected cells), and eventual virus clearance
by week 24. CD4 T-cell priming occurred three weeks after
inoculation. Two chimpanzees (subjects A007 and 1622) were
infected with a medium-dose inoculum of 107 and 104 GE
HBV DNA, respectively. This resulted in low viral titres, less
than 0.1% liver infection, elevated ALT (suggesting that cyto-
toxic CD8 T-cell killing is still happening), and faster virus
elimination by weeks 9 and 7, respectively. CD4 T-cell priming
occurred one and three weeks after inoculation, respectively.
Two chimpanzees (subjects 1603 and 1616) were infected
with a low-dose inoculum of 10 GE HBV DNA. This resulted
in high virus titres, 100% liver infection, persistent viremia last-
ing for 42 and greater than 50 weeks (defined as chronic
disease), respectively. CD4 T-cell priming occurred 13 weeks
after inoculation in both subjects. Lastly, two chimpanzees
(subjects 1618 and A014) were infected with a super-low-
dose inoculum of 1 GE HBV DNA. This resulted in high
virus titres, 100% liver infection, ALT elevation, and virus elim-
ination by week 29 and 30, respectively. CD4 T-cell priming
occurred seven weeks after inoculation in both subjects.
(ii) CD4 T-cell-control depletion subgroup
The second group consisted of two subjects (A2A007 and
A3A005), challenged with a medium-dose inoculum of
104 GE. Additionally, chimpanzee A2A007 was first immuno-
depleted of CD4 T-cells. This resulted in high virus titres,
100% liver infection, persistent viremia lasting for greater
than 50 weeks, and no CD4 T-cell priming. By contrast, chim-
panzee A3A005 was given an irrelevant control antibody.
Surprisingly, unlike the previous medium-dose subjects, this
resulted in high virus titres, 100% liver infection, ALT
elevation, and virus elimination by week 26. CD4 T-cell
priming occurred one week after inoculation.

The experimental results are summarized in electronic
supplementary material, table S1.
(b) Parameter estimation
We fix several parameters to previously reported values. Since
the weight of each animal is known (electronic supplementary
material, table S1), we carry over the hepatocellularity num-
bers from human to chimpanzees as follows. It is known
that the carrying capacity of the liver cells in a 70 kg human
is 13.6 × 106 hepatocytes per ml [32]. Then, the carrying
capacity of liver cells in a chimpanzee of weight w-kg can be
calculated as Tm = (13.6 × 106/70) ×w hepatocytes per ml. We
assume that all hepatocyte (uninfected, infected, and refrac-
tory) divide at per capita rate r ¼ 1 per day [32,47]. Previous
estimates for the virus clearance rate range from
c ¼ 0:69 per day [48–50], to c ¼ 4:4 per day [51], to as high
as c ¼ 21:7 per day [52]. We chose c ¼ 1:67 per day, corre-
sponding to a viral half-life of 10 h. Based on preliminary
fits, we observed the need for a high Hill-coefficient n for all
subjects. We fix it to n = 15. The reported human values for
plasma ALT half-life are t1/2 = 47 ± 10 h [53]. We chose a
half-life of 47 h, corresponding to ALT clearance rate
dA ¼ 0:35 per day. We assume that ALT was at equilibrium
before the start of the infection, and set the constant
production rate to sA =A0dA.

Initial conditions are given by T(0) = Tm, I(0) =R(0) = 0,
V(0) =V0, and A(0) =A0. V0 is the inoculum dose normalized
throughout 1.5 litres of blood (half of human amount for a
70 kg person, since the chimpanzees’ weight varied between
16 and 50 kg): 6:6� 106 GE per ml (for subject A006), 6.6 ×
103 GE per ml (for subject A007), 6.6 GE per ml (for subjects
1622, A2A007, A3A005), 6:6� 10�3 GE per ml (for subjects
1603 and 1616), and 6:6� 10�4 GE per ml (for subject 1618
and A014). A0 is chosen to be the smallest ALT measurement
for each subject: 24 (for subject A006), 26 (for subject A007),
21 (for subject 1622), 27 (for subject 1603), 27 (for subject
1616), 30 (for subject 1618), 26 (for subject A014), 36 (for sub-
ject A2A007), and 42 (for subject A3A005). The parameters
that are fixed across animals and initial values are
summarized in electronic supplementary material, table S2.

