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Immunological memory protects hosts on re-infection1,2.
The practical importance of this phenomenon was noted
by the Greek historian Thucydides, who wrote that,
during an outbreak of plague in Athens, those who had
recovered from the disease were best able to help the sick
because they “had now no fear for themselves; for the
same man was never attacked twice — never at least
fatally”3. The most important application of immuno-
logical memory is vaccination. The discovery of vaccines
based on attenuated4 or killed5,6 pathogens has formed
the basis of the development of most of the vaccines that
are currently in use7–9. For the most part, these develop-
ments did not require an understanding of the biological
basis of immunity or immunological memory — indeed,
many vaccines, including the smallpox vaccine, were in
widespread use before BURNET’S THEORY OF CLONAL SELECTION10.
These largely empirical methods for the generation of
vaccines work best for pathogens that naturally cause
acute infections, because recovery from acute infections is
typically characterized by clearance of the pathogen and
generation of long-lasting immunity. The generation of
vaccines against persistent infections that do not elicit
natural long-term immunity, such as infection with
malaria-causing Plasmodium spp. or HIV, has proven
to be problematic and might require advances in our
current understanding of virology and immunology11–13.

In this review, we describe some of the contribu-
tions that mathematical models have made to our

understanding of various aspects of immunological
memory, focusing on CD8+ T-cell responses to intra-
cellular pathogens after acute infections. CD8+ T-cell
memory to a specific pathogen (usually a virus or intra-
cellular bacterium) can be divided into phases with dif-
ferent time-scales (FIG. 1). The first phase involves the
primary response after exposure to the pathogen and
the generation of CD8+ memory T cells specific for the
pathogen. This phase is relatively rapid, occurring for a
time-scale of weeks. The second phase involves the
maintenance of this population of pathogen-specific
‘memory’ cells for a long time-scale (many years) in the
absence of re-exposure to the pathogen. The third phase
involves an increase in the number of memory cells after
re-exposure to the pathogen, which then provides pro-
tection. Models have been developed to describe each of
these phases.

Mathematical models have an essential role in under-
standing the complex non-linear interactions that char-
acterize biological systems14–16, and some of the uses and
abuses of models have previously been discussed14–16.
The development of a mathematical model typically
begins with choosing a few assumptions. Analysis of
the model allows us to rigorously understand the con-
sequences of these assumptions. By adding and sub-
tracting different processes from the model, we can
determine which processes are the most important for
describing different experimental observations. Models
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expansion and contraction of CD8+ T cells specific for
different epitopes allows us to quantitatively describe
IMMUNODOMINANCE. Analysis of the data indicates that
immunodominance is generated during the clonal-
expansion phase rather than the clonal-contraction
phase. During the clonal-expansion phase, large differ-
ences in the total number of CD8+ T cells that are specific
for different epitopes can arise from small differences
in either the timing of recruitment of naive CD8+ T cells
to the response or the proliferation rate of activated CD8+

T cells. The next steps then include determining the
cell-division and cell-death rates that underlie the net
rate of change in the population of CD8+ T cells that we
are describing and determining how these parameters
depend on the pathogen and the genetic background of
the host.

Measuring cell-division and cell-death rates. The experi-
mental techniques and mathematical models that are
required to quantitatively describe the cell-division and
cell-death processes that underlie the turnover of
immune cells are still being developed. The first esti-
mates of cell-division and cell-death rates of immune
cells were obtained using experimental data from the
use of BROMODEOXYURIDINE (BrdU)22 and D-glucose23

labels, which provide us an estimate of the proportion
of a cell population that has undergone division.
Simple ORDINARY DIFFERENTIAL EQUATION models have been
used to estimate cell-division and cell-death rates
from data obtained using BrdU labelling22,24. However,
given the limited information that can be obtained
from BrdU-labelling studies, the problems that are
associated with the interpretation of results24,25 and
the estimation of parameters26 are difficult to resolve.
Current approaches include the development of more
informative experimental techniques together with
the use of more biologically realistic models. Use of
CFSE (5, 6-carboxyfluorescein diacetate succinimidyl
ester) labelling allows the estimation of not only the
number of cells that has divided but also the number
of divisions each cell has undergone27. More biologi-
cally realistic models might include terms that describe
the transition of quiescent cells into division28,29 and
the progression of the cell through the cell-division
cycle30. However, the data obtained from measurements
of CFSE levels might be insufficient to estimate all of the
parameters of more realistic models26. Collaborations
between experimentalists and theoreticians will be
important to solve this problem.

Differentiation of CD8+ T cells into memory T cells.
Mathematical models have also had a role in discrimi-
nating between different pathways for the differentiation
of CD8+ T cells into memory cells during the primary
response, as well as in determining the roles of antigen-
dependent and antigen-independent proliferation
during this phase. There are various hypotheses for the
origin of memory cells during the primary response
— in particular, whether memory cells are generated
by the differentiation of effector cells or the converse.
Experimental work has shown that cytotoxic effector

are of most use when they make predictions that can be
experimentally tested. Comparing these predictions
with experimental data can lead to the rejection of the
model or the gradual development of more realistic and
complex models. Progress is often made when it is possi-
ble to confront multiple hypotheses (models) with data,
allowing us to discriminate between different models.

Here, we describe how models have contributed to
our understanding of the dynamics of the primary CD8+

T-cell response and the generation of memory cells. We
then describe how models have been used to examine
the longevity of CD8+ T-cell memory. Finally, we con-
sider the role of increased numbers of pathogen-specific
CD8+ T cells in providing protection after re-exposure to
the pathogen.

Generation of immunological memory
The primary CD8+ T-cell response to an acute viral
infection occurs for a time-scale of a few weeks. It is char-
acterized by the rapid clonal expansion (by ∼4–5 log) of
virus-specific cells, generating a population of effector
cells. After clearance of the infection, there is a clonal
contraction (by ∼1–2 log) of this population, leaving a
smaller population of virus-specific memory cells17,18.
Models have helped us to understand several aspects of
this phase of the immune response.

Quantitative description of the primary response.
Mathematical models have been used to estimate the pre-
cursor frequencies of epitope-specific cells (before their
clonal expansion)19 and the rate constants that character-
ize the clonal-expansion and clonal-contraction phases of
the CD8+ T-cell response to the main epitopes of a
pathogen20,21 (in this case, lymphocytic choriomeningi-
tis virus, LCMV). Analysis of data on the magnitude of
the response to different epitopes20,21 shows that the
response can be divided into clonal-expansion and 
-contraction phases, during which the populations of
epitope-specific CD8+ T cells change exponentially.
Measurement of the parameters that describe the clonal

IMMUNODOMINANCE 

The result of antigen(s) or
epitopes within a complex
mixture (such as a whole virus)
being preferentially recognized
or reacted against during an
immune response.

BROMODEOXYURIDINE 

(5-Bromo-2-deoxyuridine,
BrdU). A thymidine analogue
that is incorporated into DNA
on replication, allowing tracking
of cells that have divided.

ORDINARY DIFFERENTIAL

EQUATION 

A differential equation that
involves ordinary derivatives 
of one or more dependent
variables with respect to a 
single independent variable.
For example, dX/dt = rX
describes the exponential
growth of a population of cells,
X (the dependent variable), as a
function of time, t (the
independent variable).

CFSE 

(5,6-Carboxyfluorescein
diacetate succinimidyl ester).
A membrane-permeable dye
that covalently attaches to free
amines of cytoplasmic proteins
in vitro. After cell division, the
concentration of the label halves
with each division, allowing
eight to ten successive divisions
to be tracked by flow cytometry.
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Figure 1 | Immunological memory can be divided into
distinct phases with different time-scales. Primary infection
with a pathogen results in the clonal expansion and contraction
of pathogen-specific CD8+ T cells and the generation of memory
cells within a few weeks. This memory-cell population can be
maintained at increased levels for many years in the absence of
re-exposure to the pathogen, and these cells can help control
the pathogen on re-exposure.
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updating its response by tracking the pathogen?
Continual updating might seem to be relatively efficient
because it results in the immune response producing
the necessary number of specific cells that are required
to control the pathogen. An antigen-independent
clonal-expansion programme is likely to be relatively
inefficient — because the pathogen environment is
unpredictable, the extent of clonal expansion must err
on the side of caution, leading to the generation of more
CD8+ T cells than the minimum number that is required
to clear the pathogen. However, viruses and bacteria have
an extensive array of mechanisms to subvert immune
responses and, potentially, any sensing apparatus44,45.
Antigen-independent clonal expansion of CD8+ T cells
helps to avoid this type of subversion because the anti-
gen-independent proliferation is set into effect when the
pathogen density is low: that is, before the pathogen has
the opportunity to subvert the immune response. We
would expect antigen-independent proliferation to be
less efficient but more robust (that is, less prone to
interference from the pathogen)38.

