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The speed of virus replication has typically been seen as an advantage for a virus in overcoming the ability
of the immune system to control its population growth. Under some circumstances, the converse may also be
true: more slowly replicating viruses may evoke weaker cellular immune responses and therefore enhance their
likelihood of persistence. Using the model of lymphocytic choriomeningitis virus (LCMV) infection in mice, we
provide evidence that slowly replicating strains induce weaker cytotoxic-T-lymphocyte (CTL) responses than a
more rapidly replicating strain. Conceptually, we show a “bell-shaped” relationship between the LCMV growth
rate and the peak CTL response. Quantitative analysis of human hepatitis C virus infections suggests that a
reduction in virus growth rate between patients during the incubation period is associated with a spectrum of
disease outcomes, from fulminant hepatitis at the highest rate of viral replication through acute resolving to
chronic persistence at the lowest rate. A mathematical model for virus-CTL population dynamics (analogous
to predator [CTL]-prey [virus] interactions) is applied in the clinical data-driven analysis of acute hepatitis
B virus infection. The speed of viral replication, through its stimulus of host CTL responses, represents an
important factor influencing the pathogenesis and duration of virus persistence within the human host. Viruses
with lower growth rates may persist in the host because they “sneak through” immune surveillance.

Antigen localization, dose, and kinetics influence the mag-
nitude and duration of an immune response in a nonlinear
manner. Understanding the kinetic aspects of this fundamental
area of immunology, using a combination of experimental
studies and mathematical models of the key dynamic interac-
tions, is the objective of the present study. A bell-shaped dose-
response pattern reflects two basic kinetic modes of adaptive
immune reaction. The first is amplification, increase in the
rates of growth or burst sizes of specific lymphocyte clones with
increasing antigen concentrations, and the second is exhaus-
tion, the induction of tolerance by higher antigen concentra-
tions through physical deletion of antigen-reactive cells (16, 20,
45). Studies of the exhaustion phenomenon with the lympho-
cytic choriomeningitis virus (LCMV) model have most clearly
shown that quickly replicating strains, such as Docile, are as-
sociated with a down-regulation of the cytotoxic-T-lymphocyte
(CTL) clonal burst and thus favor viral persistence (32). The
mode of negative correlation between the primary CTL re-
sponse and the extent of virus replication has been utilized to
explain the low frequencies of virus-specific CTLs that charac-
terize chronic infections in humans by noncytopathic viruses,
including those of major medical importance, such as hepatitis
B virus (HBV) and hepatitis C virus (HCV) (8, 9, 23, 29). In
chronic infection with HCV and HBV, the frequencies of vi-

rus-specific CTLs are generally very low in the face of high
virus loads compared to the frequencies in those patients who
successfully resolve the infection. It is still not clear to what
extent this reflects differences in the initial status of the anti-
viral response or subsequent exhaustion (24, 27, 28, 39). Under
some circumstances, however, the ability of such viruses to
persist correlates with acute CTL responses which appear to be
weaker from the outset (10, 15, 39, 42).

A general theory for understanding the sensitivity of the
immune response to the antigen growth-accumulation kinetics
has been proposed by Grossman and colleague (17–19) based
upon the notion of “perturbation.” According to this theory,
the immune system tends to respond to strong perturbations
caused by rapid increases in antigen appearance and by inflam-
mation, which are characteristic of acute infections, but to
adapt to and/or tolerate slow changes. In particular, although
a stable or quasistable steady state may often be possible,
reflecting equilibrium between low-level concentrations of the
pathogen and small numbers of effector lymphocytes, estab-
lishment of such equilibrium is typically avoided in the re-
sponse to acute infections. Inherent delays in the control of the
pathogen’s growth by an initially undeveloped specific immune
response would result, in the case of rapidly growing patho-
gens, in a transiently overshooting level of pathogen concen-
tration followed by an overshooting immune response that
effectively clears the pathogen from the tissues. In contrast,
effector cells may keep up with a slowly growing pathogen or
immunogenic tumor, in which case a steady state or quasi-
steady state can be smoothly approached with only modest
fluctuations that do not necessarily lead to clearance but rather
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to chronicity. This provides an explanation, in particular, for
the “sneaking-through” phenomenon known from tumor im-
munology (19, 25), namely, the ability of slowly growing im-
munogenic tumors to evade a potentially effective immune
response. In addition, the “balance of lymphocyte growth and
differentiation” models proposed by Grossman and Paul pro-
vided a theoretical explanation for exhaustion of the immune
response under the pressure of exceedingly high levels of an-
tigenic stimulation (18, 20) via anergy induction and apoptosis.