The remaining parameters {β, μ, ρ, p, α, τ} are estimated by
fitting models (2.2) and (2.1) to the experimental data.



Table 1. Best parameter estimates and fitting errors. SSQ, residual sum of squares.

subject μ × 10−4 β × 10−10 τ (wk) α × 10−4 ρ × 10−4 p SSQ

A006 4.1 0.37 6.7 1.2 4 7567 0.59

A007 2.4 0.62 6.4 207 6.7 2394 1.1

1622 4 1.8 8.4 191 6.7 452 0.71

1603 3.5 0.3 24.4 1.3 1.6 2142 0.53

1616 4.8 1.6 15 0.2 0.03 562 0.57

1618 2.8 0.2 14.8 0.9 3.4 6628 0.98

A014 4.1 0.22 15.6 4.1 2.4 1300 0.95

A2A007 2.8 0.39 16 0.9 0.3 4561 0.52

A3A005 4.4 0.25 13.6 2.6 2.9 1115 0.6

average 3.6 0.63 13.4 45 3.1 2969

s.d. 0.8 0.61 5.6 87 2.4 2655
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(c) Fitting method
We use all HBV DNA (Vdata) and ALT (Adata) data up to the
first time when virus decays below the limit of detection
(Vdata , 102 GE per ml) and do not consider any subsequent
virus rebound. This corresponds to N = {19, 11, 13, 41, 47, 35,
39, 48, 26} HBV data points and the same number of ALT data
points for subjects A006, A007, 1622, 1603, 1616, 1618, A014,
A2A007, and A3A005, respectively. In addition, data repre-
senting the empirical maximal percentage of liver infection
(Ltot), is Ltot = 100 (for subjects A006, 1603, 1616, 1618,
A014, A2A007, and A3A005) and Ltot = 0.1 (for subjects
A007 and 1622).

To estimate the remaining parameters, parm = {β, μ, τ, α, ρ,
p}, we minimize the following functional:

J(parm) ¼
XN
i¼1

log10 Vdata(ti)� log10 V(ti)
maxi log10 V(ti)

� �2

þ
XN
i¼1

log10 Adata(ti)� log10 A(ti)
maxi log10 A(ti)

� �2

þ maxt L(t)� Ltot
maxt L(t)

� �2

, (3:1)

where ti and N are time points and the total number of
time points, respectively, at which data were collected. Here,
Vdata(ti) and Adata(ti) are experimentally measured values of
the HBV DNA and the ALT, respectively, at time ti, while
V(ti), and A(ti) are corresponding solutions given by model
(2.2). Similarly, maxtL(t) = maxt (100 × I(t)/(T(t) + I(t) +R(t)))
and Ltot represent the model prediction and the experimental
measurement, respectively, for the maximum per cent of
liver infection. We use a combined program with the ‘fmin-
search’ optimizer and the ‘ode45’ solver in MATLAB to
simultaneously fit these three data sets (representative code in
the electronic supplementary material).
4. Results
(a) Model versus data
The best estimate parameter values are given in table 1 and the
solutions over time are shown in figures 1 and 2, along with
the experimental data. Our model predictions agree with the
data well in each of the animals considered. This model is
capable of describing the relation between inoculum dose
and widely varying immune response and disease outcome.
(b) Virus dynamics
The viral dynamics predicted by our model indicates that
high- (A006) and medium-dose (A007, 1622), immune-
competent chimpanzees showed rapid viral increase
immediately post inoculation. The viral load in the high-dose,
immune-competent chimpanzee (A006) reached a peak of
2� 1010 GE=ml in three weeks post inoculation, where it
plateaued for three weeks, and then decreased until it reached
below the limit of detection at 15 weeks post inoculation (see
figure 1, first panel). The medium-dose, immune-competent
chimpanzees (A007 and 1622) showed low viral peaks of 3 ×
107 and 107 GE=ml, respectively, before decreasing to below
the limit of detection at 10 and 12 weeks post inoculation,
respectively (see figure 1, second and third panels). The
low- and super-low-dose, immune-competent chimpanzees
showed a three-week delay in viral increase. All of these
subjects reach high viral peaks with values between 9 × 109

