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We use simple mathematical models to examine the dynamics of primary and secondary cytotoxic
T-lymphocyte (CTL) responses to viral infections. In particular, we are interested in conditions
required to resolve the infection and to protect the host upon secondary challenge. While protection
against reinfection is only effective in a restricted set of circumstances, we find that resolution of the
primary infection requires persistence of CTL precursors (CTLp), as well as a fast rate of activation of
the CTLp. Since these are commonly the defining characteristics of CTL memory, we propose that
CTL memory may have evolved in order to clear the virus during primary challenge. We show experi-
mental data from lymphocytic choriomeningitis virus infection in mice, supporting our theory on CTL
memory. We adapt our models to HIV and find that immune impairment during the primary phase of
the infection may result in the failure to establish CTL memory which in turn leads to viral persistence.
Based on our models we suggest conceptual treatment regimes which ensure establishment of CTL
memory. This would allow the immune response to control HIV in the long term in the absence of
continued therapy.

Keywords: cytotoxic T-lymphocyte memory; HIV; primary infection; secondary infection; therapy;
mathematical modelling
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1. INTRODUCTION

A normal, efficient immune response to a virus comprises
both innate components (natural killer cells, interferons,
and other cytokines) and acquired components (B and T
cells and their products). Immunological memory—
defined as increased protection of the host against reinfec-
tion by a pathogen—is a central feature of the immune
system. Protectiveness of B-cell memory, as well as trans-
mission of protective antibodies from mother to offspring,
has clearly been demonstrated (Thomsen & Marker
1988; Baldridge & Buchmeier 1992; Tew et al. 1992, 1997,
Castelmur e al. 1993; Zinkernagel et al. 1996). However,
the role of CD8" cell responses to viral infections, as well
as the protectiveness of cytotoxic T-lymphocyte (CTL)
memory, are still under intense debate (Thomsen &
Marker 1988; Lau et al. 1994; Matzinger 1994; Sprent &
Tough 1994; Bachman et al. 1997; Doherty et al. 1996;
Kundig et al. 1996a; Mullbacher & Flynn 1996; Doherty
1997, 1998; Selin & Welsh 1997; Zinkernagel et al. 1996;
Dutton et al. 1998; Ochen & Brduscha-Riem 1998).

*Author for correspondence (wodarz@ias.edu).
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Experimental evidence suggests that CTL may be a
major branch of the immune system fighting viral
infections (Lin & Askonas 1981; Koenig et al. 1993;
McMichael et al. 1995 Ehl et al. 2000). The T-cell
receptor (TCR) recognizes viral antigen in conjunction
with major histocompatibility complex (MHC) class 1
molecules and eventually causes the destruction of the
infected cell. In the thymus, a large diversity of TCR
specificities 1s created, which is narrowed down by
positive and negative selection in order to ensure MHC
restriction and avoid auto-reactivity. Naive CTL
precursors (CTLp), i.e. those which have never seen
antigen, circulate around the body. Upon infection of the
host, the antigen-specific CTLp start to proliferate and
differentiate into effector cells. This is called the primary
response to the pathogen. It may lead to two alternative
outcomes, depending on viral and host characteristics:
either the virus infection is cleared, or the virus estab-
lishes a persistent infection. If the virus is cleared, an
elevated number of CTLp is observed long after virus
clearance (Jamieson & Ahmed 1989; Ochen et al. 1992;
Hou et al. 1994; Lau et al. 1994; Mullbacher 1994). This
‘CTL memory’ is thought to protect the host more
efficiently against secondary challenge with the virus.

© 2000 The Royal Society
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There has been considerable controversy about the
exact nature and protectiveness of CTL memory. In
particular the role of persisting antigen in maintaining
CTL memory and ensuring an efficient secondary
response is under intense debate (Jamieson & Ahmed
1989; Beverley 1990; Gray & Matzinger 1991; Ochen et al.
1992; Hou et al. 1994; Lau et al. 1994; Mullbacher et al.
1994; Bruno et al. 1995 Kundig et al. 19964,b). Recent
results indicate that the maintenance of CTLp is antigen
independent and that the efficacy of the secondary
response may or may not require persistent antigen,
depending on the kinetics of effector cell production
(Kundig et al. 1996a,b; Ehl et al. 1997). This has been
shown with lymphocytic choriomeningitis virus (LCMV)
and vesicular stomatitis virus (VSV) in mice. If the
secondary infection is intravenous, then protection seems
to be independent from the persistence of antigen
(Kundig et al. 19964,b). In this case, the virus population
directly encounters the memory CTLp which leads to
instant CTL activation and thus elimination of the infec-
tion before the appearance of clinical symptoms. On the
other hand, protection against peripheral infection
appears to be dependent on the persistence of antigen
(Kundig et al. 19964,56). This is because antigen persistence
induces the expression of relevant markers on the surface
of CTLp, such as LFA-1 and VLA-4 (Andersson et al.
1994; Zimmerman e/ al. 1996). This ensures constant
recirculation through non-lymphoid tissues, which is
required to recognize the invading virus before it repli-
cates to high levels.

Many questions still remain open. Most importantly, it
has not been established whether antigen persists after
clearance of the infection, and if it does, how it persists
and in what form. Since many viruses invade the host by
peripheral infection, it is still unresolved whether the
elevated number of CTLp, which remain present after
virus clearance, confer protection against secondary
challenge.

Here, we use mathematical models to analyse primary
and secondary responses to viral infections. In parti-
cular, we investigate which factors determine whether
the virus is cleared or persists during the primary
response. We find that according to our model, virus
clearance during the primary infection requires
prolonged persistence of CTLp in the absence of signifi-
cant levels of antigen, as well as an efficient rate of
activation of the CTLp. Since these are commonly the
defining characteristics of CTL memory, we hypothesize
that the phenomenon referred to as ‘CTL memory’ has
evolved in order to ensure virus climination from the
host during the primary infection. Protection against
secondary challenge may be a carry-over effect resulting
from the presence of elevated numbers of CTLp and
may or may not be effective, depending on exact circum-
stances, such as route of infection, inoculum size, activa-
tion state or recirculation properties. We present
experimental data from murine LCMV infection,
supporting our hypothesis.

We extend our findings to analyse CTL memory in
HIV-1 infection. A mathematical model describing the
dynamics of CTL memory in the primary phase of the
infection predicts that HIV may impair the generation of
memory. It defines possible drug-treatment regimes that

Phil. Trans. R. Soc. Lond. B (2000)

may reconstitute CTL memory in HIV-infected patients,
resulting in immunological control of the virus in the
absence of continued therapy.

2. CYTOTOXIC T-LYMPHOCYTE AND VIRUS
DYNAMICS

In order to analyse the dynamics of antiviral CTL
responses, we use the basic virus infection model (Nowak
& Bangham 1996; DeBoer & Perelson 1998; Wodarz et al.
1999) taking into account uninfected (r) and infected ( y)
host cells. We assume that the CTL pool consists of two
populations: the precursors (w) and the effectors (z). The
model is explained schematically in figure 1 and is given
by the following set of differential equations.

x=A—dx— Oxy

D=0 —ay—pyz

w=cyw(l —q) — bw )

z=cqyw — hz

Target cells are produced at a rate 4, die at a rate dx,
and become infected by virus at a rate Gx» Infected cells
die at a rate ay and are killed by CTL effector cells at a
rate pyz. Upon contact with antigen, CTLp proliferate at
a rate ¢yw and differentiate into effector cells at a rate
cqyw. CTL precursors die at a rate bw, and effectors die
at a rate hz. Note that we have chosen a simplified and
phenomenological model of CTL memory generation,
since the exact mechanisms underlying the establishment
of memory are still unknown. Our conclusions are there-
fore independent of the exact differentiation pathway of
antiviral CTL. In addition, our results are independent
of the mode of CTL action. Although our models
describe a lytic CTL response, mathematical models
describing non-lytic antiviral effector mechanisms
mediated by CD8" T cells have shown that these two
pathways of CTL-mediated antiviral activity are qualita-
tively similar in the aspects relevant to the current
analysis (Wodarz & Nowak 1998, 1999).