Longevity of immunological memory
The decline in the population number of pathogen-
specific cells in the absence of re-exposure to the same
pathogen is a quantitative measure of the longevity of
immunological memory. The ability of pathogen-
specific immunological memory to be maintained 
for decades in the absence of re-exposure to the
pathogen was clearly documented for infection with
measles by the Danish physician Panum, in 1847
(REF. 46). Quantitative measurements of changes in the
levels of immune components — such as antibodies,
B cells and T cells — that are associated with long-
term memory have only been completed relatively
recently 47,48. In the case of CD8+ T-cell memory after
infection of mice with LCMV, studies have shown no
detectable decline in the number of LCMV-specific
CD8+ memory T cells for more than 1 year after
infection18,20,49. Studies of CD8+ T-cell memory in
humans have shown a slow decline in the number of
CD8+ memory T cells (with T-cell populations hav-
ing a half-life of 8–15 years) after immunization with
vaccinia virus50–52.

Several hypotheses have been proposed to explain
long-term immunological memory. In this section, we
outline the main hypotheses and the contributions that
mathematical models have made to our understanding
of these hypotheses.

Long-lived memory cells. One possibility to explain
long-term memory is that the primary response results
in the generation of a population of non-dividing
‘memory’ cells with a long lifespan. However, this
hypothesis was rejected following elegant experiments
in mice that showed that memory T cells incorporate
BrdU, indicating that this population is undergoing
division53–56. These experiments showed that the
turnover of naive T cells was much slower than that of
memory T cells — the opposite of what might have
been expected. This result also implies that the rate of

cells can differentiate into memory T cells31,32, and this
has been supported by the observation that a model with
proliferating effector cells differentiating into memory
cells can generate a good fit to the experimental data for
biologically reasonable parameters20. A frequently used
alternative model33 that involves proliferating memory
cells differentiating into non-dividing effector cells can-
not generate both the clonal-expansion and -contraction
phases for biologically reasonable parameters (BOX 1).

Predator–prey and programme models. The role of anti-
gen in controlling the clonal expansion of CD8+ T cells
has recently been re-examined. Several experimental
studies have proposed that, after stimulation, antigen-
specific T cells continue to divide in a ‘programmed’,
antigen-independent manner34–37. This has indicated
that a revision of the earlier predator–prey-type models
is required; these models assumed that the proliferation
of CD8+ T cells was dependent on the continual pres-
ence of specific antigen. The programmed, antigen-
independent proliferation of T cells has been described
using several mathematical models38–40. These models
recapitulate the recent experimental results describing
the programmed CD8+ T-cell response34–37. Antia et al.38

have used models to determine which characteristics the
programme must have to be consistent with the existing
data on the dynamics of CD8+ T-cell responses. Their
results indicate that the programme is not completely
defined by the initial encounter of a T cell with antigen
and might be augmented by further exposure to anti-
gen in a brief window shortly after infection (BOX 2).
They also show that programmes that reside entirely in
stimulated CD8+ T cells do not allow differences in the
timing of recruitment of cells to the response to affect
immunodominance. This indicates that the timing of
the start of antigen-independent proliferation might be
signalled by other cells, such as dedicated antigen-
presenting cells. Programmed proliferation (unlike the
earlier predator– prey models) also explains the lack 
of competition for antigen between the humoral and
cell-mediated responses to different epitopes of a
pathogen38,41. Using a similar modelling approach, Allan
et al.39 have considered how apoptosis rates can control
the magnitude of a CD8+ T-cell response. In addition,
Chao et al.40 have developed more detailed models to
describe the CD8+ T-cell response after immunization
with killed or live pathogens.

However, although we now know that the clonal-
expansion phase has both antigen-dependent and pro-
grammed components, we have yet to understand how
these are delivered to T cells and have yet to describe them
in a quantitative manner. In particular, we need to under-
stand how various factors — such as ‘danger’ signals42

and co-stimulatory signals that are generated by the
triggering of Toll-like receptors at the surface of antigen-
presenting cells43 — regulate the antigen-dependent and
-independent components of the CD8+ T-cell response.

Evolutionary implications. Are there any advantages to
having an immune response that commits to antigen-
independent proliferation rather than constantly
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BEST FIT 

A procedure that estimates the
parameters in a model by
minimizing the differences
between the predictions of the
model and experimental data.

Box 1 | Modelling the differentiation of CD8+ memory T cells

There has been considerable debate on the differentiation pathways of CD8+ T cells during a primary immune
response and, in particular, on the origin of CD8+ memory T cells17. Here, we illustrate how mathematical models 
can help to discriminate between two alternative pathways for the differentiation of antigen-specific CD8+ T cells.

The first step is to schematically describe the two differentiation pathways. Part a of the figure shows the PE model,
in which memory cells arise from proliferating effector cells20. Part b of the figure shows the PM model, in which
proliferating cells have a memory phenotype, and these cells differentiate into effector cells33.

The second step is to quantitatively describe these models using, for example, ordinary differential equations. In 
the PE model, naive cells, N, are recruited into the immune response at time (t) T

on
after the infection and give rise 

to proliferating cells that have effector function, P
E
. The P

E
-cell population grows at the rate ρ until time T

off
. After this,

P
E

cells either undergo apoptosis at the rate α or differentiate at the rate r to form memory cells, M. In the PM model,
the naive-cell population, N, is recruited into the immune response at time T

on
after infection, and these cells give rise 

to proliferating cells that have memory-cell properties, P
M

. This cell population grows at rate ρ and differentiates into
effector cells, E , at rate r until time T

off
. After this, E cells undergo apoptosis at rate α. Because of the large amount of

data that show the long-term maintenance of memory-cell populations in both models, the rate of loss of cells with the
memory phenotype (δ

M
) is set to zero.

The third step is to determine how well both of these models describe experimental data. We use data obtained from
studies of the CD8+ T-cell response to the nucleoprotein 118 (NP118) epitope of lymphocytic choriomeningitis virus
that occurs in BALB/c mice after infection with the virus18, and similar results hold for other epitopes after infection 
of either BALB/c or C57BL/6 mice. The BEST FITS and the parameters corresponding to them are shown in the graphs
beside each model. It immediately becomes clear that the PE model can fit the data with parameters that have
biologically reasonable values20 but that the PM model cannot. Essentially, when the parameters of the PM model are
unconstrained, the best fit to the data is good but requires the rate constant for the clonal expansion of T cells (ρ) to be
unreasonably fast, equalling 172 per day (which corresponds to cells dividing every 6 minutes, the division time being
equal to ln 2/ρ). If the maximum rate of growth of T cells is constrained to a value of 5 per day (corresponding to cells
dividing every 3.3 hours), then the PM model does not capture the peak and the subsequent contraction phase of the
data. This observation therefore allows us to reject the PM model in favour of the PE model.
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Where ƒ(t) =1, if Ton ≤ t < Toff ; and ƒ(t) = 0, otherwise

 = r[1–ƒ(t)]PE –   MMδ

 = ƒ(t)  PE – [1–ƒ(t)](   + r)PE
dPE
dt

αρ

dM
dt

Where ƒ(t) =1, if Ton ≤ t < Toff ; and ƒ(t) = 0, otherwise
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dPM
dt
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Experimental studies of memory initially seemed to
favour the hypothesis that antigen is required for the
maintenance of memory. These studies showed that
the magnitude of secondary responses rapidly declined
in mice that received an adoptive transfer of antigen-
specific memory B or T cells in the absence of specific
antigen60,61. However, subsequent experiments that
tracked the number of antigen-specific CD8+ memory
T cells have led us to the opposite conclusion62–64, and
the current view is that the maintenance of populations
of memory cells does not require persistent antigen.
Particularly compelling are experiments that involve the
transfer of CD8+ T cells at least 90 days after infection
from LCMV-immunized mice to non-immunized 

division of immune cells and the rate of death of these
cells must be balanced for the population of memory
T cells to be relatively stable and long-lived. Similar
results have been obtained for the turnover of memory
T cells in primates and humans22,57.