and 2� 1010 GE=ml (see figure 1, fourth to seventh panels).
One low-dose, immune-competent chimpanzee (1616) and
the immune-depleted chimpanzee (A2A007) showedpersistent
viremia for 50 weeks and for the duration of the study
(see figure 1, fifth and eighth panels). The other low-dose,
immune-competent chimpanzee (1603) was viremic for
40 weeks post inoculation. For super-low-dose, immune-
competent chimpanzees (1618 and A014), viral load decays to
below detection 35 and 36 weeks post inoculation. In these ani-
mals, the long-term simulation of model (2.2) with zero
contraction of CD8 T-cell population (2.1) predicts viral
rebound (see figure 1, sixth and seventh panels). Lastly and
surprisingly, the medium-dose, immune-competent control
chimpanzee (A3A005), showed a two-week delay in viral
load increase, which reached a peak of 2� 1010 GE=ml before
decreasing below the limit of detection 25 weeks post
inoculation (see figure 1, last panel).

We investigated virus-host parameters that may explain
the differences in subjects’ kinetics. We obtained similar
inter-patient estimates for the infectivity rate, with average
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b ¼ 7:3� 10�11 ml=virus� day for group one (6.3 ×
10�11 ml=virus� day when the second group is included),
similar to the results from previous modelling work [32,47].
Since the magnitude of the clearance rate c is three orders
of magnitude higher than that of the βT term in all patients,
we could ignore the −βTV virus loss term in the virus
equation. The estimated virus production rate varied
among subjects, with medium-dose, immune-competent sub-
jects’ average production rate (p = 1423 virus/infected
cell×day) being half the high-, low-, and super-low-dose, sub-
jects’ average production rate (p = 2969 virus/infected cell×
day). Although we observed increased virus production in
the seven subjects whose entire liver was infected, viral
persistence did not always result from the highest virus pro-
duction. For example, subject 1616, whose viremia persisted
for the duration of the study, had the second lowest virus
production rate and the highest infectivity rate.
We also estimated the viremia duration, defined by the
time between challenge and the time post peak, when the
virus reached below 102 GE=ml, and found good agreement
with the empirical data used in data fitting (*values in elec-
tronic supplementary material, table S1). In these animals,
viremia lasted 15 weeks for A006; 10.2 weeks for A007; 12
weeks for 1622; 40 weeks for 1603; greater than 50 weeks
for 1616 and A2A007; 35 weeks for 1618; 36 weeks followed
by rebound for A014; and 25 weeks for A3A005 (see
electronic supplementary material, table S1 for comparison).

