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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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cells. In one of them, we still have a noncytolytic response, but
it gives rise to ‘‘cured’’ target cells (i.e., T* goes directly to T at
rate �; SI Fig. 3); in the other model, there is no noncytolytic
effect at all (i.e., � � 0; SI Fig. 4). Both of these alternative
models explain the data very poorly and show a characteristic
oscillation in the viral load, because of too many target cells
being generated, which leads to a recrudescence of infection. The
difference is that in the first model (SI Fig. 3) virus is reduced
each time by a vigorous noncytolytic response. In SI Fig. 4, the
reduction in virus at each cycle is caused by extensive depletion
of hepatocytes (up to 90%) driven by the cytolytic immune
response. Both scenarios, with viral oscillations and massive
hepatocyte depletion, are not realistic. However, these models
raise a very important biological question, namely, if viral load
decline is accompanied by a decrease in infected cells, and a
concomitant increase in uninfected cells, what prevents these
cells from becoming targets for new infection, thus increasing
viremia? Indeed, avoiding the increase in new targets for infec-
tion is the function of the R population in our model.

With the 300-day data that we have, it is difficult to assert the
physiological fate of these refractory cells. Although in the
model we observe a very slow loss of these cells to prevent
rekindling of infection, it is likely that this loss could be faster,
as the viral load declines and the immune mechanisms respon-
sible for the refractory state (e.g., inflammation) subside and
neutralizing antibody accumulates (see Discussion). Thus, these
cells would more quickly revert to a nonrefractory state.

Effector Cell Dynamics. To understand the mechanisms behind the
viral decline, we studied the relationship between viral decay and
the change in HBV-specific effector cells, E, in our model. The
initial rapid and sharp fall in HBV DNA levels took place around
the peak of the noncytolytic immune response, which occurred
a median of 31 � 11 days before the peak in the cytolytic
response (Fig. 2b). We observed a median of 98% reduction in
viral load from the peak before the cytolytic response reaches its
maximum, supporting the argument made by Guidotti et al. (3),
based on studies of the chimpanzee model, that the initial fall of
HBV in blood and liver is caused by noncytolytic mechanisms.

The estimated median delay in HBV-specific effector cell
activation, �, is 29 � 8 days, with the longest delays of �5 weeks

occurring in patients 4 and 7. The maximum effector response
occurred a median of 124 � 29 days after infection, with a
median of 415 � 350 cells/ml.

The data show that patient 7, who was immunosuppressed
because of a corticosteroid drug regimen (24), has the slowest
second phase and a long incubation period. We conjecture that
the data-consistent parameters found for this patient, revealing
a weak cytotoxic killing, �, low immune activation rate, �, and
a long delay for effector cell activation, �, may be responsible for
the development of chronic infection in this case. Indeed, during
the second phase of viral reduction, we observed a drop in HBV
DNA of only 37-fold in patient 7, compared with a median
100-fold in the other patients. Also, our simulations show that
the peak of the immune response in this patient occurs late, 23
weeks after infection, �5 weeks later than the median.

To better characterize the effector cell contribution to viral
reduction, we analyzed alternative models for the immune
response: no noncytolytic response (� � 0, as above) and no
cytolytic response (� � �1 � 0); see SI Text. In the first case (SI
Fig. 4), infected cells are cleared only by cytolytic mechanisms
and the model predicts an unrealistically large depletion of
hepatocytes at the peak of infection (as detailed above). To avoid
this depletion, we could assume a much faster production of
uninfected cells by compensatory proliferation, but this always
leads to viral rebound (SI Fig. 4 and data not shown). This
rebound can only be avoided if the newly generated hepatocytes
are somehow refractory to infection.