Role of antigen. Given that memory cells are under-
going proliferative renewal (turnover), the central
question is whether this turnover is antigen depen-
dent or antigen independent. There has been an
extensive debate on the role of antigen in the mainte-
nance of a memory T-cell population, as well as on its
role in conferring protection after re-exposure to the
pathogen17,58,59.

Box 2 | Modelling programmed CD8+ T-cell responses  

The observation that, after brief stimulation with antigen, CD8+ T cells continue to proliferate for many divisions in the
absence of further antigenic stimulus34,35,37 forces us to revise the way in which we model primary CD8+ T-cell responses38,39.
We describe one way in which a strictly programmed antigen-independent T-cell proliferative response can be modelled
(see figure, part a). We let N(t) equal the number of naive CD8+ T cells at time t. After infection, these cells are recruited
into the response at a rate that depends on the amount of antigen at time t , P(t) and the rate constant b. The subsequent
antigen-independent proliferation, death and differentiation from effector to memory cells is a function of time τ after
recruitment. In particular, y(t,τ) is the number of cells per day at time t that were recruited τ days earlier, and ρ(τ) and
d(τ) are the cell division and apoptosis rates, respectively, of proliferating cells at time τ after recruitment. The dynamics
of the total population, Y(t), are obtained by integrating y(t,τ) with respect to τ. Shortly after recruitment (when τ is
small), the cells are effector cells, and later (when τ is large), they differentiate into memory cells. This model can capture
the basic features of the clonal-expansion and -contraction phases of the CD8+ T-cell response and the generation of
immune memory38. The model highlights what in retrospect is an intuitive prediction: namely, that the per capita clonal
expansion of CD8+ T cells (that is, the clonal expansion per cell recruited into the response) is independent of the number
of cells that is recruited, and consequently, the magnitude of the response is proportional to the number of cells that is
recruited. If, by contrast, the programme is not strict and the clonal expansion of recruited cells can be augmented by the
magnitude and duration of antigenic stimulation, then we would predict that more prolonged and larger stimulation
would result not only in a greater fraction of cells being recruited to the response but also in a larger per capita clonal
expansion of these recruited cells. Kaech and Ahmed35 have shown that when the magnitude of the infection increases,
the fraction of CD8+ T cells that is recruited increases, as does the total response. A plot of the per capita clonal expansion
versus recruitment (see figure, part b) indicates that infections with higher doses of pathogen (which also take longer to
be cleared) result in greater recruitment of CD8+ T cells and also greater proliferation on a per cell basis. This indicates
that there are both antigen-dependent and -independent components to the clonal expansion of CD8+ T cells.
Understanding the relative roles of antigen-dependent and -independent proliferation during such responses is an
important area for further study117. Part a of the figure is modified with permission from REF. 38  (2003) Elsevier.
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the antigens expressed by the pathogen but also of
bystander cells with other specificities54. This bystander
stimulation could be responsible for the clonal expansion
of populations of memory cells that would otherwise be
declining in number66. The crossreactive-stimulation
hypothesis is based on the observation that memory 
T cells might have lower thresholds for stimulation
than naive T cells and could therefore be stimulated in
a crossreactive manner by self-antigens or after infection
with unrelated pathogens67. Crossreactive stimulation
has been observed experimentally for CD8+ memory 
T cells. CD8+ memory T cells that are specific for some
epitopes of LCMV are stimulated by subsequent infec-
tions with unrelated viruses, such as Pichinde virus and
vaccinia virus68. The homeostatic-regulation hypothesis
is based on the observation that the total number of
memory cells returns to its original level after perturba-
tion of the size of the memory T-cell population69, and
this restricts the decline of memory-cell populations70.
Recent studies have indicated an important role for the
cytokine interleukin-15 (IL-15), possibly augmented by
IL-7, in the maintenance of CD8+ memory T cells71–73.
These three hypotheses are not mutually exclusive: there
could be contributions to proliferation from bystander
and crossreactive stimulation, while the total population
of cells is homeostatically regulated69. Mathematical
models have had an important role in understanding
the combined effect of these three processes on the
duration of immunological memory (discussed next).

Modelling the longevity of memory. There are several
ways in which mathematical models have been used
to investigate the duration of T-cell memory. Some
models have focused on the dynamics of a single pop-
ulation of antigen-specific T cells74,75. These models
indicate that, owing to the autocrine effects of the IL-2
that is produced by these cells, there could be a stable
population of memory cells that is maintained in the
absence of antigen. However, these models do not
incorporate either the interactions between memory
cells of different antigenic specificities or the con-
straint that is imposed by homeostatic regulation of
the total population of memory T cells.

A subsequent model of immunological memory76

(BOX 3) explicitly incorporates homeostatic regulation of
the total population of CD8+ memory T cells. This
model investigates how clonal expansion of naive- and
memory-cell lineages after exposure to new pathogens
influences the number of memory cells that are specific
for pathogens that were encountered earlier. Analysis of
this model shows that there are two ‘rules’ that govern
the changes in the number of antigen-specific memory
cells (BOX 3).

First, after exposure to new pathogens, the average
decline in the number of cells in existing memory-cell
lineages is proportional to the number of cells of new
memory specificities that are generated, and this decline
is inversely proportional to the size of the memory com-
partment. This arises because the accommodation of
new memory cells in the memory compartment requires
the purging of some of the pre-existing memory cells

syngeneic mice, using protocols that minimize the
transfer of antigen62. These experiments showed that
the frequency of LCMV-specific cells remains stable in
the recipient mice, even in the absence of specific antigen.
It should be noted that, although these and other experi-
ments cannot formally exclude the presence of amounts
of antigen that are below the threshold of detection, they
show, nevertheless, that the maintenance of memory 
T cells is unaffected by a severe reduction in the level of
antigen. This is supported by studies showing that adop-
tively transferred CD8+ and CD4+ memory T cells are
maintained in MHC-class-I- and MHC-class-II-deficient
hosts, respectively56,65.

Antigen-independent mechanisms. What could main-
tain the proliferative renewal of CD8+ memory T cells
in the absence of specific antigenic stimulation? Three
possibilities have been proposed: BYSTANDER STIMULATION,
CROSSREACTIVE STIMULATION and HOMEOSTATIC REGULATION of
turnover (FIG. 2). The bystander-stimulation hypothesis
is based on the observation that infections result in the
clonal expansion not only of cells that are specific for

BYSTANDER STIMULATION 

The activation and proliferation
of cells after exposure to a
pathogen in a manner that is
independent of their antigenic
specificity.

CROSSREACTIVE STIMULATION 

The activation and proliferation
of (antigen-specific) cells that
previously clonally expanded in
response to an unrelated antigen
or pathogen.

HOMEOSTATIC REGULATION 

The regulation of the total
number of cells of a given type,
such as CD8+ memory T cells.
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Figure 2 | The consequences of bystander and crossreactive stimulation for the number
of memory cells of different lineages in the absence and presence of homeostasis.
Here, we use a simple example to illustrate the effect of either bystander or crossreactive
stimulation, together with homeostasis, on populations of different lineages of memory cells.
Before stimulation, there are 10 CD8+ memory T cells in each of 10 lineages (3 lineages are
illustrated) — the total number of memory cells therefore equals 100. Bystander stimulation
increases the total number of cells in all memory-cell lineages by an equal amount, from 10 to 12
cells in the illustration. Homeostatic regulation then results in a proportional decline in the number of
cells in all lineages, which results in a return to 10 cells per lineage. Crossreactive stimulation results
in the clonal expansion of only one of these lineages (red), which clonally expands from 10 to 35
cells, whereas the number of cells in other lineages is unchanged. Homeostatic regulation then
results in a proportional decline in the number of cells in all lineages, resulting in a total of 100 cells;
however, there are proportionally more cells of the crossreactive lineage than of the other lineages.
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(because the total size of the memory compartment is
homeostatically regulated).