Using the per cent of infected cells over time predicted by
model (2.2), I=(T þ I þ R)� 100% (see electronic supplemen-
tary material, figure S1), we determined the time to reach
maximal liver infection and the length of time spent at this
level. We found that the entire liver is infected three weeks
post challenge for the high-dose immune-competent subject.
By contrast, the infection of the entire liver is delayed to 9.8
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weeks post challenge for low- and super-low-dose immune-
competent subjects and the immune compromised subject
(with the exception of subject 1603, where peak liver infection
occurred 11.7 weeks post challenge) and by 10 weeks in the
medium-dose, immune-competent subject used as control. The
maximum liver infection lasted for 6.7 weeks for the high-
dose, immune-competent subject; 19 weeks and the duration
of the study for the low-dose, immune-competent subjects; 7.8
and 9.8 weeks for the super-low-dose, immune-competent sub-
jects; the duration of the study for themedium-dose, CD4 T-cell-
depleted subject; and 9.1 weeks for the medium-dose, control
subject. Our model predicted a maximum of 1:1% and 0:3%
infection for the medium-dose, immune-competent subjects;
occurring 6.4 and 7.9 weeks post challenge.
(c) Basic and effective reproductive numbers
We computed the basic and effective reproductive numbers
over time, R0(t) and Reff(t), which represent the average
number of secondary hepatocyte infections resulting from a
single infected cell in an entirely uninfected target cell popu-
lation and a population composed of both uninfected and
infected hepatocytes, respectively. They are given by

R0(t) ¼ bpTm

c(mþ r)E(t)
, Reff(t) ¼ T(t)

Tm
� R0(t): (4:1)

As expected, the basic reproductive numbers are greater
than 1 at the start of infection, consistent with the experimental
data in which infection occurred in each animal. Assuming the
level of the pre-infection CD8 T-cell responses as given by
model (2.1), the basic reproductive numbers decay below 1 for
five out of six animals with acute infections and one out of
three with chronic disease (R0 = 0.72 for A006, R0 = 0.3
for A007 and 1622, R0 = 0.74 for 1603, R0 = 0.08 for A014, and
R0 = 0.06 for A3A005). By contrast, the basic reproductive
numbers stay above 1 for the two animals with persistent
viremia (R0 = 1.01 for 1616 and R0 = 1.18 for A2A007) and for
one super-low-dose acute animal (R0 = 1.03 for 1618) (see elec-
tronic supplementary material, figure S2, dashed lines). After
the CD8 T-cell levels contract, the basic reproductive numbers
increase above 1. Similarly, the effective reproductive numbers
decay below 1 for all animals due to combined high CD8
T-cell responses (high E) and low level of available uninfected
target cells (small T/Tm), and rebound to values above 1 for
all subjects following CD8 T-cell contraction (see electronic-
supplementary material, figure S2, black solid lines).

(d) The relationship between inoculum dose, CD8 T-cell
expansion, and CD8 T-cell function

The primary goal of this study is to determine whether there
is a relationship between the times of CD4 T-cell priming
observed experimentally and the CD8 T-cell dynamics
given by population E in model (2.2). We will separate the
results of the CD4 T-cell-depleted subject A2A007 from the
rest of the subjects.

In the immune-competent subjects, the time of theoreti-
cal CD8 T-cell population’s half-maximal expansion, τ,
occurred 2− 11.4 weeks later than the empirical CD4 T-cell
priming, and did not follow the same patterns. Indeed,
while one of the low-dose, immune-competent subjects
(chimpanzee 1603) had the most delayed CD8 T-cell half-
maximal expansion time (24.4 weeks), the other low-dose,
immune-competent subject (chimpanzee 1616) had a similar
half-maximal expansion time to the super-low-dose subjects
(at around 15 weeks post challenge). This contradicts the
empirical CD4 T-cell priming, which occurred at the same
time for both low-dose subjects (13 weeks post challenge)
and much earlier for the super-low-dose subjects (seven
weeks post challenge). The high-dose and medium-dose sub-
jects had shorter half-maximal expansion times (6.7 weeks for
A006; 6.4 and 8.4 weeks for A007 and 1622; and 13.6 weeks
for A3A005). Indeed, while the theoretical CD8 T-cell popu-
lation reached its maximum value of 103 cells/ml early for
the high- and medium-dose subjects, and late for one low-
dose subject (1603), it has indistinguishable kinetics among
the other low-dose and the super-low-dose subjects (figure
3).We found no difference in cytotoxic killing rates, μ,
among the nine subjects, with average killing μ = 3.6 × 10−4