Before the host has been infected with the virus in
question, the system is at the equilibrium, E,, given by
xO=2/d, y9=0, w®=0, z¥=0. In practice, the
number of virus-specific CGTLp in the absence of the
infection, @®, will be greater than zero. Thus, more
precisely we should write w=mn+¢(1—¢)yw—bw and
0% =n/b. However, as long as 7 is small this represents
only a small perturbation to the dynamics given by
system (1).

Persistent infection of a naive host requires the basic
reproductive ratio of the virus, R, to be greater than
unity. The basic reproductive ratio of the virus denotes
the average number of infected cells produced by one
infected cell at the beginning of the infection. For model
(1) it is given by Ry=BA/da. Subsequent virus replication
may either be limited by target cell availability, or by the
CTL response. Target-cell-limited virus growth is
described by equilibrium E;, given by

= a)B, 3V = dja—dp, W =0, 2V =0,

If the immune system of the host is strong enough, the
CTL population may expand in response to the virus
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Figure 1. Schematic presentation of the mathematical model describing the dynamics of CTL memory. (a) Virus dynamics is
described by the basic virus infection model (Nowak & Bangham 1996). Uninfected target cells are produced at a rate A, and die
at a rate dv. They become infected by the virus at a rate Sxy. Infected cells produce new virus particles and die at a rate ay.

(b) CD8* T-cell dynamics involve CTL precursors and effectors. When naive CTLp recognize antigen on the surface of infected
cells, they become activated. The activated C'TLp expand at a rate ¢yw, decay at a rate bw, and differentiate into effector cells at
a rate cqwy. Effector CTL lyse infected cells at a rate pyz. Note that this is a simplified model of memory generation and results

do not depend on the exact differentiation pathway.

infection. The condition for CTL expansion is given by
¢(1—¢)y">5. If this condition is fulfilled, the system
moves to equilibrium E,, given by

2 _ e(1 —q) 2 — b
de(1 —q) + b8’ o(1—q)°
w@ = ZPh(1 —q) 22 = Bx® —a
bq iz

We also note that for certain parameter values the system
admits limit cycles.

3. PRIMARY INFECTION

Upon primary infection i vivo, the virus population is
cither eliminated by the immune response, or the virus
establishes a persistent infection controlled by the
immune system. Since our model is deterministic, virus
load cannot be reduced exactly to zero, but may be
reduced to very low levels by a strong immune response.
We can derive conditions for virus clearance versus
persistence by assuming that the virus population goes
extinct if y falls below a minimum value. The term ‘virus
clearance’ in vivo has to be defined in more detail. The
host may recover from the infection either due to true

Phil. Trans. R. Soc. Lond. B (2000)

clearance, i.e. extinction of the virus population, or due
to reduction of virus load to undetectable levels. In the
analysis of the model we will assume that virus is
undetectable if y<p,.., and extinct if y<p.,. Note that
Ymin 18 determined by the sensitivity of virus quantifica-
tion, while y.,, corresponds to the situation where essen-
tially less than one infectious unit is present in the host.
ThU.S, I min = Dext-

(a) Elimination

First, we consider the factors that determine whether the
CTL response can drive the virus population extinct or
not. The virus may be eliminated if virus load in the
presence of the immune response is reduced to levels below
the extinction limit, i.e. »? <y, From the expression
of the equilibrium virus load, »?, we can see that
this may be achieved by a high rate of CTLp activation
(high ¢) and a slow death rate of CTLp (low 4). Note that
elimination of the infection is independent of parameters
involving CTL effector dynamics.

However, the system shows more complicated
dynamics. If the value of 4 is very low, it takes a long
time for virus load to converge to equilibrium »@. After
initial oscillations, load settles to a quasi-
equilibrium, 7, which decays only at a very slow rate

virus
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Figure 2. Quasi-equilibrium dynamics of system (1). (a) In
computer simulations, virus load settles to a quasi-equilibrium
(Appendix A), where virus load only very slowly converges to
its true equilibrium. (b—¢) For realistic parameter ranges, the
dependency of the quasi-equilibrium and the true equilibrium
on the rate of CTL activation, ¢, and CTLp longevity, b, is
very similar. Baseline parameters were chosen as follows.
A=10;d=0.1; =0.001; a=0.5; p=1; ¢c=0.1; 6=0.001;
¢=0.1; h=0.1.

(figure 2a). Appendix A derives an expression of virus
load at this quasi-equilibrium in dependence of the rate
of CTL activation, ¢, and the longevity of CTL precur-
sors, b. The rate of CTL activation, ¢, has identical
effects on virus load at equilibrium »? and at the quasi-
equilibrium y (figure 26). The same holds true for the
effect of CTLp longevity () on »® and y over realistic
parameter ranges (figure 2¢). For very low values of b,
tending towards zero, we observe an increasing discre-
pancy between »® and 7 (figure 2¢), as y converges only
very slowly to 2.

Phil. Trans. R. Soc. Lond. B (2000)
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Figure 3. Properties of dynamic elimination. (a—4) A high
rate of CTLp activation (high ¢) and persistence of CTLp in
the absence of antigen (low ), promote dynamic elimination.
Baseline parameters were chosen as follows. A=10; d=0.1;
B=0.001;a=0.5; p=1;¢=0.1; 6=0.001; ¢=0.1; A =0.1.

(¢) If initial oscillations are not strong enough to result in
dynamic elimination of the virus, stable limit cycles may be
observed. Baseline parameters were chosen as follows. 2 =10;
d=0.1; $=0.001; a=0.5; p=1;¢=0.1; b=0.2; ¢=0.1;
h=0.1.

(b) Dynamic elimination

Up to now, we have considered elimination of the virus
due to reduction of virus load in the presence of CTL at
equilibrium. However, the model also offers an alterna-
tive mechanism of virus elimination. The predicted
dynamics of the primary infection are characterized by
vigorous oscillations. That is, the virus population first
replicates up to a peak and is then reduced by the rising
CTL response. This initial oscillation may drive virus
load to very low levels, below the extinction limit. We call
this process ‘dynamic elimination’. Using numerical
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simulations, we can show that a long life span of CTL
precursors (low 4), as well as efficient activation of CTL
precursors (high ¢), maximize the chance of dynamic
elimination (figure 3). Thus, the parameters which are
most directly associated with CTL memory enhance the
chances of both dynamic elimination and equilibrium
elimination (see §3(a)).

Dynamic elimination refers to the situation where the
initial antiviral CTL response is so strong that the virus
population becomes extinct following its peak during
acute infection. Whenever the parameters of the model
lead to equilibrium elimination (as described in §3(a)),
they also make dynamic elimination likely. The reverse,
however, need not be the case. The initial oscillation in
virus load can be so vigorous (and lead to a reduction of
virus load many orders of magnitude below its initial
value), that dynamic elimination also occurs for para-
meter values that would otherwise admit a positive equi-
librium. This implies that virus elimination or persistence
can depend on the initial conditions of system (1) or in
biological terms on the size of the virus inoculum and the
exact route of infection.

Some caution is necessary here: we studied dynamic
elimination in a very simple system. Spatial hetero-
geneity and other realistic factors that occur in vivo are
likely to dampen the initial oscillation. This means that
some parameter values that lead to dynamic elimina-
tion in system (I) may not do so in more realistic
versions of the model. The worst case, however, is that
in certain systems, dynamic elimination only occurs for
the same conditions as equilibrium elimination. To
summarize, figure 4a shows the dynamics of virus clear-
ance and memory generation as predicted by our
model.

(c) Persistence

If CTLp activation and persistence in the absence of
antigen is less efficient, then our model predicts that the
virus population cannot be driven extinct. In this case,
we get persistent virus replication in the presence of high
levels of CTLp and low levels of CTL effector cells.
Whether the host clinically recovers from the infection
may depend on the exact strength of the CTL response,
relative to the viral replication rate.