We then tried a model without a cytolytic immune responses
(SI Fig. 5). The fits obtained were almost identical to those in the
original model (Eq. 1). Comparing the sum of squared residuals
of these two models shows no statistically significant difference
between them (F test; P � 0.57). However, sustained noncyto-
lytic responses involving high levels of cytokine secretion may
cause self-damage (32), a feature not in our model, and thus this
mechanism may be disfavored by the host. Nonetheless, given the
model’s consistency with the data, we also explored a model with
just a noncytolytic response, but one that was independent from
the effector cell dynamics. That is, the term �ET* in Eq. 1 became
�T* (SI Fig. 6). This model generates a monophasic viral decay.
There is no statistically significant improvement in the sum of
squared residuals in model 1 compared with this simpler model

Table 1. The best-fit estimates of the parameters in the model given by Eq. 1

Patient �, day�1 	 10�4 �1, day�1 	 10�6 �, day�1 	 10�7 �, day �, day�1 	 10�3 p, day�1 k, day�1 	 10�10

1 72 150 2.2 15.2 0.729 400 0.653
2 1.5 0.2 3.2 19.6 1.06 57 7.81
3 6.9 37 2.3 29.0 0.311 189 1.74
4 0.1 0.07 3.5 34.4 1.87 77 3.87
5 20 0.4 1.2 16.8 0.119 39 6.49
6 0.003 180 4.4 29.7 1.03 76 2.22
7 1.2 12.7 2.0 33.4 0.338 164 1.22
Geomean 1.28 5.0 2.5 24 0.566 107 2.49
GEO 95% C.I. 0.1–16.4 0.46–56 1.8–3.4 18.8–31.2 0.282–1.14 59–194 1.28–4.86

Table 2. Bootstrap 95% C.I. for the parameter estimates

Patient �, day�1 	 10�4 �1, day�1 	 10�6 �, day�1 	 10�7 �, day �, day�1 	 10�3 p, day�1 k, day�1 	 10�10

1 (71.9, 72.1) — (1.38, 3.81) (14, 18) (0.728, 0.731) (387, 416) (0.653, 0.655)
2 (0.0008, 19) (0.004, 8.0) (1.52, 3.56) (15, 23) (0.321, 1.6) (27, 83) (5.51, 16)
3 (6.7, 7.1) (35, 38) (1.99, 2.58) — (0.309, 0.312) — (1.74, 1.75)
4 (0.003, 12) — (1.95, 4.24) (25, 47) (0.43, 2.66) (29, 164) (2.16, 6.74)
5 (10, 28) (0.07, 820) (0.95, 2.17) (14, 23) (0.043, 1.18) (25, 77) (3.27, 9.35)
6 (0.0003, 20) (0.2, 950) (2.63, 6.06) (25, 39) (0.287, 2.1) (47, 116) (1.56, 3.54)
7 (1.19, 1.21) (12.7, 12.8) (1.74, 2.10) (31, 37) (0.337, 0.338) (164, 165) (1.22, 1.23)

5052 � www.pnas.org�cgi�doi�10.1073�pnas.0603626104 Ciupe et al.

http://www.pnas.org/cgi/content/full/0603626104/DC1
http://www.pnas.org/cgi/content/full/0603626104/DC1
http://www.pnas.org/cgi/content/full/0603626104/DC1
http://www.pnas.org/cgi/content/full/0603626104/DC1
http://www.pnas.org/cgi/content/full/0603626104/DC1
http://www.pnas.org/cgi/content/full/0603626104/DC1
http://www.pnas.org/cgi/content/full/0603626104/DC1
http://www.pnas.org/cgi/content/full/0603626104/DC1
http://www.pnas.org/cgi/content/full/0603626104/DC1
http://www.pnas.org/cgi/content/full/0603626104/DC1


by an F test (P � 0.27). However, there are systematic errors with
the theoretical curve either being above or below the data for
long periods (e.g., see SI Fig. 6, patient 6). Further, the model
predicts a simple monophasic viral decay from the peak, which
is contradicted by the data (SI Fig. 6).

Finally, we considered the effects of removing both the
cytolytic and noncytolytic responses by setting E to zero. This
mimics experiments in which anti-CD8 mAbs were used to
deplete the CD8� T cells responsible for the cytolytic and
noncytolytic immune responses in HBV-infected chimpanzees
(11). The results (SI Fig. 7) show that the viral load reaches a set
point at the peak of the infection and that clearance does not
occur. This finding is similar to the experimental results in
CD8-depleted chimpanzees (11).