Second, gradual changes in the homeostatically reg-
ulated size of the memory compartment (such as the
gradual increase in the size of the memory compart-
ment with age77) will result in proportional changes in
the average size of memory-cell lineages: for example, all
else being equal, doubling the size of the memory com-
partment will result in doubling the average number of
cells in each memory-cell lineage.

The first rule helps us to understand how bystander
and crossreactive stimulation affect the longevity of
memory. The magnitude of clonal expansion due to
bystander stimulation should not influence the longevity
of immunological memory. Intuitively, the reason for
this is clear: if bystander stimulation changes (on average)
the population size of all lineages by a given amount, then
this change will be exactly compensated by homeostasis.
In a similar manner, the crossreactive boosting of mem-
ory cells should not, on average, increase the longevity of
immunological memory. This too arises because of the
constraint imposed by homeostasis — the increase in
the numbers of cells in the crossreactive lineages is com-
pensated by a decline in the numbers of cells in other
memory-cell lineages. However, crossreactive stimula-
tion differs from bystander stimulation in two ways.
First, crossreactive stimulation results in the clonal expan-
sion of memory-cell lineages that are specific for the new
pathogen, whereas bystander stimulation results in the
clonal expansion of all memory-cell lineages, irrespective
of their antigenic specificity. Consequently, although
crossreactive stimulation will not result in a change in the
average loss of memory, different memory-cell lineages
will decline at different rates78. Second, crossreactive stim-
ulation, unlike bystander stimulation, results in the clonal
expansion of cells that are useful for controlling the
pathogen. If there are sufficient numbers of crossreactive
memory cells present, the clonal expansion of these cells
can reduce the clonal expansion of naive-cell lineages,
thereby increasing the longevity of memory.

The model indicates that, to estimate the average
longevity of immunological memory, we need to mea-
sure both the generation of new memory-cell lineages
and the size of the total memory-cell population with
time. Interestingly, the longevity of memory is indepen-
dent of how the total size of the memory compartment
is maintained (provided that homeostasis operates in a
manner independent of the antigenic specificity of
CD8+ memory T cells). The model also explains the
importance of separate homeostatic regulation of naive
and memory compartments. This allows for the simul-
taneous maintenance of both a large repertoire (in the
naive compartment) and long-lived populations of
specific memory cells (in the memory compartment).

In future, it will be necessary to test the assumptions
and predictions of this model of the longevity of mem-
ory. An important assumption that we need to verify is
that all CD8+ memory T cells are identical except for
their antigenic specificities. This assumption could be
tested in several ways. One way would be to determine
the phenotype of memory cells that are generated after

Purging out
of existing
memory cells

Crossreactive Bystander

Existing memory cells
homeostatically regulated to
maintain total population of size Y

Stimulation of
new naive-cell
lineages

Stimulation of memory-cell lineages:

yi(t) = yi(0)exp τ τm(  )

τ(  )
d

t

0
–∫

Ŷ

Y

Y
≈  –

Y

M∆
ˆˆ

ˆ
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Box 3 | Modelling the duration of immunological memory  

A mathematical model76 allows us to quantify how rapidly CD8+ T-cell memory is lost
after exposure to pathogens and to determine the relative contributions of homeostasis
and of crossreactive and bystander stimulation to the longevity of immunological
memory (see figure).

This model describes the dynamics of populations of naive- and memory-cell
lineages of CD8+ T cells with different specificities. It assumes that all memory T cells
have identical properties except for their antigenic specificities (and the same holds
for naive T cells). The model considers how the population of existing memory cells 
is altered by two factors: exposure to new pathogens, and a gradual increase in the
homeostatically regulated size of the memory compartment during the lifespan of
an individual. Exposure to new pathogens is modelled by incorporating the clonal
expansion of naive-cell lineages to populate previously empty memory-cell lineages,
as well as by including bystander and crossreactive clonal expansion of cells in existing
memory-cell lineages.

We first keep the size of the homeostatically regulated total memory-cell population
constant and consider the consequences of exposure to new pathogens for existing
memory-cell lineages. We then consider the consequences of a change in the
homeostatically regulated size of the memory compartment in the absence of exposure to
new pathogens. Finally, we consider the consequences of incorporating both of these
processes (concurrent changes in the total size of the memory compartment and
exposure to new pathogens) on the populations of memory-cell lineages.

After exposure to a pathogen, pathogen-specific naive and memory cells are recruited
into the immune response. This response clears the pathogen and results in the
generation of new memory cells. The memory-cell population might also clonally
expand as a result of bystander stimulation and crossreactive stimulation. After pathogen
clearance, the memory compartment is subject to homeostatic regulation, and the total
number of memory cells returns to the homeostatically regulated valueŶ . It can be
shown that the relative decline in the total number of memory T cells present before
encounter with the new pathogen, ∆Y/Ŷ , will be determined by M, the number of
memory cells of new specificities generated after exposure to a pathogen, and the total
size of the memory compartment,Ŷ :

Changes in the size of the total memory population in the absence of other factors will
result in a proportional change in the size of all memory-cell lineages.

The combined effect of these two processes is that the average number of memory cells
in lineage i at time t will be given by

where Ŷ (τ) is the homeostatically regulated total size of the memory population at 
time τ, and m(τ) is the number of new memory cells of new specificities that is
generated at time τ.
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infection with different microorganisms or immuniza-
tion with different antigens79.Another way could involve
determining whether the turnover of memory cells is
independent of their antigenic specificity, how much
time has passed since they were generated and how
many divisions they have undergone. If there are differ-
ent subpopulations or types of memory cell generated,
then the rules for how these cells compete for space
(homeostasis) would need to be determined.

A key prediction is that the average decline in exist-
ing memory is determined by the number of memory
cells of new specificities that are generated after infection
with a pathogen. Several experimental studies have con-
sidered how infection with new pathogens affects the
number of CD8+ memory T cells specific for previously
encountered pathogens78,80,81. These studies used a
mouse model to follow the changes in the number of
CD8+ memory T cells specific for different epitopes of a
given pathogen (such as LCMV) after exposure to unre-
lated viruses (such as Pichinde virus or vaccinia virus).
The studies showed that infection with a new pathogen
leads to an increase in the number of cells in crossreac-
tive memory-cell lineages but a decline in the number of
cells in other memory-cell lineages. Further quantitative
studies are needed to determine whether the magnitude
of the changes in different memory-cell lineages is con-
sistent with the predictions of the model or is able to
reject the model. Indeed, one of the roles of mathemati-
cal models is to help indicate experiments that can reject
the model.

Another area for further work is the extension of
these models to consider immunological memory in
humans. Measurement of the decline in CD8+ memory
T-cell numbers after vaccination of humans has only
just begun, and the pioneering studies that measured
the decline of vaccinia-virus-specific CD4+ and CD8+

T cells after immunization with vaccinia virus50–52 need
to be extended to consider the longevity of memory to
other vaccines and to infections with pathogens. We also
need to consider ways in which the longevity of mem-
ory in mice and humans might differ. One potential
area in which this might occur is the loss of TELOMERES. In
humans, the loss of telomeres in both naive and mem-
ory T-cell populations has been well documented82,83,
but its implications for immunological memory are
less clear84.

Finally, the rules for the regulation of the total popu-
lation of memory cells (homeostasis) need to be under-
stood on a quantitative level85,86. The consequences of
active attrition of memory cells during the early phases
of an acute response87 also need to be incorporated into
the models described here.