If the CTL response is still sufficiently strong and lies
above a certain threshold, then y., <»% <y,;.. That is,
virus load is at undetectable levels. This will happen if the
rate of C'TLp activation in response to antigen (¢) 1s still
relatively high and the life span of the CTLp (1/4) is still
relatively long. Figure 45 shows the dynamics of the reso-
lution of a primary infection in such a scenario. The
outcome looks similar as in the previous case: virus load
and CTL effector cells drop to low or undetectable levels
while the population of CTLp remains high after the
resolution of the infection. However, the mechanism
underlying the maintenance of an elevated number of
CTLp i1s different in this case. When the virus is elimi-
nated, the CTLp population is maintained due to an
antigen-independent mechanism such as a long life span.
If the virus is not completely eliminated, the GTLp popu-
lation 1s maintained by a combination of longevity of
CTLp and constant background stimulation by the
pathogen replicating at levels below the threshold of

Phil. Trans. R. Soc. Lond. B (2000)

detection. In this case, a fraction of the CTLp will be
cycling at a rate proportional to ¢y

If the efficacy of the CTL response is weaker and lies
below a threshold, we obtain a persistent infection with
virus load at detectable levels. This occurs if the rate of
CTLp proliferation in response to antigen () and the life
span of CTLp (1/) are significantly lower, so that
P>y . Ifthe virus load remains too high in the presence
of the CTL response, clinical symptoms may develop.

4. SECONDARY INFECTION

In the previous sections we have established that elimi-
nation or efficient control of the virus in the primary
infection may require a high rate of CTLp activation and
persistence of these cells in the absence of antigen. Hence,
one function of the generation of CTL memory may be to
ensure recovery from the primary infection. The question
now arises if and under what circumstances CTL
memory 1s protective against secondary infection by the
virus, the context in which memory is traditionally
considered. CTL memory can be considered protective if
it reduces the peak virus load upon secondary challenge
compared to primary challenge, and thus reduces the
degree of clinical symptoms experienced. We have to
consider the two cases of virus clearance and reduction to
undetectable levels during primary challenge separately.

(a) Protection after virus elimination

Because of the antigen-independent persistence of CTLp
required to drive the virus population extinct during the
course of the initial infection, a large number of CTLp may
still be present during secondary challenge by the virus.
However, CTL effector cells will be absent since they die at
a relatively fast rate. Since effector cells are required to
combat the infection, the initial growth rate of the virus at
the beginning of the secondary challenge will be positive.
Thus, protection against secondary challenge depends
mainly on the amount of time required for the CTLp to
migrate to the focus of infection and to differentiate into
effector cells. In our model, this is captured in the para-
meter ¢g, the rate of differentiation into effector cells. Figure
5 shows the effect of increased CTLp abundance on the size
of the peak virus load on secondary challenge, assuming
different rates of effector cell production (cg). Increased
CTLp levels are only protective if effector function is
produced sufficiently fast (large ¢q) once the pathogen has
entered the host. Strikingly, if there is a longer time-delay
in the production of effector function (small ¢¢), increasing
the abundance of CTL precursors even by four orders of
magnitude does not lead to a significant reduction of the
peak virus load and thus of clinical symptoms (figure 5a).

While we have defined protection upon secondary chal-
lenge as reduction in peak virus load, and thus clinical
symptoms, it is interesting to consider the effect of
increased CTLp numbers on the ability of the CTL
response to eliminate the secondary infection. If the rate
of CTL activation and the longevity of CTLp are high
enough for the equilibrium virus load to lie below the
extinction threshold, increasing the level of CTLp does
not have any effect on the ability of the CTL response to
clear the infection. However, the initial number of C'TLp
does have an influence on the minimum virus load during
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Figure 4. Resolution of the primary infection and generation of C'TL memory as predicted by the model. (a) The virus
population is driven extinct. Parameters are as follows. A=10; d=0.1; 5=0.001; a=0.5; p=1; ¢c=0.1; =0.001; ¢=0.1; £ =0.1.
(b) Virus load is reduced below the threshold of detection, but not to extinction. Parameters are as follows. A=10; d=0.1;
£=0.001;a=0.5; p=1; ¢=0.063; b=0.0015; ¢=0.1; A=0.1. Virus persistence results in the continued presence of a low-level
CTL effector activity, and memory is maintained by a combination of C'TLp longevity and antigenic stimulation. If the virus is
cleared, C'TLp are maintained independent of antigen, and the effector response diminishes over time.

the initial oscillations upon secondary challenge. As
shown in figure 54, there is an optimal initial number of
CTLp for inducing dynamic elimination. Levels of CTLp
lower or higher than this optimum increase the minimum
virus load observed during the initial oscillations, and
thus reduce the chances of dynamic elimination.

(b) Protection during viral persistence
If the virus persists after primary infection (above or

below the detection limit), C'TL memory will be main-

Phil. Trans. R. Soc. Lond. B (2000)

tained by a combination of antigen-independent persis-
tence of CTLp and constant stimulation of the CTL
population. Hence, in contrast to the previous case,
there will not only be memory precursor cells, but also
memory effector cells. The size of the precursor popula-
tion is given by w® and the size of the effector popula-
tion by z@?. Therefore, upon secondary challenge, the
initial growth rate of the virus is zero. Consequently,
upon secondary challenge, the virus cannot grow and
the host is always protected against clinical symptoms
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Figure 5. Protection against secondary challenge.

(a) Protection after virus clearance. Peak virus load upon
secondary challenge decreases with an increase in the initial
number of CTLp. However, this decrease in peak virus load is
only significant if the rate of effector cell production is fast
and the delay is minimal. (4) The initial number of CTLp
influences dynamic elimination, defined as a reduction of
minimum virus load below extinction limit during the initial
oscillations of the dynamics. There is an optimal initial
number of CTLp reducing minimum virus load to the lowest
level, maximizing the chance of dynamic elimination.

(¢) Protection during virus persistence. If antigen persists the
host is protected if reinfection occurs with the same strain.
However, reinfection with a competitively superior strain
results in an increase in peak virus load and thus in reduced
protection against secondary challenge. Baseline parameters
were chosen as follows. A=10; d=0.1; #=0.001; a=0.5;
p=1;¢=0.1; 6=0.001; ¢=0.1; £=0.1.

of another acute infection. However, this protection
may be compromised if reinfection occurs with a virus
strain that has mutated to become competitively
superior to the immunizing strain, e.g. due to a faster
rate of replication. In this case, the invading virus
variant will have a positive initial growth rate and can
therefore replicate up to a peak. The level of the peak
load with increasing competitive
superiority of the mutant compared to the wild-type
(figure 5¢).

virus Increases

Phil. Trans. R. Soc. Lond. B (2000)

5. CYTOTOXIC T-LYMPHOCYTE MEMORY
IN LYMPHOCYTIC CHORIOMENINGITIS VIRUS
INFECTION

Lymphocytic choriomeningitis virus (LCMV) infection
of mice is an excellent experimental system to study CTL
responses under controlled conditions i viwo (Lehman-
Grube 1971; Thomsen & Marker 1988; Zinkernagel 1993),
and mice seem to be protected against reinfection
(Zinkernagel et al. 1996; Kundig et al. 19964; Planz et al.
1997). Recent studies have demonstrated that the CTL
response may not completely clear LCMYV, but reduces
virus load below detectable levels (Plantz et al. 1997). This
1s in agreement with previous studies showing that
continued immune surveillance is required to keep
LCMYV in check (Volkert & Lundstedt 1968). Our model
suggests that in this case, memory is likely to be protec-
tive. This is because persisting antigen sustains a small
population of CTL effector cells that can rapidly attack
the virus at an early stage of the disease without the need
for CTLp expansion and differentiation. In agreement
with theory, Zimmerman et al. (1996) found that in this
case a fraction of the CTLp is cycling while the
remaining CTLp show a resting phenotype.