Comprehensive experimental analyses by Zinkernagel and
Hengartner of model infections with the noncytopathic LCMV
(45, 46) led to the formulation of a set of rules for the induc-
tion of immunity versus tolerance in relation to antigen local-
ization, dose, and time of availability, which are in agreement
with the above theory. In the present study, we first explored
the effect of virus growth kinetics on primary CTL expansion
using the well-characterized LCMV system. We provide evi-
dence for a “bell-shaped” relationship of the peak immune
response to the virus growth rate, suggesting sensitivity to both
this rate and the antigen dose as such. Using published data on
HCV infections, we demonstrate that fulminant, resolving, and
progressing infection outcomes tend to correspond to the high-
est, intermediate, and lowest rates of virus doubling during the
incubation period, suggesting a sneaking-through-like phenom-
enon. Since similar data sets are not available for HBV infec-
tion, we applied a mathematical model to analyze the impacts
of various viral replication rates on acute HBV infection.

MATERIALS AND METHODS

Mice and viruses. C57BL/6 mice were obtained from the Institut für Labort-
ierkunde (University of Zürich, Zürich, Switzerland). The following LCMV
strains were used: Armstrong (ARM), WE, Docile (DOC), Traub, and a reas-
sortant WE-ARM strain (35). LCMV was propagated on L929 cells at a low
multiplicity of infection and plaqued as previously described (3).

Construction of tetrameric class I-peptide complexes and flow cytometry.
Major histocompatibility complex class I (H-2Db) tetramers complexed with the
immunodominant LCMV glycoprotein epitope gp33 (KVYNFATC) were pro-
duced as previously described (1). Briefly, H2-Db and human �2 microglobulin
molecules were recombinantly expressed in Escherichiacoli (the plasmids were
kindly provided by John Altman, Emory University, Atlanta, Ga.). Biotinylated
H2-Db peptide complexes were purified using an Aekta Explorer 10 chromatog-
raphy system (Pharmacia, Uppsala, Sweden) and tetramerized by the addition of
streptavidin-phycoerythrin (Molecular Probes, Eugene, Oreg.). At the appropri-
ate times after immunization, animals were bled, and single-cell suspensions of
spleen and lymph nodes were prepared. Aliquots of 5 � 105 cells or 3 drops of
blood were stained using 50 �l of a solution containing tetrameric class I-peptide
complexes at 37°C for 10 min, followed by staining with anti-CD8-fluorescein
isothiocyanate (Pharmingen) at 4°C for 20 min. Erythrocytes in blood samples
were lysed with fluorescence-activated cell sorter lysis solution (Becton Dickin-
son), and the cells were analyzed on a FACScalibur flow cytometer (Becton
Dickinson) after being gated on viable leukocytes. For the determination of
absolute cell counts, the total number of viable leukocytes was assessed in an
improved Neubauer chamber. For blood, the total number of viable leukocytes

was automatically determined in an Advia counter (Bayer, Leverkusen, Ger-
many) in the Central Hematology Laboratory of the University Hospital Zürich.

Estimation of LCMV and hepatitis virus population doubling time. The ex-
ponential growth rates of LCMV strains were estimated using a nonlinear re-
gression procedure (Sigma Stat version 2.03). The logistic model of exponential
LCMV growth with saturation, V(t) � K/[1 � (K/V(0) � 1)e��t

], where the
parameters K, �, and V(0) stand for the carrying capacity, the exponential growth
rate, and the initial size of infection for the spleen, was fitted to the log-scaled
virus titer over days 1 to 3 postinfection to estimate the parameters.

The doubling times, �d, of hepatitis virus populations were quantitated from
growth curves of published virus load data for the incubation periods in humans
and chimpanzees. Using an exponential approximation for the initial growth of
the virus, i.e., V(t) � e�t, we calculated �d � ln2/� for monotonic growth patterns.
Two estimates, �min and �max, characterizing the maximal and minimal growth
phases of viral abundance, were used for curves which displayed a nonmonotonic
growth pattern. Differences in the inoculum sizes, V(0), within the plausible
range do not affect the slope but only the time when peak titer is reached.