Memory and protection
The successful widespread use of vaccines clearly shows
that immunological memory provides protection after
re-exposure to antigen. It is less clear exactly how this
protection is achieved. There are two possible ways:
immunological memory might be able to prevent infec-
tion of the host on exposure, or it might reduce the
magnitude of the infection.
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Immunological memory might be able to prevent
productive infection of the host after re-exposure to 
the pathogen in two ways. First, if the magnitude of
immunological memory is sufficiently high, it can ren-
der the net growth rate of the pathogen to be negative
(known as sterilizing immunity). Second, even if the
magnitude of immunological memory is relatively low,
it might prevent some exposures to the pathogen from
resulting in productive infection of the host88. This hap-
pens because, initially, when the pathogen density (that
is, the number of infected cells) is very low, the pathogen
might become extinct as a consequence of stochastic
effects. Moderate increases in the magnitude of host
immunity at this time can result in an increase in the
proportion of exposures that do not result in productive
infection.

If immunological memory cannot prevent the initial
growth of the pathogen population on re-exposure, it
might nonetheless be able to control this growth faster
than in a primary response (that is, reduce the peak
pathogen density and the duration of infection).
Several influential papers have highlighted the impor-
tance of asking (and answering) this question33,59,89.
Factors that can result in faster control of infection after
re-exposure to a pathogen include the following: an
increase in the precursor frequency of pathogen-specific
CD8+ T cells; faster clonal expansion of memory cells
(by having a shorter time-lag before the first division, a
faster rate of subsequent divisions, or a lower rate of cell
death); and faster or higher expression of effector func-
tions in the responding cell population. A comparison
of the clonal expansion of naive and memory popula-
tions of CD8+ T cells after exposure to antigen in vivo
indicates that memory cells have a shorter time to first
division and a faster subsequent division rate90, and that
memory cells are much more efficient killers than
naive cells91. A model of the CD8+ T-cell response has
indicated that an increase in the number of pathogen-
specific CD8+ memory T cells might not markedly
reduce the peak viraemia33. This model is based on two
assumptions: first, memory cells cannot kill (that is, do
not have effector function); and second, effector cells
cannot proliferate (see the PM model of differentiation
in BOX 1). Recent experimental91,92 and theoretical20 stud-
ies indicate the need to re-evaluate both of these
assumptions. Recent experiments have shown that
CD8+ memory T cells are much more efficient killers 
in vivo than previously appreciated91,92. These studies
showed that memory cells can kill specific targets with
kinetics similar to those of effector cells that are present
at the peak of the primary response. A recent theoretical
study20 indicates a different pathway for the differentia-
tion of CD8+ T cells (BOX 1) that allows the generation of
more rapid responses.

In addition to the question of how increasing the
number of pathogen-specific memory cells reduces 
the peak pathogen density and the duration of infection,
we also need to ask how these changes affect the level of
pathology during the course of infection. Answering
this question requires us to understand the causes of
pathogenesis. So far, research into pathogenesis has

TELOMERES 

Regions of highly repetitive DNA
at the end of linear eukaryotic
chromosomes. They protect the
ends of the chromosome from
shortening on replication.
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Extension to CD4+ T-cell and humoral responses
In previous sections, we have discussed the generation
and maintenance of CD8+ T-cell memory. Now, we
briefly discuss how these considerations might be
applied to CD4+ T cells and B cells.

CD4+ T-cell responses. There are many similarities
between the dynamics of CD4+ and CD8+ T-cell res-
ponses, both for the generation and for the mainte-
nance of immunological memory. After primary
infection, pathogen-specific CD4+ T cells undergo
clonal-expansion and -contraction phases, which cul-
minate in the generation of CD4+ memory T cells.
Similar to the CD8+ T-cell response, CD4+ T cells seem
to show antigen-independent proliferation after stimu-
lation99. The magnitude of the clonal expansion of
CD4+ T cells is lower than that of CD8+ T cells, and esti-
mates of the parameters that describe the dynamics of
CD4+ and CD8+ T cells indicate that this occurs because
of the slower clonal expansion of the CD4+ T-cell pop-
ulation compared with the CD8+ T-cell population21.
A recent analysis of data on CD4+ T-cell proliferation
and differentiation indicated that naive CD4+ T cells
differentiate into effector cells, which in turn differentiate
into memory cells100. Several studies have examined the
generation and maintenance of CD4+ memory T cells
after infection of C57BL/6 mice with LCMV49,101,102.
These studies indicate that CD4+ T-cell memory is rela-
tively long-lived in the absence of specific antigen but
might decline faster than antigen-specific CD8+ mem-
ory T-cell populations21. However, studies of vaccinia-
virus-specific CD4+ T cells in humans have shown that
these cells persist for the same duration as vaccinia-
virus-specific CD8+ T cells (that is, for decades after
vaccination, with a half-life of ∼10 years)50,51. Additional
studies are needed to clarify these points.

Several studies have described the possibility that
there is heterogeneity in the CD4+ and CD8+ memory
T-cell populations, with different subpopulations of
central memory and effector memory cells. The lineage
relationships of these subpopulations and their ability to
persist and confer protective immunity are not well
understood103,104.

Humoral responses. A distinguishing feature of most
responses to vaccination is increased antibody levels.
The dynamics of the primary humoral response to
pathogens are more complex than those of the CD8+

T-cell response, requiring the coordination of both 
B cells and CD4+ T cells, as well as the involvement of
different B-cell populations (namely, germinal-centre
B cells and memory B cells, and their differentiated
counterparts, plasma cells). Models can have a useful
role in understanding how these populations work
together105,106, as well as in understanding the dynamics
of AFFINITY MATURATION during this process107–109.

The long-term maintenance of antibody levels after
immunization has been well documented50,51,110,111,
and it does not require re-exposure to the antigen or
pathogen112,113. The mechanisms that are responsible for
the presence of antibodies many decades after the initial

been largely qualitative: there is a vast and rapidly
growing body of scientific literature about the bacterial
and viral genes that are required for the virulence of
pathogens93,94. This collection of qualitative data is a
prerequisite for understanding how pathogens harm
their hosts. However, it is becoming increasingly clear
that understanding pathogenesis will also require
understanding the dynamics of interaction between a
pathogen and the immune response of the host. For
example, pathology during viral infections could be
caused either by the virus itself or by the killing of virus-
infected cells mediated by CD8+ T cells. Mathematical
models incorporating both of these processes have
shown that, during persistent infections with non-
cytopathic viruses, maximum pathology could arise at
intermediate efficacies of the immune response95.When
the efficacy of the immune response is very low, there is
little killing either by the non-cytopathic virus or by the
immune response. When the efficacy of the immune
response is high, it contains the virus to very low densi-
ties, so few cells are infected and killed. When the effi-
cacy of the immune response is intermediate, the virus
infects many cells, and many of these infected cells are
killed by the immune response, resulting in a high level
of pathology. This and other studies considering the role
of CD8+ T cells and pathogen in generating pathology are
applicable to persistent infections, in which the popula-
tions of virus and virus-specific CD8+ T cells are in equi-
librium. A recent study has extended this modelling
framework to address the question of pathology gener-
ated by virus and CD8+ T cells during transient acute
infections96. By varying both the number of antigen-
specific T cells and the efficacy of these cells in detect-
ing and killing virus-infected cells, this study considers
the effect of immunization on pathology during the
course of infection. In contrast to the model of persistent
infection, this model indicates that immunological mem-
ory (that is, increasing numbers of CD8+ memory T cells)
generally results in decreased pathology in response to
acute infections.

We are only just beginning to understand many of
the questions regarding the role of CD8+ T-cell immu-
nity in protection. One important question within our
grasp can be answered by the development of models
that allow estimation of the rate at which CD8+ T cells
can kill infected or target cells in vivo. Previous studies
have focused on the measurement of killing during 
in vitro assays97. The development of experimental tech-
niques that allow the measurement of killing in vivo has
shown that in vitro and in vivo assays can yield markedly
different results91,92. The quantitative measurement of
the rate at which both effector cells and memory cells
can kill infected cells will help us to understand the role
of CD8+ memory T cells in controlling pathogens and
reducing pathology. We are also at the early stages of
understanding the dynamics of viral infections and the
causes of pathogenesis98. The interplay between math-
ematical models and experimental work is likely to
have an important role in the shift from our current
qualitative description of virulence determinants to 
a quantitative description of pathology.