However, our models also suggest that the protective-
ness of memory maintained by persistent antigen is
compromised if the challenging virus has different prop-
erties compared to the original strain. The differences
required to overcome memory need not be immune
escape mutations, but may simply be differences in the
replication kinetics of the virus.

On the other hand, if the primary infection has been
cleared to extinction, protection upon secondary chal-
lenge is not as straightforward, since after some time all
memory cells show the CTLp phenotype and the effector
cell population has vanished due to the limited life span
of these cells. In this case, an elevated abundance of
CTLp is only protective if the time window between inva-
sion of the pathogen and induction of antiviral CTL
effector action from this pool is very short. If there is a
significant time-delay, the persistence of an elevated
number of CTLp may be less protective or not protective
at all. By the time CTL effector function has been
produced, virus load will have already risen to high
levels. These predictions are confirmed by recent experi-
mental data. While CTLp may persist independently of
antigen in mice (Jamieson & Ahmed 1989; Hou et al.
1994; Lau et al. 1994; Mullbacher et al. 1994; Bruno et al.
1995; Doherty et al. 1996), protectiveness of this memory
CTL population crucially depends on the kinetics of
effector cell production (Ehl et al. 1997). The longer it
takes for the effector function to be generated, the less
protective the memory population becomes. Conse-
quently, if immunized mice are injected intravenously
with LCMV, CTL memory 1is protective, since the
antigen directly encounters the CTLp pool (Kundig et al.
19964,b). On the other hand, if LGMYV is injected periph-
erally, and the memory CTL population is maintained in
the absence of antigen, the CTL precursors do not
instantly recognize the presence of the virus, and this
time-delay enables the virus to out-replicate the CTL
response. This renders the memory population unprotec-
tive (Kundig et al. 19964,b; Ehl et al. 1997).
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Figure 6. Data re-plotted from Christensen e al. (1994) and Thomsen et al. (1996). (a) Dynamics of LCMV infection in
class-II-deficient mice compared to wild-type mice. Although initial control of the virus is similar in wild-type and mutant,
blood virus titres resurge in class-II-deficient mice. (4) The primary CTL response in wild-type and mutant mice is similar.
However, class-II-deficient mice show a lack of C'TL memory response.

Given the findings that CTL memory only protects
against secondary challenge in a restricted set of circum-
stances, but is both necessary and sufficient for the resolu-
tion of the primary infection, we propose that the
memory phenotype—traditionally considered in the
context of protection—has evolved primarily in order to
resolve the virus infection. With this in mind, it would be
interesting to reconsider and re-interpret experimental
findings and to devise new experiments to test our
hypothesis. We present data from LCMYV infection of
MHC class II knockout mice (figure 6) and CD40L~/~
knockout mice (figure 7), supporting our theoretical
predictions.

During the early phase of the infection, both wild-
type and class-II-deficient mice reduce virus load to
undetectable levels (figure 6). However, in contrast to
wild-type mice, virus load re-emerges to high levels in
class-II-deficient mice about a month after infection.
Resurgence of virus load is associated with a lack of a
significant memory CTL response in class-II-deficient
mice (figure 6). Thus, the absence of CD4" T-cell help
may interfere with the generation and/or maintenance of

Phil. Trans. R. Soc. Lond. B (2000)

CTL memory (Battegay et al. 1994; Von Herrath et al.
1996; Thomsen et al. 1996).

Similar results are obtained from CD40L~/~ mice
infected with LCMV. The primary response to LCMV-
Traub in wild-type and mutant mice was similar (figure 7).
However CD40L =/~ mice lack GTL memory (figure 7).
While virus load is suppressed to low or undetectable levels
in wild-type mice, levels of LCMYV remain high at 28 and
80 days post-infection in CD40L~/~ mice (figure 7). A
possible mechanism for the lack of CTL memory in
CD40L~/~ mice is that the interaction between T-helper
cells, antigen-presenting cells and CD8" Tcells is impaired
(Ridge et al. 1998; Schoenberger et al. 1998). Although these
interactions may not be required for initial activation and
differentiation of primary effector cells, they are essential
for the generation of memory cells (Borrow et al. 1996,
1998; Thomsen et al. 1998).

Interpretation of these data strongly supports our
theory that CTL memory may be necessary to success-
fully resolve the primary infection. The experimental
results can be explained intuitively as follows. If CTL
memory is compromised, a reduction of virus load is
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Figure 7. Data re-plotted from Thomsen ez al. (1998). (a) Spleen, liver and lung virus titres of LCMV in wild-type and
CD40L~/~ mice. Twenty-eight days post-infection virus load is reduced to low or undetectable levels in wild-type mice, while it
is significantly higher in CD40L~/~ mice. (b) During primary infection, CTL activity in wild-type and mutant mice is similar.
However, CD40L~/~ mice show the absence of CTL memory 80 days post-infection.

accompanied by a decline of the CTL population to low
levels. This decline of the CTL population enables the
virus to regain a positive growth rate and therefore to settle
at an equilibrium level that i1s well above the detection
limit. In the wild-type mice, where memory is intact,
reduction of virus load does not result in a decline of the
CTLp to low levels. Instead, the CTLp settle at a stable
memory level and therefore prevent the virus from
attaining a positive growth rate. Consequently the virus
stays at undetectable levels or goes extinct.

6. CYTOTOXIC T-LYMPHOCYTE MEMORY IN HIV
INFECTION

These findings also have implications for understanding
the mechanism underlying the survival of viruses persis-
tently infecting their host despite the presence of an
efficient CTL response. Examples of such viruses are
HIV, human T-cell leukaemia virus (HTLV) and
Epstein-Barr virus (EBV). All these viruses infect cells
that are involved in the immune response and could

Phil. Trans. R. Soc. Lond. B (2000)

therefore potentially interfere with the generation and/or
maintenance of C'TL memory, especially when the target
cells are CD4" T cells (Borrow et al. 1996, 1998; Von
Herrath et al. 1996; Thomsen et al. 1996, 1998).

Particularly interesting is the case of CTL memory in
HIV infection. Our model describing the dynamics of
CTL memory can easily be adapted to HIV infection by
assuming that memory generation depends on CD4*
T-cell help, and that infection of CD4* T cells results in
impaired T-cell help. This is expressed in the following set
of differential equations (Wodarz ez al. 1998).

x=A—dx— PBxy

J=0y - -z

w = cxyw — cqyw — bw

z=cquw —hz

The model is derived from system (1) and assumes that

the target cells for the virus are CD4" T cells. It includes
the additional feature that expansion of the CTLp
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Figure 8. Schematic summary of the dynamics of CTL memory generation in HIV infection (equation (2)). Increasing the
replication rate of the virus increases the amount of immune impairment and thus interferes with memory generation. For
intermediate replication rates, establishment of memory depends on the initial conditions. For details, see text.

population 1s proportional to both antigen (y) and the
number of uninfected CD4* T cells (x) capable of deli-
vering T-cell help. We also assume that differentiation
into effector function is independent of CD4" T-cell help
(Doherty 1993).

We will briefly summarize the properties of these
equations (for more details, see Wodarz et al. 1998). If the
basic reproductive ratio of the virus, R, is greater than
unity, the system may converge to one out of two equili-
bria. Either CTL memory is successfully established, or it
fails to become established. The establishment of memory
depends on host and viral parameters as well as on initial
conditions. Among the host parameters, a high rate of
CTLp activation (high ¢) and longevity of CTLp (small
b) promote the establishment of CTL memory. On the
other hand, a high rate of viral replication (large () inter-
feres with the generation of memory because it reduces
the number of functional T-helper cells to low numbers
and thus significantly compromises the rate of CTLp
expansion. If the viral replication rate is below a certain
threshold value f< (37, CTL memory may be estab-
lished. On the other hand, if the replication rate of the
virus is above another threshold, 3> 37,, CTL memory
can never be successfully established. However, if viral
replication lies between these two thresholds, i.e. if
B1, <B<pBr,, the outcome depends on the initial condi-
tions. A high initial virus load, a low initial CD4" T-cell
count, as well as the naive state of the host, interfere
with the generation of CTL memory. This behaviour is
summarized in figure 8.