Liver Disease. To further demonstrate the relationship of the
cytolytic immune response and hepatocyte death, we compare
the clinically measured values of the liver enzyme ALT and the
effector cell dynamics, E, predicted by our model (Fig. 1). The
serum level of ALT is usually used as a surrogate marker for the
degree of hepatocyte damage (33). Fig. 1 shows that there is a
good correlation among the predicted timing of the cell-
mediated immune response, E (solid line), and the measured
ALT level (circles). We also compared the ALT levels with the
rate of infected cell killing and show the initiation of cell killing
correlates with the initiation of ALT elevation (SI Fig. 8). This
correlation is also observed in the more complex model with
more than one class of infected cells (SI Fig. 9). We emphasize
that these correspondences are an independent confirmation of
our model, because we did not use the ALT data in our analysis.
This correspondence between the measured increase in ALT
levels and our computed change in effector cell number suggests
that the cytolytic effect of the immune response plays a role in
reducing HBV viral load, albeit at a late stage. Moreover, these
results are in agreement with the observed simultaneous rise in
ALT and HBV-specific CD8� T cells in two HLA-A� patients
(for which HBV-specific tetramers exist) (24).

Discussion
HBV has a long incubation period (8–20 weeks), reaching a peak
of up to 1010 copies/ml �10–12 weeks postinfection (34). After
the peak, the viral load decreases in a biphasic manner (Fig. 1).
As the viral load decreases and the infection resolves, infected
cells are replaced by uninfected ones. A fundamental question
that has not been adequately addressed is what prevents these
newly generated uninfected cells from being infected. The

immune response is clearly important, and both cytolytic and
noncytolytic mechanisms of HBV-specific CD8� T cell activity
have been observed (10, 35). Cytolytic mechanisms only remove
cells once they are infected and hence cannot prevent the
infection of cells. Noncytolytic mechanisms can influence viral
replication and the stability of viral replicative intermediates.
Here, we have postulated that such noncytolytic mechanisms
induce an ‘‘antiviral state’’ in which newly generated uninfected
cells are refractory to further infection. To test this idea and gain
insight into the events that underlie the early kinetics of HBV
infection, we developed a mathematical model and fitted it to
data from seven patients identified early in infection.

The model was consistent with the viral load data (Fig. 1) and
many other observations in both human infection and animal
models of HBV infection. First, the results of our model
suggested that noncytopathic mechanisms are important early in
infection while the cytolytic response plays a role late in infection
(Fig. 2b), as has been shown for acute HBV infection in the
chimpanzee (3, 22). Further, our results are in agreement with
the effects of depletion of CD8� T cells in the chimpanzee model
of primary HBV infection. Such depletion prevents clearance of
the virus in the chimpanzee (11) and in our model (SI Fig. 7). The
model also predicts that elevation in effector cell levels occurs
very close to the experimental peak in ALT level (even though
information about ALT was not used to fit the HBV DNA data).

We calculate that cumulatively up to 375% of hepatocytes
were regenerated during the 300 days after infection, presumably
to compensate for killing of infected cells. This finding is
consistent with recent studies in the woodchuck model of
transient hepatitis indicating a turnover of 100–200% of the total
hepatocyte population, during the resolution of infection (16,
17). Also, it was recently estimated that turnover of hepatocytes
in the resolution of primary infection, in two chimpanzees,
results in more than two full livers being regenerated (22). Even
though we calculate a large amount of cell death, the total
number of hepatocytes is maintained approximately constant by
homeostasis, suggesting a crucial role for hepatocyte prolifera-
tion in regulating liver integrity. The liver has an important
regenerative capacity (36), and in chimpanzees during resolution
of HBV infection (around the peak in ALT) up to 40% of
hepatocytes express proliferating cell nuclear antigen (37).