Formal model for virus-CTL in HBV infection. The mathematical model for
acute CTL response to HBV infection is defined within a set of two delay
differential equations for the virus (prey), V, and virus-specific CTLs (predator),
E: dV(t)/dt � � � V(t) � [1 � V(t)/K] � 	 � V(t) � E(t) and dE(t)/dt � b � V(t � �) �

E(t � �)/[
Sat � V(t)] � �E � E(t) � T*. (Symbols are defined in Table 1).
The model differs from the classical Lotka-Volterra predator-prey system (41)

in the following ways: (i) a Verhulst-Pearl logistic form for prey growth is used,
(ii) we make use of the Holling type II response curve (22) for prey (virus)-depen-
dent growth of the predators (CTLs), (iii) an immigration term for predators is
included (reflecting the export of precursor CTLs from the thymus), and (iv) a time
lag in the generation of predators (corresponding to CTL division time) is included.

We estimated the model parameters using data from a single patient (patient
1) from a study by Webster et al. (42) and following a nonlinear relative-deviation
least-squares approach (Table 1). Five patients were identified in the study during
the incubation phase of acute hepatitis B so that the dynamics of viral and immune
events were defined (42). The virus load kinetics and the dynamics of cellular
immune responses were most extensively documented for patient 1, permitting a
good description of the virus-CTL dynamics data in the acute phase of hepatitis
infection (see Fig. 5A). We assumed that the infecting inoculum established the
initial virus load of 10 HBV DNA particles per ml of blood (in agreement with
Whalley et al. [44]) and did not consider the virus data after the acute phase, i.e.,
for days 119 and 140, as they are not relevant for our study. The confidence in-
tervals for each parameter characterizing the reliability of the single-patient data-
based estimates were quantitated using the maximum-likelihood profile method
(40). The sensitivity analysis of predictions regarding the effect of virus growth
kinetics on the clonal expansion of virus-specific CTLs for the ad hoc fixed
parameters (including the time lag) shows that they are robust. It should be
emphasized that the ad hoc fixed parameters � and T* could have been neglected
without significantly affecting the analysis (T* also serves to initialize the variable
E) and that the model is also not sensitive to changing the value 
Sat (Table 1). One
can extend the simple model by incorporating additional processes and parameters
in order to reproduce the biphasic elimination kinetics of the virus or a bell-shaped
effect of the virus load on CTL activation. However, in view of the limited data sets
available, this is not justified, as it will lead to a decrease in the model parsimony.

RESULTS

Weaker CTL responses are induced by slowly replicating
LCMV strains. Available data on the growth kinetics of LCMV
in mice (12, 31) suggest a range for �d of �1.4 to 8 h for the
virus population doubling time, depending on the strain and

TABLE 1. Model parameters and estimates for acute phase of HBV infection

Parameter (units) Notation Estimate for primary acute infection 95% confidence interval

HBV exponential growth rate (day�1) � 0.3 0.27–0.32
Carrying capacity for virus (copies/ml) K 0.8 � 1010 �0.4 � 1010

Virus elimination rate (ml/copy/day) 	 1.75 � 10�3 10�3–0.34 � 10�2

HBV-specific CTL stimulation rate (day�1) b 0.12 0.09–0.15
CTL division time (days) � 0.6 Fixed ad hoc
Virus load for half-maximal CTL stimulation (copies/ml) 
Sat 0.12 � 104 0.34 � 102–106

Death rate of CTL (day�1) �E 0.05 0.021–0.063
Specific precursor CTL export from thymus (cell/ml/day) T* 0.1 Fixed ad hoc
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whether conventional or specific-pathogen-free housing condi-
tions are used to maintain the animals. In order to determine
how the rate of virus growth affects the CTL response, we
infected C57BL/6 mice intravenously with 200 PFU of five
different LCMV strains (ARM, reassortant WE-ARM, WE,
Traub, and DOC). All of the tested LCMV strains induce strong
CTL responses against the gp33 epitope, and antibodies do not
play a role in the early infection (7, 36). Viral titers in spleens
were determined on days 1, 2, 3, 4, 6, 8, 10, and 12 post-
infection (Fig. 1A), and the clonal expansion of CD8� T cells
specific for the gp33 epitope in spleens and blood was assessed
using tetramer analysis (Fig. 1B and C). Mice infected with 200
PFU of the WE strain showed the strongest CTL response in