per CD8 T-cell×day. However, while the non-cytotoxic rates
(ρ = 3.14 ± 1.1 × 10−4 per CD8 T-cell×day) are similar among
subjects with acute disease, they are reduced in subjects
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with chronic disease. For example, the low-dose chimpanzees
1603 and 1616 have non-cytotoxic rates ρ = 1.6 × 10−4 and ρ =
3 × 10−6 per CD8 T-cell×day, 2- and 100-times lower than the
average. Moreover, the medium-dose CD4 T-cell-depleted
chimpanzee A2A007 has a non-cytotoxic rate of ρ = 3 × 10−5

per CD8 T-cell×day, 10-times lower than the average.
In addition, the CD4 T-cell-depleted chimpanzee has a
lower cytotoxic killing rate μ = 2.8 × 10−4 per CD8 T-cell×day
(1.3-times lower than the average). This suggests that while
CD4 T-cell depletion may not affect CD8 T-cell expansion,
it affects the function of CD8 T-cells.
(e) The relationship between dose and overall
pathology

We used our model to quantify the percentage of liver cells
killed daily by the CD8 T-cells. From the model formulation,
the percentage of liver cells killed by CD8 T-cells is given by

k(t) ¼ mE(t)
I(t)þ R(t)

T(t)þ I(t)þ R(t)
� 100%: (4:2)

Immune-mediated killing started four weeks after viral chal-
lenge for the high-dose subject (A006), and ceased 10 weeks
later (see figure 4, blue solid curve). There is limited killing
for two out of three immune-competent, medium-dose cases
(A007 and 1622), with 0:1% and 0:085% peak liver loss,
respectively (see figure 4, orange and yellow lines). The third
immune-competent, medium-dose case (A3A005) had similar
killing patterns as the high-dose case (see figure 4, black versus
blue solid curves). This is associated with the small weight of
the animal (14.6 kg, compared to the 35.4 kg for subject 1622),
which allowed a higher inoculum dose per target cell causing
faster virus spread. For low-dose subjects (1603 and 1616),
immune-mediated killing started 18 and 11 weeks post inocu-
lation, and persisted for a total of 20 and 18weeks (see figure 4,
dashed green curves). Similarly, the CD4 T-cell-depleted,
medium-dose subject (A2A007) followed a killing pattern
similar to the low-dose subjects: killing was delayed 12
weeks, was weak, and persisted for 25 weeks (see figure 4,
dashed black curve). Lastly, for the super-low-dose,
immune-competent subjects (1618 and A014) the immune-
mediated killing occurred 12 weeks post challenge and
lasted for 10 weeks (see figure 4, dotted pink curves). Taken
together, these results show that persistent infections, either
induced by low inoculum doses or CD4 T-cell depletion, cor-
relate with delayed and inefficient CD8 T-cell function and
increased overall pathology.
( f ) The relationship between CD8 T-cell expansion
and ALT dynamics

