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During acute hepatitis B virus (HBV) infection viral loads reach high
levels (�1010 HBV DNA per ml), and nearly every hepatocyte
becomes infected. Nonetheless, �85–95% of infected adults clear
the infection. Although the immune response has been implicated
in mediating clearance, the precise mechanisms remain to be
elucidated. As infection clears, infected cells are replaced by un-
infected ones. During much of this process the virus remains
plentiful but nonetheless does not rekindle infection. Here, we
analyze data from a set of individuals identified during acute HBV
infection and develop mathematical models to test the role of
immune responses in various stages of early HBV infection. Fitting
the models to data we are able to separate the kinetics of the
noncytolytic and the cytolytic immune responses, thus explaining
the relative contribution of these two processes. We further show
that we need to hypothesize that newly generated uninfected cells
are refractory to productive infection. Without this assumption,
viral resurgence is observed as uninfected cells are regenerated.
Such protection, possibly mediated by cytokines, may also be
important in resolving other acute viral infections.

immune response � mathematical modeling � viral kinetics

Hepatitis B virus (HBV) is a small (�3.2 kb) partially dsDNA
virus that infects hepatocytes (1). There are �350 million

chronic HBV carriers worldwide, and infection with HBV is the
cause of significant morbidity and mortality in countries of high
prevalence (2). During acute infection, HBV viral loads can
reach high levels, up to 1010 HBV DNA copies per ml of plasma,
which last for several weeks, coincident with HBV infection of
a large percentage of hepatocytes (3–6). Subsequently, viral
loads decrease, and in 85–95% of acutely infected adults the
infection is cleared (7). Patients that clear the virus tend to have
stronger and more diversified CD4� and CD8� T cell responses
(8, 9). In addition, clearance of the virus in acutely infected
patients is usually accompanied by an alanine aminotransferase
(ALT) flare. Elevated levels of ALT are indicative of liver
damage and an active cell-mediated immune response. Although
the immune response plays a crucial role in decreasing the viral
load, the precise mechanisms are not fully understood (10).

Studying the immune response to HBV during acute infection of
humans is difficult, and the field has progressed by the study of
experimental infection in chimpanzees, woodchucks, and ducks and
transgenic mice that express HBV genes. These studies demon-
strated the importance of the immune response, because acute
infection in chimpanzees depleted of CD8� T cells results in
delayed HBV clearance and recovery (11). However, chimpanzee
studies have also shown that the initial reduction in HBV viral load
occurs much earlier than any detectable cytolytic immune response,
liver T cell infiltration, or liver damage (3), suggesting that some
form of noncytolytic response is involved. The importance of a
noncytolytic response has been confirmed in the HBV transgenic
mouse model, where type 1 and type 2 interferons inhibit the
formation of HBV nucleocapsids and lead to HBV mRNA degra-
dation (12–15). On the other hand, results from the woodchuck
model have argued that clearance of covalently closed circular

DNA (cccDNA) from the nucleus of infected hepatocytes proceeds
through the death of infected cells and the regeneration of the liver
with uninfected hepatocytes (16).

Thus, during the acute stages when clearance or chronic
infection is decided, there is a subtle dynamic interplay between
replenishment of uninfected cells and continuing rounds of viral
infection. Indeed a fundamental question is how the new unin-
fected cells, generated by noncytolytic immune mechanisms and
hepatocyte proliferation, do not rekindle the infection. It has
been suggested that any surge in reinfection may be thwarted
because of infected cells being replaced by cells that are pro-
tected from reinfection (17). Here, we introduce the idea of cells
being refractory to reinfection or being resistant to viral repli-
cation as suggested earlier (18) in the context of heterogeneous
differentiation states of hepatocytes. The mechanisms of resis-
tance are unknown but it is reasonable to expect that the
intracellular state set by the cytokine response persists for some
period. Also, cells that are partially resistant to infection, say
because of low levels of the receptors required for HBV infec-
tion, may selectively survive and expand during the many months
of acute infection and contribute to a population of cells
protected from infection. An effect of this type has been
observed in cell-culture systems of HCV infection (19). Here, we
explore the role of a class of cells refractory to productive
infection in acute HBV infection.

Because of the difficulty of studying these issues experimen-
tally, we introduce mathematical models of HBV dynamics to
explore the mechanisms leading to viral clearance while main-
taining liver integrity. We show that viral resurgence is expected
to occur as new uninfected cells repopulate the liver unless these
cells are resistant to infection while virus clearance occurs. We
also suggest experimental tests of our hypothesis.

Results
Models of Acute HBV Infection. To understand the important
features of the immune response and virus dynamics during
acute HBV infection, we modeled HBV DNA data from acutely
infected patients (see Materials and Methods) by using different
mechanistic models. We analyzed the effects of cytolytic vs.
noncytolytic immune responses, the dynamics of target cell
production, and the role of cells refractory to infection. As virus
is cleared and infected cells are replaced by uninfected ones, our
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models highlight the need for mechanisms to prevent the
infection of these newly generated cells.