Since HIV replicates up to high viral loads during the
primary phase of the infection, our model suggests that
this may result in T-helper cell impairment sufficient to
prevent the establishment of CTL memory. Since,
according to our argument, the CTL memory phenotype
is required to clear the infection, HIV may replicate
persistently. Figure 9a simulates the primary phase of
HIV infection. The virus population initially grows to a
peak and then declines to settle at a stable equilibrium

Phil. Trans. R. Soc. Lond. B (2000)

level. The CTL memory population expands up to a peak
and then declines towards extinction. Since the memory
CTL response has gone extinct, the virus may only be
controlled by non-memory CTL responses which can
persist during continued antigenic stimulation, but which
decline to extinction if this stimulus diminishes.
According to models, such immune responses cannot
eliminate or efficiently control the infection in the long
term (Nowak et al. 1991, 1995; Nowak & Bangham 1996;
Wodarz et al. 1998). Quantification of HIV-specific CD8*
T cells with the tetramer method (Altman et al. 1996)
during anti-retroviral therapy revealed a sharp decline of
virus-specific CTL after removal of the antigenic stimulus
(Gray et al. 1999; Ortiz et al. 1999). This indicates that
persistent viral replication is required to maintain the
CTL response in these patients. Moreover, in long-term
non-progressors controlling viraemia in the absence of
therapy, extremely low viral loads are associated with a
strong CTL response (Harrer et al. 19964,b) and vigorous
HIV-specific CD4* T-cell proliferative responses (Rosen-
berg et al. 1997). Interestingly, HIV-exposed but unin-
fected individuals tend to show specific CTL responses
detectable 34 months after the last virus exposure
(Bernard et al. 1999).

(a) Treatment during primary HIV infection

The model can be used to analyse anti-retroviral drug
therapy during the primary phase of HIV infection. This
can be done by replacing the infection term by s08x),
where s denotes the efficacy of the drug inhibiting viral
replication. Its values range from s=1 (no effect of drug)
to s=0 (100% efficient drug). The model predicts that a
certain drug therapy regime during the primary phase of
HIV infection may result in the establishment of CTL
memory. This in turn allows the immune system to elimi-
nate or control the infection without continued adminis-
tration of antiviral drugs. Such a drug treatment regime
is illustrated in figure 96. The virus first needs to replicate
up to a certain level in order to induce stimulation and
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Figure 9. Simulation of the primary phase of HIV infection.
(a) Due to T-helper cell infection, CTL memory fails to be
generated and a persistent infection is established. () Drug
therapy (shaded region) during the early phases of HIV
infection may allow the establishment of CTL memory and
thus virus control in the absence of continued therapy.
Parameters were chosen as follows. A=1;d=0.1; 3=0.5;
a=0.2; p=1;¢=0.1; 5=0.001; ¢=0.5; h=0.1; s=0.0042.

expansion of the CTLp population. As virus load rises,
treatment has to be initiated. If treatment is effective, it
will reduce the amount of viral replication to zero or low
levels. This results in reduced amounts of immune impair-
ment which in turn allows the generation of CTL
memory. Once significant CTL memory has been gener-
ated, drug treatment can in principle be withdrawn.
According to model predictions, the CTL memory
response cannot go extinct anymore because the
dynamics of the CTLp population depends on the initial
number of CTLp upon resumption of efficient viral repli-
cation, e.g. when drug treatment is discontinued. Treat-
ment has allowed the number of CTLp to rise to levels
high enough to prevent exhaustion of memory. Because of
the presence of CTL memory, the immune system will be
able to control the infection in the long term, suppressing
viral replication to low levels.

The duration of treatment required for the successful
establishment of CTL memory depends on the replication
rate of the virus, the rate of CTL activation, and the time
when treatment is initiated. The lower the rate of CTL
activation, and the higher the replication rate of the
virus, the longer the duration of treatment required for
the establishment of memory. The later that treatment is
initiated, the higher the virus load may rise, and the
longer the duration of therapy required to overcome the
T-helper cell impairment by the virus. If treatment is
initiated after a certain time threshold, CTL memory
cannot be generated anymore. This time threshold in turn
depends on the rate of viral replication and the efficacy of
the CTL response.

Phil. Trans. R. Soc. Lond. B (2000)
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Figure 10. Drug treatment (shaded region) during the
asymptomatic period of the infection. (@) Effective treatment
reduces virus load to low or undetectable levels. However,
withdrawing the drugs results in the re-emergence of virus
load to pre-treatment levels. (b)) CTL memory may be
reconstituted by a therapy regime consisting of two phases. In
the first phase, drug treatment reduces virus load to low
levels. This treatment should continue at least until virus load
has reached a new equilibrium and may be continued for
longer in order to allow a certain degree of regeneration of the
CD4" cell count. The second phase includes a drug holiday
followed by another period of drug therapy. This allows
reconstitution of CTL memory and control of viraemia in the
absence of treatment. For details, see text. Parameters were
chosen as follows. A=1;d=0.1; =0.5; a=0.2; p=1; ¢=0.1;
b=0.001; ¢=0.5; h=0.1; s=0.0042.

(b) Treatment during the asymptomatic phase of
HIV infection

If memory generation fails during the primary phase
of the infection, the virus population will settle to an
equilibrium, and the level of virus load may be
determined by a combination of target cell availability
and non-memory immune responses. This marks the
beginning of the asymptomatic period which, in the
absence of therapy, will eventually culminate in the devel-
opment of AIDS. Although drug therapy may suppress
virus load to very low levels during the asymptomatic
phase and therefore ensures a longer life span of the
patient (Arnaout et al. 1999), therapy has to continue for
life. However, severe side-effects induced by the drugs, as
well as problems regarding drug resistance, render this
strategy doubtful.

Here, we propose a conceptual treatment regime that
should theoretically allow reconstitution of CTL memory,
resulting in virus control in the absence of continuous
therapy (figure 10).

This approach includes two phases of treatment. The
initial treatment starts in the asymptomatic period and
should reduce virus load to low levels. This initial treat-
ment should be sustained at least until virus load has
settled to its new equilibrium or until it has dropped to
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undetectable levels. A longer duration of treatment would
be preferable to maximize the CD4" T-cell count increase
and immune system recovery during this phase. The next
phase involves that the patient should go on a drug
holiday. The drug holiday will allow a rise in virus load
that essentially mimics the primary phase of HIV infec-
tion. The positive growth rate of the virus population
provides another stimulus for the expansion of a CTL
memory response. As virus load increases, drug therapy
should be resumed in order to reduce T-helper cell
impairment. This should allow the generation of CTL
memory, similar to the situation in the primary infection
described above. Once CTL memory has successfully
been established, it may be possible to withdraw drug
treatment for good. Depending on the efficacy of the
memory response, the virus may be controlled by the
immune system in the absence of therapy. Factors deter-
mining the duration of the second phase of therapy are
the same as those that determine the duration of treat-
ment during primary infection. Thus, a lower rate of
CTL activation, a higher rate of viral replication, and
later initiation of treatment while virus load rises require
a longer duration of the secondary phase of therapy in
order to reconstitute CTL memory. Repeated cycles of
therapy and drug holidays may maximize the chances of
success. In order to minimize the emergence of resistant
mutants, discontinuation of therapy should involve abrupt
simultaneous cessation of all drugs.

However, this treatment regime may become proble-
matic if the patient has already progressed further in the
disease process and has a highly depressed CD4" cell
count. In such patients, T-cell help will be weak even
under therapy, and this prevents the reconstitution of
CTL memory. Hence, our models predict that initiating
this treatment regime early in the course of the infection
may maximize the chances of achieving sustained immu-
nological control of the virus in the absence of life-long
drug treatment.