the spleen and blood. Maximal expansion of gp33-specific CTLs
was lower in mice infected with 200 PFU of the slowly replicat-
ing ARM or WE-ARM strains. Likewise, the rapidly replicat-
ing strains Traub and DOC elicited weaker gp33-specific CTL
responses than WE (Fig. 1). The doubling times for the virus
loads of all five LCMV strains were estimated from the growth
phase data by fitting the logistic growth equation. According to
their growth rates (doubling time; �d), the strains can be
ranked from slowly to quickly replicating: ARM (5.86 h), WE-
ARM (4.94 h), WE (4.16 h), Traub (3.92 h), and DOC (3.56 h).
These doubling times correspond to a daily increase of the viral
population by factors of 17, 29, 55, 69, and 107, respectively.
Thus, the slowly replicating WE-ARM and ARM strains in-
duced weaker CTL responses than the more quickly replicating
WE strain, suggesting a positive correlation between the initial
virus growth rate and the clonal burst size. In contrast, virus
strains with high replication kinetics, such as Traub and DOC,
are associated with a suppression of CTL responses, indicating
a negative effect of virus growth on clonal CTL expansion. The
peak numbers of gp33-specific CTL responses in the spleen
(day 8) and blood (day 10) thus exhibit a nonmonotone (bell-
shaped) dependence on the virus growth rate (Fig. 2).

Growth kinetics of hepatitis virus infections. The overall
dynamics of hepatitis virus infection is much slower than that

FIG. 1. Kinetics of early LCMV replication and expansion of gp33-
specific CD8� T cells after infection with different LCMV strains. C57BL/6
mice were infected intravenously with 200 PFU of LCMV-ARM, WE-ARM,
WE, Traub, or DOC. (A) LCMV titers in spleens were determined at the
indicated times postinfection. (B and C) Total numbers of CD8� tet-
gp33� CTLs were assessed in the spleen (B) and blood (C) at the in-
dicated times by fluorescence-activated cell sorter analysis. The values
represent means 
 standard errors for two or three mice per group.

FIG. 2. Bell-shaped relationship between initial virus growth rate
and peak CTL responses in spleen (A) and blood (B) established using
data on CTL expansion in C57BL/6 mice infected with distinct LCMV
strains exhibiting different growth rates. The error bars indicate stan-
dard errors. Variation in the LCMV growth rate can have either an
enhancing or a down-regulating effect on the clonal burst size of virus-
specific CTLs. Virus replication above a threshold is required for
strong CTL response. LCMV-WE appears to be an “optimally” replicat-
ing strain in C57BL/6 mice, as it induces the strongest CTL response.
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of LCMV. A regular association between the extent of virus
growth and the clinical outcome of HCV infection (see Table
1 in reference 14 for details) is observed for a cohort of pro-
spectively studied patients, as summarized in Fig. 3A. Despite
interpatient variability, the resolving and fulminant infections
tend to reach higher virus concentrations earlier than progress-
ing and chronic infections, reflecting faster initial growth. Data
on the growth of HCV (5, 13, 14, 43) in sera of humans and
chimpanzees during the incubation period suggest virus pop-
ulation doubling times (�d) in the range of �2.1 to 15 days for
the whole spectrum of HCV infections. Expressed in terms of
the virus load doubling time (estimated as described in Mate-
rials and Methods), the hierarchy is as follows (Fig. 3B): chronic
progressing hepatitis, 4 days � �d � 15 days; acute resolving
hepatitis, 2.3 days � �d � 10 days; fulminant hepatitis, 2.1 � �d

� 6.2 days. Although the ranges overlap, slower replication is
evident in HCV patients with longer viral persistence.

It is noteworthy that similar comprehensive data sets that
permit the correlation of virus growth kinetics with the phe-
notype of infection are not available for HBV infection. The
only HBV study known to us that allows HBV growth rate
estimation was performed by Whalley et al. (44), who analyzed

a cohort of seven patients. The analysis of these data suggests
a range for �d of �2.2 to 5.8 days for acute HBV infection (which
corresponds to an expansion factor of �1.13 to 1.37 per day).