ALT kinetics vary among subjects, with baseline ranging
between 18 and 42 copies per ml. The expansion rates are
similar among all subjects, except for A007 and 1622. These
two subjects had limited liver cell infection (peak 1:1% and
0:3%, respectively), consistent with limited CD8 T-cell-
induced loss. The ALT, however, was high for both subjects
(see figure 2, second and third panel). To compensate for
this, the ALT expansion rates were four-times higher than
the average. Liver injury may have been induced by factors
other than HBV infection (which have not been accounted
for here). Interestingly, the CD4 T-cell-depleted subject
(A2A007) had slight ALT elevation, suggesting liver injury.
According to the model, this subject still has low CD8
T-cell cytotoxic activity, occurring in spite of the absence of
CD4 T-cell help (see figure 2, eighth panel). Lastly, in some
animals, the virus peak and subsequent decay did not
always synchronize with ALT dynamics, with ALT staying
elevated even after the virus was eliminated. This lack of
linear correlation can be explained by our nonlinear model,
which compensated for the difference in synchronization by
allowing for cytotoxic-immune killing of the refractory cell
population, which occurred (by design) at the same rate as
the immune-induced killing of the infected population.
5. Discussion
In the current study, we developed a non-autonomous math-
ematical model of CD8 T-cell responses to hepatitis B
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infection and used it, together with data from nine chimpan-
zees infected with a monoclonal HBV DNA, to determine
the impact of different inoculum doses on CD8 T-cell
development and function. One of the unique features in
our model is the use of a non-autonomous term for the
CD8 T-cell population given by a Hill-type function, in
addition to inclusion of refractory cells. Having a common
functional form in our model, with an identical but reverse
pattern of expansion and contraction among subjects,
allowed us to focus on differences among the subjects
based on the time to half-maximal expansion, instead of
being required to track individual CD8 T-cell populations.

The experimental study used here reported correlations
between the inoculum dose, virus spread, and CD4 T-cell
priming [18]. In particular, it found that high and super-low-
dose inoculum (1010 GE and 1 GE) resulted in infection of
the entire liver, which is cleared 15–36 weeks later, in the pres-
ence of CD4 T-cells. By contrast, a low-dose inoculum (10 GE)
resulted in infection of the entire liver and virus persistence
under delayed CD4 T-cell priming. A medium-dose inoculum
(104 and 107 GE) resulted in limited infection (less than 0:1% of
the liver), under fast CD4 T-cell priming. Lastly, a medium-
dose inoculum under CD4 T-cell depletion resulted in virus
persistence [18]. We used our novel model to investigate
these undefined, complex relationships between empirically
observed virus spread and CD4 T-cell priming, and to investi-
gate the dynamics and function of the theoretically derived
patterns of CD8 T-cell. We found no direct consistency
between the timing of CD4 T-cell priming and the timing of
CD8 T-cell expansion, defined here by the time of half-maxi-
mal expansion; the timing of CD8 T-cell half-maximal
expansion is delayed up to 12.4 weeks compared to that of
CD4 T-cell priming. We did, however, find an association
between the overall outcome and the CD8 T-cell dynamics.
In particular, CD8 T-cell populations expanded the fastest
and viremia lasted for less than 15 weeks for subjects infected
with a high- and medium-dose inoculum. For one subject
infected with a low- and for subjects infected with a super-
low-dose inoculum, medium expansion of CD8 T-cells
occurred, and viremia lasted for 35–50 weeks. For the
immune compromised subject infected with a medium-dose
inoculum and for one immune-competent subjects infected
with a low-dose inoculum, expansion of CD8 T-cells was the
slowest and viremia persisted longer, past the end of the study.

We modelled both the cytotoxic and non-cytotoxic effects
of CD8 T-cells, and found clear association between virus
persistence and decreased non-cytotoxic function, indepen-
dent of inoculum dose and CD4 T-cell status. In particular,
both the immune-competent, low-dose subject (1616) and
the immune compromised, medium-dose subject (A2A007),
which were viremic throughout the study, had low CD8
T-cell non-cytotoxic functions: second-order and first-order
magnitude lower than the average, respectively. By contrast,
in the immune-competent chimpanzee infected with a low-
dose inoculum, who had persistent viremia for 40 weeks
before clearing the infection (1603), the CD8 T-cell non-
cytotoxic rate was reduced to half, compared with the
average. We have previously noted the importance of non-
cytotoxic effects during acute adult human HBV infections,
where the formation of cells refractory to reinfection was
essential for preventing virus rebound [32,33]. In contrast to
previous results, however, we report that cytotoxic effects
against refractory cells are needed in order to explain
prolonged ALT elevation even after virus (and consequently
infected cells) are eliminated.