Our predictions are in very close agreement with clin-
ical data from HIV-infected patients (Lisziewicz et al.
1999; Lori et al. 1999; Markowitz et al. 1999; Ortiz et al.
1999). They are also supported by experiments on drug
treatment during the primary phase of SIV infection in
macaques, as well as by re-challenge studies during the
asymptomatic period (Lifson et al. 2000).

7. CONCLUSIONS

We have used mathematical models to analyse the
dynamics of primary and secondary challenges in viral
infections. We determined the conditions required for
CTL-mediated clearance of the primary infection, and for
CTL-mediated protection against secondary challenge.
The fundamental result of our studies is that CTL memory
1s required for the resolution of the primary infection. On
the other hand, the degree of protection against secondary
challenge may depend on the exact circumstances, such as
the route of infection, inoculum size and viral phenotype.
This suggests that CTL memory may have evolved in
order to resolve the primary infection. Our predictions
about the dynamics of secondary challenge by the virus
are in good agreement with findings in the literature and
may explain conflicting experimental observations as well

Phil. Trans. R. Soc. Lond. B (2000)

as the controversy concerning the nature and protective-
ness of CTL memory.

This novel perspective on the dynamics of CTL
responses offers new insights into mechanisms underlying
viral persistence in a variety of infections, including
LCMV, HTLV and HIV. In particular, the implications for
HIV infection are of special importance. The models offer
a new understanding about the relationship between
immune impairment, memory generation and viral persis-
tence. Based on this understanding, the models suggest
possible treatment regimes that may allow the successful
establishment of CTL memory during the primary phase,
or the reconstitution of CTL memory during the asympto-
matic period of HIV infection. Such treatment regimes
could shift the balance between HIV and the immune
response in favour of the immune system. Our theory,
together with further experimental studies, may allow us
to devise a clinically feasible treatment schedule for HIV-
infected patients that may result either in long-term
control of the virus, or in elimination of HIV from the host
without the need of life-long antiviral therapy.

We thank Charles Bangham, Stephan Ehl and Paul Klenerman
for helpful comments and discussions. This work was supported
by the Institute for Advanced Study (DW. and M.A.N), the
Wellcome Trust (K.M.P), and the Marshall Aid Commemora-
tion Commission (R.A.A)).

APPENDIX A. THE QUASI-EQUILIBRIUM
IN SYSTEM (1)

In this Appendix, we derive analytical insights into the
long-term behaviour of system (1) for small values of &
(that is long-lived CTLp, w).

(a) Two-species model with no decay of the immune
cells (b=0)
Let us first consider the limiting case, & = 0. We have

D =y(Bx —a—pz) (A1)
w=c¢(l —q)w
z=cqyw —hz

In this case, there is no interior equilibrium and the infec-
tion will eventually be eliminated.

We study a simplified system by assuming that x is at
its equilibrium value, x = 4/d, and z is at a steady state
given by z = 0, which implies z = ¢¢g yw/h. These assump-
tions lead to

I =HA = Byw) } (A2)
w = Cyw

where A= pAld —a, B=peq/h and C=¢(1—g¢q), in
terms of the full model parameters. We call the initial
values of y and w, y, and w, respectively.

Numerical simulations show that system (A2) is an
excellent approximation of system (Al) for the initial
peak of », and the subsequent long-term dynamics. Initi-
ally, » grows exponentially until it reaches some
maximum value and then abruptly starts to decrease.
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(1) Peak dynamics

Initially, w and y are very small and so the exponential
growth rate for the infected cells 1s 4. We have approxi-
mately

(1) = yoe . (A3)
The maximum is reached when

(Hw(t) = 4 A4
i) =%, (A4)
Solving
w = Cyoe'w, (A5)
we get

G
w(t) = wy exp [% (et — 1)] (A6)
Substituting for w and y in equation (A4) yields
Cyo A A
Aty +—== (e = 1)| == A7

woyoexp{ m T (e ) B (A7)

where ¢, is the time at which the maximum in y is
reached. Equation (7) can be written as

x+ Ke* =1, (A8)
where x = At,,, K = Cyy/A, and L = In (4/Bwy y,) + Cyy/A.
The solution can be expressed as

L 1
by =———2(Ke"),

=T (A9)

where 2 is the omega (or LambertW) function, which
satisfies $2(x)e®™ = x. Substituting into equation (3), we
get the maximum value of », which is given by

S :y[—g Q(Keb). (A10)

(i1) Long-term dynamics

In the second phase of the dynamics, in which y is
decreasing, we find that §{=pw 1is approximately
constant. Considering the equation for & we find that this
implies

A — Byw+ Cy = 0. (All)

Substituting into equation (2), we obtain

J=—0Cy. (A12)

This has solution

() = 1/{0(&‘— ) +1], (A13)
(k)

where f, is some fixed time. If we assume that this
approximate solution is valid from the point at which y
reaches its maximum, then we can substitute in {, = {,

and y(4)) =_yy. This yields

(A14)
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where
1 I 1
= <L 2(Ke™) Q(KeL)>'

(b) Two-species model with decay of immune cells
(b5£0)
With decay of the immune cells the system (Al)
becomes

x=A—dx— Bxy

'y=y<ﬁx—a—l)z) (A15)
w=c¢(l —q)yw— dbw

z=cqyw —hz

and hence (A2) becomes

»=y(4—B

=4 = Byw) } (Al6)
w = Cyw — bw

Again, the dynamics have two phases: first, y grows expo-
nentially with rate 4, and then it decreases with yw in
quasi-equilibrium.

(c) Peak dynamics
Once again, in the initial phase, we have

() = e, (A17)
and we solve
w = Cype — buw, (A18)
to give

Cyy
w(t) = wy exp [% (em — 1)} (A19)

The first equation of system (A16) implies yw = A/B at
the maximum of y, so substituting for y and w, as before,
we get an equation in the time, ¢, at which the maximum
is reached:

C A

w030 €xp | (A — b)t + 2L (et — 1)| = =. (A20)
A B

Equivalently, we have

x+Ke' =1, (A21)

where x = At,,, K and L are as in the previous section
and r = (4 — b)/A. This is just

x+Ke' =L, (A22)
where K7 = K'[r and L' = L/r and so has solution
L 1 )
ty=———02(K'e" A
Lt (A23)
and
_ Do ;I

P = F.Q(Ke ). (A24)
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(1) Long-term dynamics
In the second phase of the dynamics, in which y is
decreasing, £ = yw is roughly constant, which implies

Cy—b+A4— Byw=0, (A25)
and hence

y=7b—=0). (A26)
This has solution

1_¢. (L_Q)ewo—w, (A27)
b o) b

where {, is some fixed time. If we assume this solution is

valid from the point at which y reaches its maximum,

then substituting £, = ¢,, and y(¢,) = »,,, we get

1 ¢ ' I

Sl — ] o — el
-l ]

= (A28)
i Do

REFERENCES

Altman, J. D., Moss, P. A. H., Goulder, P. J. R., Barouch,
D. H., McHeyzer-Williams, M. G., Bell, J. 1., McMichael,
A. J. & Davis, M. M. 1996 Phenotypic analysis of antigen-
specific T lymphocytes Science 274, 94-96. [Erratum in Science
1998 280, 1821

Andersson, E. C., Christensen, J. P., Marker, O. & Thomsen,
A. R. 1994 Changes in cell adhesion molecule expression on
T cells associated with systemic virus infection. 7 Immunol.
152, 1237-1245.

Arnaout, R. A.; Lloyd, A. L., O’Brien, T. R., Goedert, J. J.,
Leonard, J. M. & Nowak, M. A. 1999 A simple relationship
between viral load and survival time in HIV-1 infection. Proc.
Natl Acad. Scr. USA 96, 11549-11553.