As the liver is regenerated, the newly produced hepatocytes
could become targets for the virus, rekindling the infection.
Thus, to clear virus, these new hepatocytes should not serve as
targets for infection (4, 17). We hypothesized this protection is
accomplished by the existence of a state refractory to productive
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Fig. 2. The predicted temporal relationship of the cytolytic and noncytolytic response to the level of infection and the HBV DNA viral load. Displayed for each
patient are the measured HBV DNA (*) and best-fit model predictions for: the HBV DNA viral load (dashed line), the number of refractory cells, R (solid line) and
the productively infected cells, T * (dashed-dot line) (a); and noncytolytic immune response, �T*(t)E(t)) (gold line), cytolytic immune response,
�T*(t)E(t)��1R(t)E(t) (green line) (b). Note that the noncytolytic immune response occurs before the cytolytic response and peaks coincident with the viral load
(red line).
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infection. We note that these cells may be similar to the
refractory cells defined by the model in refs. 38 and 39, in the
sense that they are resistant to viral replication and less suscep-
tible to induced cell death. This refractory state has been hinted
at by experimental results (17), and it is crucial in our model to
explain the viral load profiles seen in the data.

We also considered the possibility that neutralizing antibody
(antihepatitis B surface antigen) could prevent hepatocyte in-
fection (40). Such a model without R cells could not fit the data
(data not shown), in part because the overwhelming excess of
surface antigen positive viral particles without DNA (1) absorbs
most of the antibody produced during primary infection. None-
theless, neutralizing antibody could play a role late when virus
and subgenomic particles are largely cleared. Further, as non-
cytolytic immune responses shut off because of a lack of antigen
stimulation, cytokine secretion will be curtailed and refractory
cells might lose their antiviral state. At this point, neutralizing
antibody could continue to prevent rekindling of the infection
from any remaining infectious virus. Future models will be
needed to examine this idea in detail.

Another important issue is the nature of the refractory
population, R. As the number of infected cells declines, whatever
the mechanism (cytolytic vs. noncytolytic), one expects that
many new target cells are generated, with the potential for new
infections and renewed viral production. In our model, R cells
cannot produce virus and thus are crucial in reducing the viral
load. The cells are assumed to remain targets for a cytolytic
response and hepatitis B surface antigen probably persists.
Whether such cells would also be HBcAg�, and hence detected
by antibody staining as infected, remains to be determined.
Further, it is unclear whether R cells are a phenotypically defined
population. Rather they could correspond, for instance, to a
fraction of cells protected from infection by cytokines (17), or
cells in an internal state of low tolerance for infection (41), or
even cells that produce virus at extremely low rates. They also
might be cells that express low levels of the yet-unidentified
receptor needed for viral entry.

Although our model is consistent with existent data, it is
important to see whether it can be disproved. Cell culture
systems for HBV have been developed and have been used to
show that lymphocytes from patients with chronic HBV infec-
tion can inhibit viral replication in human hepatocytes by
releasing IFN-� (42). However, the inhibition of viral replication
was not complete (42), and thus factors other than IFN-� may be
mediating the effects we have postulated. Nonetheless, similar
technology could be exploited to test our hypothesis. If hepa-
tocytes from diagnostic liver biopsies could be obtained from
acutely infected patients both before and well after the viral
peak, they could be put in culture with patient viral isolates or
serum obtained early in infection to minimize the possibility of
neutralizing antibody being complexed with the patient’s virus.
Our model predicts that viral replication would be better sup-
ported in the early biopsy culture than in the later one, which we
predict should contain refractory cells. If human isolates were
not available, the comparable experiment could be done in
animal models.

Another significant experiment would be to determine in vivo
the turnover of hepatocytes during primary infection. The
know-how to make these measurements already exists (for
instance by using BrdU or deuterated glucose) (43), but doing
them in humans, which involves serial biopsies, is probably not
feasible. Still, the animal models used to study other aspects of
HBV infection would be suitable to verify the amount of
proliferation, as well as the timing, which should be simultaneous
with the cytolytic response (increases in ALT) and somewhat
later than the initial decay of viral load, as predicted by our
model.