We consider five populations, corresponding to uninfected
hepatocytes (T), productively infected hepatocytes (T*), free
virus (V), immune effector cells (E), presumably CD8� T cells
(14), and a population of refractory cells (R). This last popula-
tion corresponds to either previously infected cells refractory to
new infection, because of the continuing effects of a noncytolytic
immune response, or a population of infected cells not producing
measurable amounts of virus (see below). The dynamics of these
populations are governed by the following differential equations:

dT
dt

� rT �1 �
T � T* � R

Tmax
� � kVT � �RR ,

dT*

dt
� rT* �1 �

T � T* � R
Tmax

� � kVT � �T*E

� �T*E ,

dV
dt

� pT* � cV , [1]

dE
dt

� s � �T*� t � ��E� t � �� � dEE ,

dR
dt

� �T*E � rR �1 �
T � T* � R

Tmax
� � �RR

� �1RE .

We assume that in the absence of infection (V � 0, T* � 0, R �
0) the number of hepatocytes, T, is maintained by homeostasis
described by a logistic equation, with carrying capacity Tmax and
maximal growth rate per hepatocyte r. Infection occurs with rate
constant k. Physiologically, when hepatocytes are initially in-
fected, they carry one copy of the genetic information of the
virus in the form of a cccDNA genome. Additional copies of
cccDNA accumulate in the cell through viral replication (20, 21).
This accumulation may result in different HBV production rates
by cells with different copy numbers of cccDNA (22). In the
model, we simplify this aspect by considering only one class of

infected cells, with multiple copies of cccDNA (T*), although in
the supporting information (SI) Text we consider a model with
more than one class of infected cells. Infected cells can be killed
by the immune response at a rate of �E per cell and proliferate
in a manner similar to the uninfected cells. Because cccDNA
does not replicate upon cell division, when T* cells divide it is
possible that they originate cells with no cccDNA (23). However,
even the progeny of an infected cell that contains no cccDNA in
its nucleus may still contain viral components, such as relaxed
circular DNA and partially assembled virions in its cytoplasm.
Thus, the direct transition from T* to T by division of T* has a
very small chance of occurrence, and we neglect it. Division of
infected cells occurs at a growth rate r.

One feature of our model is that infected cells can be lost
because of the noncytolytic response, dependent on the effector
cell population E, by recovery into a population of refractory
cells (R), at a rate of �E per cell. This phenomenon has been
hinted at by experimental results (17). Because cell surface
antigens characteristic of infected cells persist for some time (3),
the refractory population may still be assayed as infected by
antibody staining. However, we assume these cells do not
produce virus (or produce negligible amounts), because they
have lost most or all of the replicative intermediates and
cccDNA (3, 22). This population divides at the same rate as
uninfected hepatocytes. Eventually, these cells will move into the
true uninfected population at a rate of �R per cell.

Free virus is produced at rate p and virus is cleared from
circulation by all mechanisms at rate c.

In the absence of infection we assume there is a basal level of
specific immune effector cells E, given simply by s/dE, where s
corresponds to a source of effector cells with the specificity for
HBV-infected cells and 1/dE is their average lifespan. This basal
level is meant to represent antigen-specific naive CD8� T cells
that upon encounter with antigen are activated, clonally expand,
and differentiate into true effector cells. To account for the lag
usually observed between infection and the immune response
[observed in HBV infection (24) and other infections (25–29)],
we allow for a time delay (�) between antigen encounter and
effector cell expansion.

Viral Dynamics. We fitted our model to the data from seven
HBV-infected individuals detected at the stage of acute infection
(see Materials and Methods and Fig. 1) (24, 30, 31). The fits
demonstrate a biphasic decay in the viral load for all patients.
The median estimated duration of the first phase was 75 � 25
days, and the duration of the second phase was 152 � 35 days.
In Tables 1 and 2, we present parameter estimates and 95%
confidence intervals (C.I.), respectively, corresponding to the
best fit of our model to the data for each patient (see Materials
and Methods).

The median fraction of productively infected cells at the peak
of infection is 86% of total hepatocytes, varying from a minimum
of 63% to a maximum of 96%. If the refractory cells are still
hepatitis B core antigen (HBcAg)� and thus counted as infected
by standard immunological assays (3, 22), then virtually all
hepatocytes are infected at the peak of infection (Fig. 2a),
consistent with observations in primary infection of chimpan-
zees, where �75% of hepatocytes were HBcAg� at the peak of
viremia (3).

Refractory Cells. After the peak in viral load, the number of
infected cells declines quickly. Some are lost by a cytolytic
immune response but most are converted into refractory cells
(Fig. 2a). These cells reach their maximum around the peak in
viral load and stay elevated throughout the analysis period. They
are crucial in preventing a rekindling of the viral infection and
concomitant viral rebound. To demonstrate this behavior, we
present in SI Text the results of two models without refractory
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Fig. 1. Results of fitting the model to each patient’s HBV DNA data and the
relationship between effector cells and serum ALT during the acute phase of
the infection. The best fit of the model (dashed lines) to HBV DNA patient data
(*) is indicated. The measured serum ALT (E), which was not used in data
fitting, compares well with the predicted dynamics of the HBV-specific effec-
tor cell response (solid lines).
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