Bachmann, M. F., Kundig, T. M., Hengartner, H. &
Zinkernagel, R. M. 1997 Protection against immunopatho-
logical consequences of a viral infection by activated but not
resting cytotoxic T cells: T cell memory without ‘memory
T cells? Proc. Natl Acad. Sci. USA 94, 640-645.

Baldridge, J. R. & Buchmeier, M. J. 1992 Mechanisms of
antibody-mediated protection against lymphocytic chorio-
meningitis virus infection: mother-to-baby transfer of
humoral protection. J. Virol. 66, 4252—4257.

Battegay, M., Moskophidis, D., Rahemtulla, A., Hengartner,
H., Mak, T. W. & Zinkernagel, R. M. 1994 Enhanced estab-
lishment of a virus carrier state in adult CD4+ T-cell-
deficient mice. 7. Virol. 68, 4700-4704.

Bernard, N. F., Yannakis, C. M., Lee, J. S. & Tsoukas, C. M.
1999 Human immunodeficiency virus (HIV)-specific cyto-
toxic T lymphocyte activity in HIV-exposed seronegative
persons. J. Infect. Dis. 179, 538—547.

Beverley, P. C. 1990 Is T-cell memory maintained by crossreac-
tive stimulation? Immunol. Today 11, 203—205.

Borrow, P., Tishon, A., Lee, S., Xu, J., Grewal, I. S., Oldstone,
M. B. & Flavell, R. A. 1996 CD40L-deficient mice show
deficits in antiviral immunity and have an impaired memory
CD8+ CTL response. J. Exp. Med. 183, 2129-2142.

Borrow, P., Tough, D. F., Eto, D, Tishon, A.; Grewal, I. S.,
Sprent, J., Flavell, R. A. & Oldstone, M. B. 1998 CD40
ligand-mediated interactions are involved in the generation of
memory CD8(+) cytotoxic T lymphocytes (CTL) but are not
required for the maintenance of CTL memory following virus
infection. 7. Virol. 72, 7440-7449.

Bruno, L., Kirberg, J. & Von Boehmer, H. 1995 On the cellular
basis of immunological T cell memory. Immunity 2, 37—43.

Phil. Trans. R. Soc. Lond. B (2000)

Castelmur, 1., DiPaolo, C., Bachmann, M. F.; Hengartner, H.,
Zinkernagel, R. M. & Kundig, T. M. 1993 Comparison of the
sensitivity of in vivo and in vitro assays for detection of
antiviral cytotoxic T cell activity.  Cell 151,
460-466.

Christensen, J. P., Marker, O. & Thomsen, A. R. 1994 The role
of CD4+ Tcells in cell-mediated immunity to LCMV: studies
in MHC class I and class II deficient mice. Scand. F Immunol.
40, 373-382.

De Boer, R. J. & Perelson, A. S. 1998 Target cell limited and
immune control models of HIV infection: a comparison. 7.
Theor. Biol. 190, 201-214.

Doherty, P. C. 1993 Immune exhaustion: driving virus-specific
CD8+ Tecells to death. Trends Microbiol. 1, 207-209.

Doherty, P. C. 1997 Cell mediated immunity in virus infections.
Biosci. Rep. 17, 367-387.

Doherty, P. C. 1998 The numbers game for virus-specific CD8+
Tcells. Science 280, 227.

Doherty, P. C., Topham, D. J. & Tripp, R. A. 1996
Establishment and persistence of virus-specific CD4+ and
CD8+ T cell memory. Immunol. Rev. 150, 23—44.

Dutton, R. W., Bradley, L. M. & Swain, S. L. 1998 T cell
memory. 4. Rev. Immunol. 16, 201-223.

Ehl, S., Klenerman, P, Aichele, P., Hengartner, H. &
Zinkernagel, R. M. 1997 A functional and kinetic
comparison of antiviral effector and memory cytotoxic
T lymphocyte populations in vivo and in vitro. Fur J.
Immunol. 27, 3404—3413.

Ehl, S., Barchert, W., Wodarz, D., Klenerman, P., Bocharov, G.,
Lloyd, A. L., Ochen, S., Hengartner, H., Zinkernagel, R. M.
& Nowak, M. A. 2000 Direct quantitation of target cell lysis
by antiviral CTL in vivo. Eur. J. Immunol. (In the press.)

Gray, C. M., Lawrence, J., Schapiro, J. M., Altman, J. D,
Winters, M. A., Crompton, M., Loi, M., Kundu, S. K.,
Davis, M. M. & Merigan, T. C. 1999 Frequency of class I
HLA-restricted anti-HIV CD8+ T cells in individuals
receiving highly active antiretroviral therapy (HAART). 7
Immunol. 162, 1780—1788.

Gray, D. & Matzinger, P. 1991 T cell memory is short-lived in
the absence of antigen. 7. Exp. Med. 174, 969-974.

Harrer, T., Harrer, E., Kalams, S. A., Barbosa, P., Trocha, A.,
Johnson, R. P.; Elbeik, T., Feinberg, M. B., Buchbinder, S. P.
& Walker, B. D. 1996a Cytotoxic T lymphocytes in asympto-
matic long-term nonprogressing HIV-1 infection. Breadth and
specificity of the response and relation to in vivo viral quasi-
species in a person with prolonged infection and low viral
load. J. Immunol. 156, 2616—2623.

Harrer, T. (and 12 others) 19965 Strong cytotoxic T cell and
weak neutralizing antibody responses in a subset of persons
with stable nonprogressing HIV type 1 infection. AIDS Res.
Hum. Retroviruses 12, 585-592.

Hou, S., Hyland, L., Ryan, K. W., Portner, A. & Doherty, P. C.
1994 Virus-specific CD8+ T-cell memory determined by
clonal burst size [see comments]. Nature 369, 652—654.

Jamieson, B. D. & Ahmed, R. 1989 T cell memory. Long-term
persistence of virus-specific cytotoxic Tcells. 7. Exp. Med. 169,
1993-2005.

Koenig, S., Woods, R. M., Brewah, Y. A., Newell, A. J., Jones,
G. M., Boone, E., Adelsberger, J. W., Baseler, M. W.,
Robinson, S. M. & Jacobson, S. 1993 Characterization of
MHC class I restricted cytotoxic T cell responses to tax in
HTLV-1 infected patients with neurologic disease. 7. Immunol.
151, 3874-3883.

Kundig, T. M., Bachmann, M. F., Ochen, S., Hoffmann, U W.,
Simard, J. J., Kalberer, C. P., Pircher, H., Ohashi, P. S.,
Hengartner, H. & Zinkernagel, R. M. 1996z On the role of
antigen in maintaining cytotoxic T-cell memory. Proc. Natl

Acad. Sci. USA 93, 9716-9723.

Immunol.


http://rstb.royalsocietypublishing.org/

b

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Cytotoxic T-lymphocyte memory and HIV ~ D.Wodarz and others 343

Kundig, T. M., Bachmann, M. F., Ohashi, P. S.; Pircher, H.,
Hengartner, H. & Zinkernagel, R. M. 199646 On T cell
memory: arguments for antigen dependence. Immunol. Rev.
150, 63-90.

Lau, L. L., Jamieson, B. D., Somasundaram, T. & Ahmed, R.
1994 Cytotoxic T-cell memory without antigen [see
comments]. Nature 369, 648—652.

Lehmann-Grube, F. 1971 Lymphocytic choriomeningitis virus.
Virol. Monogr. 10, 1-173.

Lifson, J. D. (and 13 others) 2000 Containment of SIV infection:
cellular immune responses and protection from rechallenge
following transient post-inoculation antiretroviral treatment.
J-Virol. (In the press.)

Lin, Y. L. & Askonas, B. A. 1981 Biological properties of an
influenza A virus-specific killer T cell clone. Inhibition of
virus replication in vivo and induction of delayed-type hyper-
sensitivity reactions. J. Exp. Med. 154, 225-234.

Lisziewicz, J., Rosenberg, E., Lieberman, J., Jessen, H.,
Lopalco, L., Siliciano, R., Walker, B. & Lori, F. 1999 Immune
control of HIV after suspension of therapy. In Sixth Conference
on Retroviruses and Opportunistic Infections. (Abstract.)