In summary, we have developed a model of acute HBV
infection that gives a clear picture of the early events in the
immune response against acute HBV infection. In particular, it
shows that an important process in HBV control and potential
clearance may be the appearance of a population of cells
refractory to infection or in which viral production is inhibited.
Determining whether such cells exist and elucidating their
nature remains an important problem in HBV infection and may
give insights into the mechanisms involved in clearing other viral
infections. The issue we raise of how recrudescence of infection
is prevented, as uninfected cells replace infected ones, during
clearance of acute infection by cell-mediated immune responses
is a general one. Its resolution may inform us of the possibility
of success of new vaccines that aim to stimulate cell-mediated
responses rather than antibody responses.

Materials and Methods
Patient Sources. In 1998, seven patients were identified in the
acute stage of infection during a single-source HBV outbreak
(24, 30). They were all infected with the same HBV variant and
were anti-hepatitis C virus and hepatitis delta virus antibody
negative (24, 30). In patients 1 and 6, identified in the incubation
period, the time of infection relative to the viral peak was
estimated to be 117 and 120 days, from analysis of the doubling
time of the virus before the peak (31). In the case of patient 2
this time was known to be 80 days (31). For the other patients
the time of infection was uncertain, and we assumed the mean
time between infection and the viral load peak to be 100 days.

The data we analyze consist of longitudinal measurements of
HBV DNA per ml of blood for these seven patients during the
first 8–10 months of infection. Between 7 and 29 measurements
were made per patient, on average every 12 days. Initially, viral
load increased exponentially, reaching a peak of up to 1010 HBV
DNA copies per ml, then it declined in a biphasic manner, and
appeared to approach a plateau �6 months postinfection. How-
ever, from the epidemiological data we know that patients 1–6
cleared the infection at some later time, whereas patient 7
developed chronic HBV infection (24, 30) and died shortly
thereafter from fibrosis lung disease.

Parameter Estimation. After injury the liver can rapidly regener-
ate. We assume during infection that the maximum proliferation
rate for both uninfected and infected hepatocytes is r � 1 per day
(44), corresponding to approximately a division every 16 h. The
total number of hepatocytes in the liver, Tmax, has been estimated
at �2 	 1011 (45). Because the available data pertains to HBV
per ml of serum and we assume HBV DNA can distribute
throughout the 15 liters of extracellular fluid in the average 70-kg
person, we normalize the liver cell population so that we
consider the cells responsible for producing virus in 1 ml. Hence,
we take Tmax � 13.6 	 106 cells/ml. Webster et al. (24), using
MHC peptide tetramers in three HLA-A2� patients, assayed for
HBV-specific CD8� T cells (E) with a limit of detection �0.02%
of total CD8� T cells. We assume that before infection we have
an undetectable number (0.02%), that is 60 cells per ml, assum-
ing a total of 300 CD8� T cells per �l in a typical patient (24).
Effector cells are short-lived and we assume a death rate dE of
0.5 per day (46), so that s is determined by the preinfection steady
state, i.e., s � 30 cells per day. We also use the estimates from
earlier studies for the viral clearance rate, c � 0.67 day�1 (47, 48).
As in Whalley et al. (31), we consider the amount of HBV-
contaminated blood that initiated infection in this outbreak to be
small, i.e., 103 HBV virions. Because this inoculum was injected
directly into the blood we assume (as in ref. 31) that the HBV
DNA is diluted in 3 liters of serum, rather than the 15 liters of
extracellular fluid, which gives an initial concentration of 0.33
virus per ml. Lastly, to prevent viral resurgence refractory cells
cannot convert rapidly to target cells. We, thus, set �R � 2 	 10�5
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day�1, a value found by a Monte Carlo search algorithm to be
consistent with the viral load data. In our analysis, we keep all
these parameters fixed.

We estimated the remaining parameters, �, �, �1, �, �, p, and
k, by fitting the model to the measured viral load data using a
nonlinear least-square regression method based on a hill climb-
ing Monte Carlo algorithm (see ref. 25 and SI Text) to find initial
parameter guesses. These were used as starting values in a
Levenberg-Marquardt algorithm to find the best fit parameters
(49). To calculate the 95% C.I. of these estimated parameters, we
used a method based on bootstrap sampling of the residuals (see
ref. 50 and SI Text). In four cases (see Table 2), the bootstrap for
the C.I. did not converge, thus we could not calculate C.I. for all
parameters in those cases. We opted to fix one or more param-
eters at its estimated value and calculated the C.I. for the other

parameters. As shown in Table 1, for some parameters, there was
large interpatient variation in the best-fit value. Moreover,
because parameter values were constrained to be positive, their
distributions were skewed to the right. For these reasons, we
computed the geometric mean and the geometric 95% C.I.
rather than their arithmetic analogues.