AFFINITY MATURATION 

The increase in the average
affinity of an immune response
for an antigen. This occurs with
time or after repeated exposure
to an antigen.
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models have mainly focused on experimental data that
were obtained from acute infections of mice with viruses
that are cleared by the immune response. There are
many ways in which these models can be further devel-
oped. One area for development is the extrapolation of
data from mice to humans and, in particular, the consid-
eration of how the immune system scales with changes
in size (and lifespan) of the organism116. Another area
that requires further investigation is the interaction
between the dynamics of a pathogen and the immune
response, particularly during persistent infections98.

Ongoing advances in the accurate measurement of
populations of immune cells, as well as the ability to
use molecular techniques such as genetic knockouts
to eliminate specific cell types, are resulting in the
generation of data at an ever-increasing pace. Making
sense of these data will require close collaboration
between experimentalists and theoreticians.

exposure are less clear. Long-term antibody production
is maintained by plasma cells. These plasma cells have
been shown to be long-lived cells, with an average life-
span of 3–4 months in mice114. So, long-lived plasma
cells alone would result in a gradual decline in antibody
levels with time. The slow differentiation of memory 
B cells into plasma cells is required to replenish the pop-
ulation of plasma cells114. One study has indicated that
the differentiation of memory B cells into plasma cells
depends on bystander stimulation115, and models similar
to those described for CD8+ T cells could help to under-
stand how long-term humoral memory is affected by the
extent of bystander stimulation.

Concluding remarks
In this review, we have described how mathematical
models have been used to understand the generation
and maintenance of immunological memory. These

1. Janeway, C. A., Travers, P., Walport, M. & Shlomchik, M.
Immunobiology 5th edn (Garland, New York, 2004).

2. Goldsby, R. A., Kindt, T. J., Osborne, B. & Kuby, J.
Immunology 4th edn (Freeman, New York, 2002).

3. Thucydides, T. B. C. R. The Peloponnesian War (Dutton,
New York, 1910). (Translated by J. M. Dent.)

4. Pasteur, L. in Milestones in Microbiology (ed. Brock, T.)
121–125 (American Society for Microbiology, Washington DC,
1998).

5. Salmon, D. & Smith, T. On a new method of producing
immunity from contagious diseases. Am. Vet. Rev. 10,
63–69 (1886).

6. Roux, E. Immunite contre la septicemie conferee par des
substances solubles. Ann. Inst. Pasteur (Paris) 1, 561–572
(1887) (in French).

7. Fenner, F. Biological control, as exemplified by smallpox
eradication and myxomatosis. Proc. R. Soc. Lond. B 218,
259–285 (1983).

8. Baxby, D. Two hundred years of vaccination. Curr. Biol. 
6, 769–772 (1996).

9. Bazin, H. A brief history of the prevention of infectious
diseases by immunizations. Comp. Immunol. Microbiol.
Infect. Dis. 26, 293–308 (2003).

10. Burnet, F. The Clonal Selection Theory of Acquired Immunity
(Cambridge Univ. Press, 1959).

11. Calarota, S. A. & Weiner, D. B. Present status of human HIV
vaccine development. AIDS 17 (Suppl. 4), S73–S84 (2003).

12. Pouniotis, D. S., Proudfoot, O., Minigo, G., Hanley, J. C. &
Plebanski, M. A new boost for malaria vaccines. Trends
Parasitol. 20, 157–160 (2004).

13. Berzofsky, J. A. et al. Progress on new vaccine strategies
against chronic viral infections. J. Clin. Invest. 114, 450–462
(2004).

14. Levins, R. The strategy of model building in population
biology. Am. Sci. 54, 421–431 (1966).

15. Levin, S., Grenfell, B., Hastings, A. & Perelson, A.
Mathematical and computational challenges in population
biology and ecosystems science. Science 275, 334–343
(1997).

16. May, R. Uses and abuses of mathematics in biology.
Science 303, 790–793 (2004).

17. Ahmed, R. & Gray, D. Immunological memory and
protective immunity: understanding their relation. Science
272, 54–60 (1996).

18. Murali-Krishna, K. et al. Counting antigen-specific CD8+

T cells: a re-evaluation of bystander activation during viral
infection. Immunity 8, 177–187 (1998).
Understanding immune responses requires accurate
quantitative measurements of the dynamics of T cells
after infection. This paper and reference 49 describe
T-cell responses after infection of mice with LCMV.

19. Blattman, J. N. et al. Estimating the precursor frequency of
naive antigen-specific CD8 T cells. J. Exp. Med. 195,
657–664 (2002).

20. De Boer, R. J. et al. Recruitment times, proliferation, and
apoptosis rates during the CD8+ T-cell response to lympho-
cytic choriomeningitis virus. J. Virol. 75, 10663–10669 (2001).
This paper shows how mathematical models can be
used to estimate parameters for the clonal expansion
and contraction of CD8+ T cells after infection.

21. De Boer, R. J., Homann, D. & Perelson, A. S. Different
dynamics of CD4+ and CD8+ T cell responses during and
after acute lymphocytic choriomeningitis virus infection. 
J. Immunol. 171, 3928–3935 (2003).

22. Mohri, H., Bonhoeffer, S., Monard, S., Perelson, A. S. &
Ho, D. D. Rapid turnover of T lymphocytes in SIV-infected
rhesus macaques. Science 279, 1223–1227 (1998).

23. Mohri, H. et al. Increased turnover of T lymphocytes in HIV-1
infection and its reduction by antiretroviral therapy. J. Exp.
Med. 194, 1277–1287 (2001).

24. Bonhoeffer, S., Mohri, H., Ho, D. & Perelson, A. S.
Quantification of cell turnover kinetics using 5-bromo-
2′-deoxyuridine. J. Immunol. 164, 5049–5054 (2000).

25. Asquith, B., Debacq, C., Macallan, D. C., Willems, L. &
Bangham, C. R. Lymphocyte kinetics: the interpretation of
labelling data. Trends Immunol. 23, 596–601 (2002).

26. Pilyugin, S. S., Ganusov, V. V., Murali-Krishna, K., Ahmed, R.
& Antia, R. The rescaling method for quantifying the turnover
of cell populations. J. Theor. Biol. 225, 275–283 (2003).

27. Lyons, A. B. & Parish, C. R. Determination of lymphocyte
division by flow cytometry. J. Immunol. Methods 171,
131–137 (1994).

28. Gett, A. V. & Hodgkin, P. D. A cellular calculus for signal
integration by T cells. Nature Immunol. 1, 239–244 (2000).

29. Deenick, E. K., Gett, A. V. & Hodgkin, P. D. Stochastic model
of T cell proliferation: a calculus revealing IL-2 regulation of
precursor frequencies, cell cycle time, and survival. 
J. Immunol. 170, 4963–4972 (2003).

30. Smith, J. A. & Martin, L. Do cells cycle? Proc. Natl Acad.
Sci. USA 70, 1263–1267 (1973).

31. Opferman, J. T., Ober, B. T. & Ashton-Rickardt, P. G.
Linear differentiation of cytotoxic effectors into memory 
T lymphocytes. Science 283, 1745–1748 (1999).

32. Jacob, J. & Baltimore, D. Modelling T-cell memory by
genetic marking of memory T cells in vivo. Nature 399,
593–597 (1999).

33. Wodarz, D., May, R. M. & Nowak, M. A. The role of 
antigen-independent persistence of memory cytotoxic 
T lymphocytes. Int. Immunol. 12, 467–477 (2000).

34. Mercado, R. et al. Early programming of T cell populations
responding to bacterial infection. J. Immunol. 165,
6833–6839 (2000).

35. Kaech, S. & Ahmed, R. Memory CD8+ T cell differentiation:
initial antigen encounter triggers a developmental program in
naive cells. Nature Immunol. 2, 415–422 (2001).