Lori, F., Zinn, D., Varga, G., Maserati, R., Seminari, E.,
Timpone, J., Miller, N., Pal, R.; Markham, P. & Lisziewicz, J.
1999 Intermittent drug therapy increases the time to HIV
rebound in humans and induces the control of SIV after treat-
ment interruption in monkeys. In Sixth Conference on Retroviruses
and Opportunistic Infections. (Abstract.)

McMichael, A.,; Rowlandjones, S., Klenerman, P., McAdam,
S., Gotch, F., Phillips, R. & Nowak, M. 1995 Epitope varia-
tion and T-cell recognition. J. Cell. Biochem 521A 5IA, 60.

Markowitz, M. (and 10 others) 1999 The long-term response to
combination therapy commenced early in HIV infection: 3
year follow-up. What’s happened since Vancouver? In Sixth
Conference on Retroviruses and Opportunistic Infections. (Abstract.)

Matzinger, P. 1994 Immunology. Memories are made of this?
[see news; comment]. Nature 369, 605-606.

Mullbacher, A. 1994 The long-term maintenance of cytotoxic T
cell memory does not require persistence of antigen. 7. Exp.
Med. 179, 317-321.

Mullbacher, A. & Flynn, K. 1996 Aspects of cytotoxic T cell
memory. Immunol. Rev. 150, 113—127.

Nowak, M. A. & Bangham, C. R. 1996 Population dynamics of
immune responses to persistent viruses. Science 272, 74—79.

Nowak, M. A., Anderson, R. M., McLean, A. R., Wolfs, T. F. W,,
Goudsmit, J. & May, R. M. 1991 Antigenic diversity thresholds
and the development of AIDS. Science 254, 963-969.

Nowak, M. A. (and 10 others) 1995 Antigenic oscillations and
shifting immunodominance in HIV-1 infections. Nature 375,
606-611.

Oehen, S. & Brduscha-Riem, K. 1998 Differentiation of naive
CTL to effector and memory CTL: correlation of effector
function with phenotype and cell division. J. Immunol. 161,
5338-5346.

Ochen, S., Waldner, H., Kundig, T. M., Hengartner, H. &
Zinkernagel, R. M. 1992 Antivirally protective cytotoxic T
cell memory to lymphocytic choriomeningitis virus is
governed by persisting antigen. 7 Exp. Med. 176, 1273—1281.

Ortiz, G. M. (and 18 others) 1999 HIV-1-specific immune
responses in subjects who temporarily contain virus replica-
tion after discontinuation of highly active antiretroviral
therapy [see comments]. 7. Clin. Invest. 104, R13—R18.

Planz, O., Ehl, S.; Furrer, E., Horvath, E., Brundler, M. A.,
Hengartner, H. & Zinkernagel, R. M. 1997 A critical role for
neutralizing-antibody-producing B cells, CD4(+) T cells, and
interferons in persistent and acute infections of mice with
lymphocytic choriomeningitis virus: implications for adoptive
immunotherapy of virus carriers. Proc. Natl Acad. Sci. USA 94,
6874-6879.

Phil. Trans. R. Soc. Lond. B (2000)

Ridge, J. P, Di Rosa, F. & Matzinger, P. 1998 A conditioned
dendritic cell can be a temporal bridge between a CD4+
T-helper and a T-killer cell [see comments]. Nature 393,
474-478.

Rosenberg, E. S., Billingsley, J. M., Caliendo, A. M., Boswell,
S. L., Sax, P. E., Kalams, S. A. & Walker, B. D. 1997 Vigorous
HIV-1-specific CD4+ Tcell responses associated with control of
viremia [see comments|. Science 278, 1447-1450.

Schoenberger, S. P, Toes, R. E., Van der Voort, E. 1., Offringa,
R. & Melief, C. J. 1998 T-cell help for cytotoxic T lympho-
cytes 1s mediated by CD40-CD40L interactions [see
comments]. Nature 393, 480-483.

Selin, L. K. & Welsh, R. M. 1997 Cytolytically active memory
CTL present in lymphocytic choriomeningitis virus-immune
mice after clearance of virus infection. 7. Immunol. 158,
5366—5373.

Sprent, J. & ‘lough, D. F. 1994 Lymphocyte life-span and
memory. Sczence 265, 1395-1400.

Tew, J. G., DiLosa, R. M., Burton, G. F., Kosco, M. H., Kupp,
L. 1., Masuda, A. & Szakal, A. K. 1992 Germinal centers
and antibody production in bone marrow. Immunol. Rev. 126,
99-112.

Tew, J. G.,Wu, J., Qin, D., Helm, S., Burton, G. F. & Szakal, A. K.
1997 Follicular dendritic cells and presentation of antigen and
costimulatory signals to B cells. Immunol. Rev. 156, 39-52.

Thomsen, A. R. & Marker, O. 1988 The complementary roles
of cellular and humoral immunity in resistance to reinfection
with LCM virus. Immunology 65, 9—15.

Thomsen, A. R., Johansen, J., Marker, O. & Christensen, J. P.
1996 Exhaustion of CTL memory and recrudescence of
viremia in lymphocytic choriomeningitis virus-infected MHC
class II-deficient mice and B cell-deficient mice. 7. Immunol.
157, 3074-3080.

Thomsen, A. R., Nansen, A., Christensen, J. P., Andreasen,
S. O. & Marker, O. 1998 CD40 ligand is pivotal to efficient
control of virus replication in mice infected with lymphocytic
choriomeningitis virus. J. Immunol. 161, 4583—4590.

Volkert, M. & Lundstedt, C. 1968 The provocation of latent
lymphocytic choriomeningitis virus infections in mice by
treatment with antilymphocytic serum. 7. Exp. Med. 127,
327-339.

Von Herrath, M. G., Yokoyama, M., Dockter, J., Oldstone, M. B.
& Whitton, J. L. 1996 CD4-deficient mice have reduced
levels of memory cytotoxic T lymphocytes after immunization
and show diminished resistance to subsequent virus challenge.
J-Varol. 70, 1072—1079.

Wodarz, D. & Nowak, M. A. 1998 The effect of different
immune responses on the evolution of virulent CXCR#4 tropic
HIV. Proc. R. Soc. Lond. B 265, 2149-2158.

Wodarz, D. & Nowak, M. A. 1999 Immune responses and viral
phenotype: do replication rate and cytopathogenicity influ-
ence virus load? J Theor. Med. (Submitted.)

Wodarz, D., Klenerman, P. & Nowak, M. A. 1998 Dynamics of
cytotoxic T-lymphocyte exhaustion. Proc. R. Soc. Lond. B 265,
191-203.

Wodarz, D., Lloyd, A. L., Jansen, V. A. A. & Nowak, M. A.
1999 Dynamics of macrophage and T cell infection by HIV. 7.
Theor. Biol. 196, 101-113.

Zimmerman, C., Brduscha-Riem, K., Blaser, C., Zinkernagel,
R. M. & Pircher, H. 1996 Visualization, characterization,
and turnover of CD8+ memory T cells in virus-infected hosts.
J- Exp. Med. 183, 1367—1375.

Zinkernagel, R. M. 1993 Immune protection vs. immuno-
pathology vs. autoimmunity: a question of balance and of
knowledge. Brain Pathol. 3, 115—-121.

Zinkernagel, R. M., Bachmann, M. F., Kundig, T. M., Ochen,
S., Pirchet, H. & Hengartner, H. 1996 On immunological
memory. A. Rev. Immunol. 14, 333-367.


http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

d.

ALIIDOS mZO_._.anumZ<~_._.

VAOY dH.L 1vDIHdOSOTIHd

d.

ALIIOOS mZO..—.M@mZ<~_._.

VYAOY HH.L IvDIHdOSOTIHd


http://rstb.royalsocietypublishing.org/