Portions of this work were done under the auspices of the U.S.
Department of Energy under Contract DE-AC52-06NA25396. This
work was also supported by National Institutes of Health Grants
RR06555 (to A.S.P.) and RR18754-02 (Centers of Biomedical Research
Excellence to R.M.R.), and Human Frontiers Science Program Grant
RPG0010/2004 (to A.S.P.). The research of P.W.N. and S.M.C. was
supported in part by a Career Award at the Scientific Interface from the
Burroughs Wellcome Fund.

1. Hollinger FB, Liang TJ (2001) in Fields Virology, eds Knipe DM, Howley PM
(Lippincott Williams & Wilkins, Philadelphia), 4th Ed, pp 2971–3036.

2. Lee WM (1997) N Engl J Med 337:1733–1745.
3. Guidotti LG, Rochford R, Chung J, Shapiro M, Purcell R, Chisari FV (1999)

Science 284:825–829.
4. Seeger C, Mason WS (2000) Microbiol Mol Biol Rev 94:51–68.
5. Barker LF, Chisari FV, McGrath PP, Dalgard DW, Kirschstein RL, Almeida

JD, Edgington TS, Sharp DG, Peterson MR (1973) J Infect Dis 127:648–652.
6. Kajino K, Jilbert A, Saputelli J, Aldrich CE, Cullen J, Mason WS (1994) J Virol

68:5792–5803.
7. Robinson WS (1996) Immunology and Pathogenesis of Persistant Viral Infections

(Harwood, Amsterdam).
8. Rehermann B, Nascimbeni M (2005) Nat Rev Immunol 5:215–229.
9. Ferrari C, Penna A, Bertoletti A, Valli A, Antoni AD, Giuberti T, Cavalli A,

Petit MA, Fiaccadori F (1990) J Immunol 145:3442–3449.
10. Guidotti LG, Chisari FV (2006) Annu Rev Pathol Dis 1:23–61.
11. Thimme R, Wieland S, Steiger C, Ghrayeb J, Reimann KA, Purcell RH, Chisari

FV (2003) J Virol 77:68–76.
12. McClary H, Koch R, Chisari FV, Guidotti LG (2000) J Virol 74:2255–2264.
13. Wieland SF, Guidotti LG, Chisari FV (2000) J Virol 74:4165–4173.
14. Guidotti LG, Ishikawa T, Hobbs MV, Matzke B, Schreiber R, Chisari FV

(1996) Immunity 4:25–36.
15. Wieland SF, Eustaquio A, Whitten-Bauer C, Boyd B, Chisari FV (2005) Proc

Natl Acad Sci USA 102:9913–9917.
16. Summers J, Jilbert AR, Yang W, Aldrich CE, Saputelli J, Litwin S, Toll E,

Mason WS (2003) Proc Natl Acad Sci USA 100:11652–11659.
17. Guo J-T, Zhou H, Liu C, Aldrich C, Saputelli J, Whitaker T, Barrasa MI,

Mason WS, Seeger C (2000) J Virol 74:1495–1505.
18. London WT, Blumberg BS (1982) Hepatology 2:10S–14S.
19. Zhong J, Gastaminza P, Chung J, Stamataki Z, Isogawa M, Cheng G,

McKeating JA, Chisari FV (2006) J Virol 80:11082–11093.
20. Tuttleman JS, Pourcel C, Summers J (1986) Cell 47:451–460.
21. Wu TT, Coates L, Aldrich CE, Summers J, Mason WS (1990) J Virol

175:255–261.
22. Murray JM, Wieland SF, Purcell RH, Chisari FV (2005) Proc Natl Acad Sci

USA 102:17780–17785.
23. Zhang Y-Y, Zhang B-H, Theele D, Litwin S, Toll E, Summers J (2003) Proc

Natl Acad Sci USA 100:12372–12377.
24. Webster G, Reignat S, Maini M, Whalley S, Ogg G, King A, Brown D (2000)

Hepatology 32:1117–1124.
25. Ciupe SM, deBivort B, Bortz DM, Nelson PW (2006) Math Biosci 200:1–27.