36. van Stipdonk, M. J. B., Lemmens, E. E. & Schoenberger, S.
Naive CTLs require a single brief period of antigenic
stimulation for clonal expansion and differentiation. Nature
Immunol. 2, 415–422 (2001).
References 34–36 and 41 describe the experimental
basis of the programmed CD8+ T-cell response.

37. Wong, P. & Pamer, E. G. Antigen-independent CD8 T cell
proliferation. J. Immunol. 166, 5864–5868 (2001).

38. Antia, R., Bergstrom, C. T., Pilyugin, S. S., Kaech, S. M. &
Ahmed, R. Models of CD8+ responses: 1. What is the
antigen-independent proliferation program. J. Theor. Biol.
221, 585–598 (2003).
This paper describes the modelling of the role of
antigen-dependent and -independent proliferation
during the T-cell response. The authors suggested

that the clonal-expansion phase of the CD8+ T-cell
response must have both antigen-dependent and 
-independent components.

39. Allan, M. J., Callard, R., Stark, J. & Yates, A. Comparing
antigen-independent mechanisms of T cell regulation. 
J. Theor. Biol. 228, 81–95 (2004).

40. Chao, D. L., Davenport, M. P., Forrest, S. & Perelson, A. S.
Modelling the impact of antigen kinetics on T-cell activation
and response. Immunol. Cell Biol. 82, 55–61 (2004).

41. Vijh, S., Pilip, I. & Pamer, E. Noncompetitive expansion of
cytotoxic T lymphocytes specific for different antigens during
bacterial infection. Infect. Immun. 67, 1303–1309 (1999).

42. Matzinger, P. An innate sense of danger. Semin. Immunol.
10, 399–415 (1998).

43. Medzhitov, R. & Janeway, C. A. Innate immune recognition
and control of adaptive immune responses. Semin.
Immunol. 10, 351–353 (1998).

44. Gooding, L. R. Virus proteins that counteract host immune
defenses. Cell 71, 5–7 (1992).

45. Evans, D. T. & Desrosiers, R. C. Immune evasion strategies
of the primate lentiviruses. Immunol. Rev. 183, 141–158
(2001).

46. Panum, P. Lagttagelser, anstillede under maeslinge-
epidemien paa Faeroerne i a aret 1846. Arch. Pathol. Anat.
Physiol. Klin. Med. 1, 492–512 (1847) (in Danish).

47. Shedlock, D. J. & Shen, H. Requirement for CD4 T cell help
in generating functional CD8 T cell memory. Science 300,
337–339 (2003).

48. Crotty, S. & Ahmed, R. Immunological memory in humans.
Semin. Immunol. 16, 197–203 (2004).

49. Homann, D., Teyton, L. & Oldstone, M. B. Differential
regulation of antiviral T-cell immunity results in stable CD8+

but declining CD4+ T-cell memory. Nature Med. 7, 913–919
(2001).

50. Hammarlund, E. et al. Duration of antiviral immunity after
smallpox vaccination. Nature Med. 9, 1131–1137 (2003).

51. Crotty, S. et al. Long-term B cell memory in humans after
smallpox vaccination. J. Immunol. 171, 4969–4973 (2003).

52. Combadiere, B. et al. Distinct time effects of vaccination on
long-term proliferative and IFN-γ-producing T cell memory to
smallpox in humans. J. Exp. Med. 199, 1585–1593 (2004).

53. Tough, D. & Sprent, J. Turnover of naive- and memory-
phenotype T cells. J. Exp. Med. 179, 1127–1135 (1994).

54. Tough, D., Borrow, P. & Sprent, J. Induction of bystander 
T cell proliferation by viruses and type I interferon in vivo.
Science 272, 1947–1950 (1996).

55. Sprent, J. Turnover of memory-phenotype CD8+ T cells.
Microbes Infect. 5, 227–231 (2003).

56. Murali-Krishna, K. et al. Persistence of memory CD8 T cells
in MHC class I-deficient mice. Science 286, 1377–1381
(1999).

57. McLean, A. & Michie, C. In vivo estimates of division and
death rates of human T lymphocytes. Proc. Natl Acad. Sci.
USA 92, 3707–3711 (1995).

58. Gray, D. A role for antigen in the maintenance of
immunological memory. Nature Rev. Immunol. 2, 60–65
(2002).

59. Zinkernagel, R. On differences between immunity and
immunological memory. Curr. Opin. Immunol. 14, 523–536
(2002).



© 2005 Nature Publishing Group 

 

NATURE REVIEWS | IMMUNOLOGY ADVANCE ONLINE PUBLICATION | 11

R E V I E W S

60. Gray, D. & Skarvall, H. B-cell memory is short lived in the
absence of antigen. Nature 336, 70–73 (1988).

61. Gray, D. & Matzinger, P. T cell memory is short-lived in the
absence of antigen. J. Exp. Med. 174, 969–974 (1991).

62. Lau, L., Jamieson, B., Somasundaram, T. & Ahmed, R.
Cytotoxic T-cell memory without antigen. Nature 369,
648–652 (1994).

63. Hou, S., Hyland, L., Ryan, K., Portner, A. & Doherty, P. 
Virus-specific CD8+ T-cell memory determined by clonal
burst size. Nature 369, 652–654 (1994).

64. Mullbacher, A. The long-term maintenance of cytotoxic 
T cell memory does not require persistence of antigen. 
J. Exp. Med. 179, 317–321 (1994).

65. Swain, S. L., Hu, H. & Huston, G. Class II-independent
generation of CD4 memory T cells from effectors. Science
286, 1381–1383 (1999).

66. Ahmed, R. Tickling memory T cells. Science 272, 1904
(1996).

67. Beverley, P. Is T-cell memory maintained by crossreactive
stimulation? Immunol. Today 11, 203–205 (1990).

68. Selin, L., Nahill, S. & Welsh, R. Cross-reactivities in memory
cytotoxic T lymphocyte recognition of heterologous viruses.
J. Exp. Med. 179, 1933–1943 (1994).

69. Tanchot, C. & Rocha, B. The peripheral T cell repertoire:
independent homeostatic regulation of virgin and activated
CD8+ T cell pools. Eur. J. Immunol. 25, 2127–2136 (1995).

70. Freitas, A. & Rocha, B. Lymphocyte lifespans: homeostasis,
selection and competition. Immunol. Today 14, 25–29
(1993).
The importance of homeostatic regulation of the
total population size of CD8+ memory T cells for the
maintenance of memory was first proposed in this
paper.

71. Goldrath, A. W. et al. Cytokine requirements for acute and
basal homeostatic proliferation of naive and memory CD8+

T cells. J. Exp. Med. 195, 1515–1522 (2002).
72. Tan, J. T. et al. Interleukin (IL)-15 and IL-7 jointly regulate

homeostatic proliferation of memory phenotype CD8+ cells
but are not required for memory phenotype CD4+ cells. 
J. Exp. Med. 195, 1523–1532 (2002).

73. Becker, T. C. et al. Interleukin 15 is required for proliferative
renewal of virus-specific memory CD8 T cells. J. Exp. Med.
195, 1541–1548 (2002).

74. McLean, A. & Kirkwood, T. A model of human
immunodeficiency virus (HIV) infection in T helper cell clones.
J. Theor. Biol. 147, 177–203 (1990).

75. McLean, A. R. Modelling T cell memory. J. Theor. Biol. 170,
63–74 (1994).

76. Antia, R., Pilyugin, S. & Ahmed, R. Models of immune
memory: on the role of cross-reactive stimulation,
competition, and homeostasis in maintaining immune
memory. Proc. Natl Acad. Sci. USA 95, 14926–14931 (1998).
This study develops a quantitative model for the loss
of CD8+ T-cell memory with time and describes why
the bystander-stimulation hypothesis for the
maintenance of memory should be rejected.

77. Cossarizza, A. et al. CD45 isoforms expression on CD4+

and CD8+ T cells throughout life, from newborns to
centenarians: implications for T cell memory. Mech. Ageing
Dev. 86, 173–195 (1996).

78. Selin, L. et al. Attrition of T cell memory: selective loss of
LCMV epitope-specific memory CD8 T cells following
infections with heterologous viruses. Immunity 11, 733–742
(1999).