Both LCMV and hepatitis viruses are noncytopathic, but the
kinetics of acute infections differ: (i) LCMV replicates �10
times faster, and (ii) the elimination time of LCMV is also
almost 10 times shorter than that of HBV or HCV. The latter
difference reflects the fact that the population of hepatitis
virus-infected cells probably exceeds the peak CTL number by
several orders of magnitude (21). Furthermore, there is an
upper limit of the capacity of the immune system to mount a
CTL response, even in a strongly reactive patient. Unlike the
experimental LCMV model, human hepatitis virus infection is
not amenable to a similar level of quantitative experimental
analysis of the effect of virus growth on CTL response and virus
dynamics. This is where mathematical models can be helpful.
We used recent data relating HBV and CTL dynamics in acute
hepatitis infection (42) as a reference set similar to the LCMV
data to estimate key parameter values for a simple predator
(CTL)-prey (virus) mathematical model.

Modeling the kinetics of virus and CTL in acute HBV in-
fection. Although protection against infection is a multifacto-
rial phenomenon depending on both the innate and adaptive
immune mechanisms, CTLs play a vital role in the control of
human HBV infection via both cytolytic and noncytolytic
mechanisms (8, 21). The dynamics of virus infections can be
biologically characterized in terms of the interacting popula-
tions of viruses and effector CTLs (11). Well-established con-
cepts from population biology, such as the predator-prey sys-
tem (22, 30, 41), facilitate a quantitative analysis of virus-host
interactions within a mathematical framework (4, 34). In the
amplification mode, the virus acts as a positive regulator of the
CTL population, whereas CTLs function to eliminate the virus
population, so their mutual interaction dynamics can be viewed
and formally described as a predator (CTL)-prey (virus)-type
system (Fig. 4). The classical approach to modeling the dynam-
ics of a deterministic one-predator- one-prey system is the
model of Lotka and Volterra and its modifications (22, 41).
Our analysis of the limited set of HBV data are based on a
simple predator-prey-type model, which differs from the clas-
sical model in that the rate of growth of the predator popula-
tion (CTLs) saturates at a defined predator density. This allows
us to more accurately mimic the kinetic patterns of virus and
CTLs observed in a patient during acute HBV infection (42),
as shown in Fig. 5A. The formal framework of the model is

FIG. 3. Associations among the characteristics of HCV growth and
the clinical outcomes resulting from hepatitis infection. (A) Peak se-
rum HCV RNA level versus time posttransfusion in a well-defined
cohort of prospectively followed patients (14). (B) Summary of virus
doubling times and infection outcomes from data on HCV in humans
and chimpanzees (5, 13, 14, 43). The hierarchy suggests that the ki-
netics of virus growth can affect the outcome of HCV infection, and
slower replication is evident in patients with longer HCV persistence.

FIG. 4. Schematic view of the predator-prey framework for the
dynamic analysis of the CTL-virus interaction representing the ampli-
fication mode.
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defined in Materials and Methods, whereas the parameter
estimates and the confidence intervals are listed in Table 1.
The major point of the modeling process was to examine the
sensitivity of the immune response to a decrease in the HBV
growth rate compared to the acute infection. Since the high
virus load suppression aspect was not in the scope of the HBV
data analysis, the bell-shaped dependence of the lymphocyte
growth rate on the virus load was not considered; therefore,
the fulminant phenotype of infection was not modeled. The
effects of variability in factors such as inoculum size, HLA
haplotype, and gender can (in principle) be examined with the
model by changing the parameters listed in Table 1.

Decrease in human hepatitis virus doubling time leads to
weaker CTL response. To investigate the virus growth effect on
CTL expansion, we conducted mathematical analyses based on
the model simulating CTL responses of patients to infection

with HBV mutants with different doubling times. The replica-
tion rate estimates (�d, �2.2 to 5.8 days) for acute HBV infec-
tion are derived from a study of a cohort of seven patients
performed by Whalley et al. (44). The results summarized in
Fig. 5B and C show that a decrease in the virus population
doubling time proportionally increases the peak virus number,
the magnitude of the CTL response, and the overall efficacy of
virus elimination. An HBV infection with a slowly replicating
strain, with the doubling time, �d, set at �14.7 days, induces
only a weak response, and the virus tends to persist.