26. Nelson PW, Murray JD, Perelson AS (2000) Math Biosci 163:201–215.
27. Davenport MP, Ribeiro RM, Perelson AS (2004) J Virol 78:10096–10103.
28. Flynn KJ, Belz GT, Altman JD, Ahmed R, Woodland DL, Doherty PC (1998)

Immunity 8:683–691.
29. Thimme R, Bukh J, Spangenberg HC, Wieland S, Pemberton J, Steiger C,

Govindarajan S, Purcell RH, Chisari FV (2002) Proc Natl Acad Sci USA
99:15661–15668.

30. Webster GJM, Hallett R, Whalley SA, Meltzer M, Balogun K, Brown D,
Farrington CP (2000) Lancet 356:379–384.

31. Whalley SA, Murray JM, Brown D, Webster GJM, Emery VC, Dusheiko GM,
Perelson AS (2001) J Exp Med 193:847–853.

32. Adamson GM, Billings RE (1993) Tox Appl Pharmacol 119:100–107.
33. Feutren G, Lacour B, Bach JF (1984) J Immunol Meth 75:85–94.
34. Bertoletti A, Ferrari C (2003) Hepatology 38:4–13.
35. Chisari FV, Ferrari C (1995) Annu Rev Immunol 13:29–60.
36. Van Thiel DH, Gavaler JS, Kam I, Francavilla A, Polimeno L, Schade RR,

Smith J, Diven W, Penkrot RJ, Starzl TE (1987) Gastroenterology 93:1414–
1419.

37. Wieland SF, Spangenberg HC, Thimme R, Purcell RH, Chisari FV (2004) Proc
Natl Acad Sci USA 101:2129–2134.

38. Payne RJH, Nowak MA, Blumberg BS (1994) Math Biosci 123:25–58.
39. Payne RJ, Nowak MA, Blumberg BS (1996) Proc Natl Acad Sci USA 93:6542–

6546.
40. Zhang YY, Summers J (2004) J Virol 78:1195–1201.
41. Hild M, Weber O, Schaller H (1998) J Virol 72:2600–2606.
42. Suri D, Schilling R, Lopes AR, Mullerova I, Colucci G, Williams R, Naoumov

NV (2001) J Hepatol 35:790–797.
43. Hellerstein MK (1999) Immunol Today 20:438–441.
44. Lodish H, Berk A, Matsudaira P, Kaiser CA, Krieger M, Scott MP, Zipursky

L, Darnell J (2004) Molecular Cell Biology (Freeman, New York), 5th Ed.
45. Sherlock S, Dooley J (2002) Diseases of the Liver and Biliary System (Blackwell,

Oxford).
46. Ahmed R, Gray D (1996) Science 272:54–60.
47. Nowak MA, Bonhoeffer S, Hill AM, Boehme R, Thomas HC, McDade H

(1996) Proc Natl Acad Sci USA 93:4398–4402.
48. Tsiang M, Rooney JF, Toole JJ, Gibbs CS (1999) Hepatology 29:1863–1869.
49. Press H, Flannery BP, Teukolsky SA, Vetterling WT (1992) Numerical Recipes

in C: The Art of Scientific Computing (Cambridge Univ Press, Cambridge).
50. Efron B, Tibshirani RJ (1993) An Introduction to the Bootstrap (Chapman &

Hall, New York).

Ciupe et al. PNAS � March 20, 2007 � vol. 104 � no. 12 � 5055

A
PP

LI
ED

M
A

TH
EM

A
TI

CS
M

ED
IC

A
L

SC
IE

N
CE

S

http://www.pnas.org/cgi/content/full/0603626104/DC1
http://www.pnas.org/cgi/content/full/0603626104/DC1