79. Wherry, E. J. & Ahmed, R. Memory CD8 T-cell differentiation
during viral infection. J. Virol. 78, 5535–5545 (2004).

80. Selin, L., Vergilis, K., Welsh, R. & Nahill, S. Reduction 
of otherwise remarkably stable virus-specific cytotoxic 
T lymphocyte memory by heterologous viral infections. 
J. Exp. Med. 183, 2489–2499 (1996).

81. Brehm, M. et al. T cell immunodominance and maintenance
of memory regulated by unexpectedly cross-reactive
pathogens. Nature Immunol. 3, 627–634 (2002).

82. Weng, N., Levine, B., June, C. & Hodes, R. Human naive
and memory T lymphocytes differ in telomeric length and
replicative potential. Proc. Natl Acad. Sci. USA 92,
11091–11094 (1995).

83. De Boer, R. J. & Noest, A. J. T cell renewal rates,
telomerase, and telomere length shortening. J. Immunol.
160, 5832–5837 (1998).

84. Akbar, A. N., Beverley, P. C. & Salmon, M. Will telomere
erosion lead to a loss of T-cell memory? Nature Rev.
Immunol. 4, 737–743 (2004).

85. Merrill, S., De Boer, R. & Perelson, A. Development of 
the T cell repertoire: clone size distribution. Rocky Mount. 
J. Math. 24, 213–231 (1994).

86. Callard, R., Stark, J. & Yates, A. Fratricide: a mechanism for
T memory-cell homeostasis. Trends Immunol. 24, 370–375
(2003).

87. Selin, L. K. et al. CD8 memory T cells: cross-reactivity and
heterologous immunity. Semin. Immunol. 16, 335–347
(2004).

88. Wick, D. & Self, S. G. Early HIV infection in vivo: branching-
process model for studying timing of immune responses
and drug therapy. Math. Biosci. 165, 115–134 (2000).

89. Davenport, M. P., Ribeiro, R. M. & Perelson, A. S. Kinetics of
virus-specific CD8+ T cells and the control of human
immunodeficiency virus infection. J. Virol. 78, 10096–10103
(2004).

90. Veiga-Fernandes, H., Walter, U., Bourgeois, C., McLean, A.
& Rocha, B. Response of naive and memory CD8+ T cells to
antigen stimulation in vivo. Nature Immunol. 1, 47–53
(2000).

91. Barber, D. L., Wherry, E. J. & Ahmed, R. Rapid in vivo killing
by memory CD8 T cells. J. Immunol. 171, 27–31 (2003).

92. Byers, A. M., Kemball, C. C., Moser, J. M. & Lukacher, A. E.
Rapid in vivo CTL activity by polyoma virus-specific effector
and memory CD8+ T cells. J. Immunol. 171, 17–21 (2003).

93. Finlay, B. B. & Falkow, S. Common themes in microbial
pathogenicity. Microbiol. Rev. 53, 210–230 (1989).

94. Finlay, B. & Falkow, S. Common themes in microbial
pathogenicity revisited. Microbiol. Mol. Biol. Rev. 61,
136–169 (1997).

95. Krakauer, D. C. & Nowak, M. T-cell induced pathogenesis in
HIV: bystander effects and latent infection. Proc. R. Soc.
Lond. B 266, 1069–1075 (1999).
This paper uses models to examine how the
magnitude of pathology depends on the interplay
between the killing of infected cells by virus and
cytotoxic T lymphocytes.

96. Ganusov, V. & Antia, R. Pathology during acute infections:
contributions of intracellular pathogens and the CTL
response. Biol. Lett. (in the press).

97. Perelson, A. & Macken, C. Kinetics of cell mediated
cytotoxicity: stochastic and deterministic multistage models.
Math. Biosci. 70, 161–194 (1984).

98. Perelson, A. S. Modelling viral and immune system
dynamics. Nature Rev. Immunol. 2, 28–36 (2002).

99. Jelley-Gibbs, D. M., Lepak, N. M., Yen, M. & Swain, S. L.
Two distinct stages in the transition from naive CD4 T cells to
effectors, early antigen-dependent and late cytokine-driven
expansion and differentiation. J. Immunol. 165, 5017–5026
(2000).

100. Zand, M. S., Briggs, B. J., Bose, A. & Vo, T. Discrete event
modeling of CD4+ memory T cell generation. J. Immunol.
173, 3763–3772 (2004).

101. Whitmire, J. K., Asano, M. S., Murali-Krishna, K., Suresh, M.
& Ahmed, R. Long-term CD4 TH1 and TH2 memory following
acute lymphocytic choriomeningitis virus infection. J. Virol.
72, 8281–8288 (1998).

102. Varga, S., Selin, L. & Welsh, R. Independent regulation of
lymphocytic choriomeningitis virus-specific T cell memory
pools: relative stability of CD4 memory under conditions of
CD8 memory T cell loss. J. Immunol. 166, 1554–1561
(2001).

103. Sallusto, F., Lenig, D., Forster, R., Lipp, M. & Lanzavecchia, A.
Two subsets of memory T lymphocytes with distinct homing
potentials and effector functions. Nature 401, 708–712
(1999).

104. Wherry, E. J. et al. Lineage relationship and protective
immunity of memory CD8 T cell subsets. Nature Immunol.
4, 225–234 (2003).

105. Oprea, M. & Perelson, A. Exploring the mechanisms of
primary antibody responses to T cell-dependent antigens. 
J. Theor. Biol. 181, 215–236 (1996).

106. Kesmir, C. & De Boer, R. J. A mathematical model on
germinal center kinetics and termination. J. Immunol. 163,
2463–2469 (1999).

107. Kepler, T. B. & Perelson, A. S. Somatic hypermutation in 
B cells: an optimal control treatment. J. Theor. Biol. 164,
37–64 (1993).

108. Kepler, T. B. & Perelson, A. S. Modeling and optimization of
populations subject to time-dependent mutation. Proc. Natl
Acad. Sci. USA 92, 8219–8223 (1995).

109. Kesmir, C. & De Boer, R. J. A spatial model of germinal
center reactions: cellular adhesion based sorting of B cells
results in efficient affinity maturation. J. Theor. Biol. 222,
9–22 (2003).

110. Sawyer, W. The persistence of yellow fever immunity. J. Prev.
Med. 5, 413–428 (1931).

111. Paul, J. R., Riordan, J. T. & Melnick, J. L. Antibodies to three
different antigenic types of poliomyelitis virus in sera from
North Alaskan Eskimos. Am. J. Hyg. 54, 275–285 (1951).

112. Maruyama, M., Lam, K. P. & Rajewsky, K. Memory B-cell
persistence is independent of persisting immunizing antigen.
Nature 407, 636–642 (2000).

113. Slifka, M. K. Immunological memory to viral infection. Curr.
Opin. Immunol. 16, 443–450 (2004).

114. Slifka, M. K., Antia, R., Whitmire, J. K. & Ahmed, R. 
Humoral immunity due to long-lived plasma cells. Immunity
8, 363–372 (1998).

115. Bernasconi, N. L., Traggiai, E. & Lanzavecchia, A.
Maintenance of serological memory by polyclonal activation
of human memory B cells. Science 298, 2199–2202 (2002).

116. Wiegel, F. W. & Perelson, A. S. Some scaling principles for
the immune system. Immunol. Cell Biol. 82, 127–131
(2004).

117. Grossman, Z., Min, B., Meier-Schellersheim, M. & Paul, W. E.
Concomitant regulation of T-cell activation and homeostasis.
Nature Rev. Immunol. 4, 387–395 (2004).

Acknowledgements
We thank A. Handel for helpful comments. R. Antia and R. Ahmed
are supported by the National Institutes of Health (United States).

Competing interests statement
The authors declare no competing financial interests.

Online links

DATABASES
The following terms in this article are linked online to:
Entrez Gene:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
CD4 | CD8 | IL-2 | IL-7 | IL-15
Infectious Disease Information:
http://www.cdc.gov/ncidod/diseases/index.htm
LCMV 
Access to this interactive links box is free online.