Patients may have different major histocompatibility com-
plex backgrounds, resulting in various patterns of responsive-
ness to a given virus strain. Variations in the clonal burst size
and dynamics of virus-specific CTLs might reflect differences in
the initial CTL precursor frequency and/or in the activation
thresholds of lymphocytes. The latter are also determined by

FIG. 5. Model predictions of HBV-CTL dynamics for different virus population doubling times. (A) Clinical data for patient 1 (42) and the corre-
sponding mathematical model simulation. d, days. (B and C) Viremia and CTL numbers in blood of a normal responder (B) and a high responder (C).
A reduction in the HBV growth rate during the incubation period leads to a weaker CTL expansion and underwhelming of the host immune response.
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the genetic makeup of the host. To simulate the difference in
the HBV dynamics between a “high” responder and a “nor-
mal” responder, we increased the CTL population division rate
by 50%. It has been recorded (16) that minor quantitative
differences in the lymphocyte responsiveness parameter may
result in large changes in the magnitude of the response due to
nonlinear amplification, akin to the growth of cells. The overall
dynamics of infection shift toward a lower viremia, a stronger
CTL response, and earlier virus elimination (Fig. 5C). How-
ever, the slowly replicating strain (�d, �14.7 days) still has
moderate growth but elicits a weak and transient CTL re-
sponse that decreases after day 200 (not shown). We noticed
that the mathematical model allows viruses with extremely low
replication rates (below 	T*/�E, i.e., a doubling time longer
than 300 days) to be eradicated by the preexisting CTLs. How-
ever, we consider here only the realistic range of significantly
higher HBV growth rates.

Our modeling analyses thus suggest that transition from
acute to chronic HBV infection might be explained (at least in
part) by a decrease in the replication rate of the evolving virus
population. In patients, ranges for virus growth rates corre-
sponding to different clinical outcomes of HBV infection might
overlap, as seen in HCV infection. The observed variations
between patients could reflect the responder status of the host
or genetic features of the virus.

DISCUSSION

There is growing interest in immunology in understanding
rate effects in pathogen-host interactions. We present evidence
from the experimental murine LCMV model that infection of
genetically identical mice with a slowly replicating virus strain
results in weaker CTL responses. A similar relationship be-
tween LCMV growth and the extent of specific CD8�-T-cell
response was recently observed in C57BL/6 versus gamma in-
terferon-deficient mice (2). The observation of this positive
correlation adds another dimension to the interpretation of
virus-host interactions and further extends a widely accepted
view of a negative correlation observed between noncyto-
pathic-virus growth kinetics and the magnitude of the CTL
response, commonly known as exhaustion (32). Conceptually,
we showed a bell-shaped relationship between the LCMV
growth rate and the peak CTL response. Therefore, variations
in the LCMV doubling time during the incubation period can
have either an enhancing or a down-regulating effect on the
clonal burst size of virus-specific CTLs, depending on whether
the CTL population responds to the presence of viral antigen
in the amplification-enhancement or exhaustion mode. Earlier
studies suggested that by increasing the dose of infection or
initial CTL numbers it is possible to shift the system from one
mode to another (12, 32, 45).

According to the general theory (17, 18, 20) (see the intro-
duction), slower replication of the virus may not only be quan-
titatively associated with a weaker response but may result in
qualitatively different outcomes, reminiscent of the classical
sneaking-through phenomenon (19, 25). Indeed, it has been
postulated that the generation of a sizable effector response in
the lymphoid tissues depends critically on the rapid kinetics of
antigen growth (20, 45). Accordingly, lymphocytes preferen-
tially respond, individually and collectively, to a rapid change

in the level of stimulation rather than to stimulation per se. In
particular, slowly progressing viral infections might present a
greater challenge for control by the immune system on purely
kinetic grounds, because of the reduction in the CTL over-
shoot that is necessary to facilitate efficient clearance of the
foreign antigen (20).