Studies in other virus infections, such as lymphocytic
choriomeningitis virus (LCMV) [54,55], found the high-dose
inoculum to be associated with immune exhaustion and
virus persistence, while finding the low-dose inoculum to
be associated with clearance. These studies correlated these
outcomes to the priming of the adaptive immune responses
by innate immune responses (mainly in the form of natural
killer cells). It is known that hepatitis B is a stealth virus
[56], hence innate immunity does not play a role in CD8 T-
cell priming. The CD4 T-cells, on the other hand, might
play this role. Indeed, if we look at the results from the per-
spective of CD8 T-cell immune responses, we find (as in
previous studies [37,41,42]) that a fast and efficient CD8 T-
cell response is associated with virus clearance, while a
delayed and weak CD8 T-cell response is associated with
virus persistence. Moreover, as seen in the chimpanzees
with persistent viral infection (1616 and A2A007), the fact
that immune responses are present, but inefficient in remov-
ing the virus, leads to increased pathology and liver scarring.
The correlation between delayed CD4 T-cell priming and
inefficient CD8 T-cell response (in particular non-cytotoxic
effects), suggests that CD4 T-cell priming plays a role in the
quality of the CD8 T-cell function.

Developing a suitable model that describes multiple data
sets (viral load, ALT, liver infection) with a widely varying
inoculum dose, leading to widely varying disease outcomes,
was a challenging task. We considered several variants of
model (2.2), including one without the refractory class and
one with a constant CD8 T-cell population. Data fitting and
model comparison analyses (not shown) allowed us to con-
clude that model (2.2), which includes both a refractory
class and time varying (non-autonomous) CD8 T-cell popu-
lation, best describes these data sets. Nevertheless, the
model still has several limitations. We modelled CD8 T-cell
responses using a non-autonomous function with the same
maximal expansion level and contraction time for all nine
subjects. It is possible that a different modelling approach
may allow for inter-patient differences in CD8 T-cell popu-
lation size, or a trade-off between CD8 T-cell population
size and effectiveness. We found that, when CD8 T-cells con-
tract to zero one year after infection, the HBV does not always
decay below the limit of detection before rebounding (see
super-low infected animal A014). If we assume, additionally,
that the contraction results in non-zero CD8 T-cell levels,
representative of the memory CD8 T-cell population, and/
or the contraction time is delayed (as observed in some of
the subjects in [18]), virus decays below the limit of detection
for all non-persistent cases (see electronic supplementary
material, figure S3). In the chronic persistent cases (1616
and A2A007), however, changing the CD8 T-cell contraction
level and/or the time of contraction, does not eliminate the
virus. This is further confirmation that virus persistence is
determined by weak CD8 T-cell non-cytotoxic function,
rather than the duration of CD8 T-cell responses.

We chose a high Hill coefficient (n = 15), which suggests
that the expansion from low to maximal CD8 T-cell values
happens quickly. While n estimates favour lower values in
some patients, it also favours higher values in others. To
get further insight into this uncertainty, we performed
semi-relative sensitivity analysis with respect to n. We
found that V is sensitive to the changes in n during its
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decay phase, with a peak positive influence occurring 12.7
weeks post-infection (see electronic supplementary material,
figure S4, left). The Hill coefficient has a positive influence
on the ALT curve as well, with a maximum effect at 6.7
weeks post-infection (the CD8 T-cell half-maximal stimu-
lation rate). This is followed by no effect and a negative
effect 12.7 weeks post-infection, at the peak positive effect
on the virus (see electronic supplementary material, figure
S4, right). The overall effects are weak, and do not influence
early population profiles.

In summary, we developed a mathematical model of
host–virus interactions in hepatitis B virus infection and
used it to show that inoculum doses that result in delayed
or absent CD4 T-cell responses are associated with delayed
CD8 T-cell expansion and weak non-cytotoxic function and,
consequently, result in virus persistence. Such results may
inform the design of interventions.
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