Indeed, reported clinical and experimental evidence (al-
though somewhat limited at present) indicates that more
slowly replicating mutants of HBV and HCV result, or are
observed, in patients with chronic hepatitis (6, 15). The major-
ity of HCV-infected patients (85%) fail to clear the virus.
Many reasons have been put forward to explain why viruses
such as HCV and HBV may persist (immune escape, exhaus-
tion, and tolerogenic effects in the liver). We suggest that, in
addition, the kinetic aspects of virus growth need to be con-
sidered, as indicated by the hierarchy depicted in Fig. 3. A
direct relationship between the initial viral replication kinetics
and cellular responses in humans infected with HCV has also
been observed by Thimme and associates (39). One patient
(subject 1 in the study) with faster virus growth kinetics pro-
duced a stronger CTL response (percentage of HCV tet� CD8
T cells) and cleared the virus, while a second patient (subject
2) with an HCV population doubling time about twice as long
(four-times-lower peak CTL) developed a chronic infection.
The latest studies of HCV infection in chimpanzees (37, 38)
indicated that in the two animals who cleared the virus, peak
viremias of 105 and 106.5 genome equivalents/ml were reached
in weeks 6 and 8 postinfection, whereas the virus load grew
slowly, reaching the first peak of 103.5 after 14 weeks, in the
animal with a persistent outcome.

We have applied a mathematical predator-prey-like model
to mimic relevant aspects of the dynamics of the CTL-virus in-
teraction. The model reproduces the postulated overshooting-
versus-adaptation behavior of the immune response to quickly
growing and slowly growing viruses, respectively. Mathemati-
cally, overshooting reflects a fluctuation approach to the steady
state following perturbation of the system. Such fluctuations
have been studied in animal systems and in many other non-
linear dynamic systems (22, 30, 33, 41). By calibrating the
model’s parameters by fitting detailed kinetic data from a sin-
gle HBV-infected patient, we predict the potential implications
of variation in the viral growth rate for the outcome of the
infection (Fig. 5).

The mathematical model presented (or its modifications) can
be used as a platform for in silico-based predictions for other vi-
rus infections, such as human immunodeficiency virus or cyto-
megalovirus. It particular, it should assist other investigators with
formulating rational conceptual programs of data collection and
analysis. There are many efficient and reliable software pack-
ages available, such as MATLAB (http://www.mathworks.com)
or Berkeley Madonna (http://www.berkeleymadonna.com/), that
help to automate the process of programming model equa-
tions, running computer simulations, and solving data-fitting
problems.

In applying such a theory to immune responses to virus
infections, several caveats must be borne in mind. First, mathe-
matical-model construction represents a reductionist approach
to the analysis of biological systems that in reality are complex
in structure. Our study focuses on the kinetic aspects of regu-
lation of the immune response at the cell population level and
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therefore does not consider the intimate molecular processes
underlying the observed correlation. This would require, for
example, detailed experimental analysis of antigen distribu-
tion, presentation, and gene activation. Furthermore, although
CTLs are considered to play a critical role, other effector
mechanisms (cytokines or neutralizing antibodies) are likely to
contribute to viral dynamics and the eventual outcome of in-
fection. Indeed, interferon gamma-deficient mice fail to clear
the slowly replicating LCMV-ARM, despite an elevated and
otherwise functional CTL response (2). Second, although CTL
temporal dynamics and viral growth dynamics can under many
circumstances be successfully captured using simple models
(such as predator-prey systems), there are other phenomena,
such as CTL exhaustion, CTL competition, or CTL dysfunc-
tion, which do not fit in this simple predator-prey interpreta-
tion and demand more complex models (e.g., the “balance of
growth and differentiation” models) to capture reality.

The general implication of the above analysis is that more
slowly replicating viruses appear to be more difficult for the
immune system to control and may therefore sneak through
immunosurveillance. Our ability to demonstrate this effect has
been limited by the scarcity of quantitative data and by con-
founding factors that contribute to variability in the observed
patterns. Still, the present observations should help to draw
more attention to this issue in future studies. This specific form
of virus-host interaction may also be important during antiviral
drug therapy, because long-lasting suppression of viral repli-
cation may lead to the loss of sufficiently stimulated cellular
immune responses and, eventually, to treatment failure (26).
Down-regulation of the virus growth kinetics (via a whole
range of potential mechanisms), resulting in weaker CTL re-
sponses, might represent an effective strategy, in evolutionary
terms, used by noncytopathic viruses to survive in immuno-
competent hosts. Thus, such viruses may sneak through im-
mune surveillance by “underwhelming” the immune response
of the host, rather than overwhelming it, in order to establish
a persistent infection.
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