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Population Dynamics of
Immune Responses to
Persistent Viruses
Martin A. Nowak and Charles R. M. Bangham

Mathematical models, which are based on a firm understanding of biological interactions,
can provide nonintuitive insights into the dynamics of host responses to infectious agents
and can suggest new avenues for experimentation. Here, a simple mathematical approach
is developed to explore the relation between antiviral immune responses, virus load, and
virus diversity. The model results are compared to data on cytotoxic T cell responses and
viral diversity in infections with the human T cell leukemia virus (HTLV-1) and the human

immunodeficiency virus (HIV-1).

Molecular techniques have provided fun-
damental insight into the fine detail of the
immune system. But many biologically im-
portant questions are not primarily con-
cerned with the molecular mechanisms of
immune recognition but with the popula-
tion dynamics of the immune response.
Such questions usually cannot be answered
by experimental methods alone but require
the help of mathematical models.

These questions arise particularly in the
dynamics of host-parasite interactions (I).
In HIV infection, for example, mathemati-
cal models have been devised to describe
the slow decline in the numbers of CD4
cells over many years, the interaction be-
tween HIV and other opportunistic infec-
tions, the emergence of drug-resistant virus-
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es, and the consequences of antigenic diver-
sity and viral evolution during single infec-
tions (2, 3). In HIV and hepatitis B virus
(HBV) infection, mathematical models of
drug treatment dynamics have provided es-
timates for the turnover rates of infected
cells and free virus (4, 5).

The strategy of successful mathematical
modeling is akin to Ockham’s razor: start
with the smallest number of essential as-
sumptions and follow the implications rig-
orously to their logical conclusions. An el-
egant model can often have greater intrin-
sic value than an accurate one overloaded
with detail. Mathematical models differ
from verbal theories in giving a precise and
explicit connection between assumption
and conclusion. The act of formulating a
model forces one to ask questions that are
often overlooked (6). Here a simple, but
general mathematical framework is present-
ed for viral replication and immune re-
sponses. We explore the basic dynamics of

SCIENCE « VOL. 272 « 5 APRIL 1996

Salzano and S. M. Callegari-Jacques, South Ameri-
can Indians: A Case Study in Evolution (Oxford Univ.
Press, New York, 1988).

66. L. Degos and J. Dausset, Immunogen. 3, 195
(1974); A. Piazza, P. Menozzi, L. L. Cavalli-Sforza,
Hum. Immunol. 4, 297 (1994).

67. C. G. Sibley and J. E Ahlquist, J. Mol. Evol. 20, 2
(1984); M. Hasegawa, H. Kishino, T. Yano, ibid. 26,
132 (1987); M. Ruvolo, T. R. Disotell, M. W. Allard,
W. M. Brown, R. L. Honeycutt, Proc. Nat. Acad. Sci.
U.S.A. 88,1570 (1991).

68. G.Zangenberg, M.-M. Huang, N. Arnheim, H. Erlich,
Nat. Genet. 10, 407 (1995).

69. L. D. Barber et al., Curr. Biol. 5, 179 (1995); L. D.
Barber and P. Parham, unpublished data.

70. W. F. Bodmer and L. L. Cavalli-Sforza, Genetics,
Evolution and Man (Freeman, San Francisco, 1976);
L. L Cavalli-Sforza, P. Menozzi, A. Piazza, The His-
tory and Geography of Human Genes (Princeton
Univ. Press, Princeton, NJ, 1994).

71. F. E. Leon-S., A. Ariza-Deleon, A. Ariza-Caceido,
Hum. Immunol. 42, 348 (1995).

72. We thank S. G. E. Marsh of the Tissue Antigen Lab-
oratory, Imperial Cancer Research Fund, London, for
providing the tabulation of HLA sequences shown in
Fig. 1. We thank W. Bodmer and J. Bodmer for
suggesting this collaboration.

virus—host cell interaction and the conse-
quences of immune responses on virus load
and antigenic diversity.

Parameters That Influence
Infection Dynamics

Viruses are intracellular parasites that de-
pend on the host cell to survive and repli-
cate. The host cell can be damaged either
directly by the virus or by immune respons-
es to the virus; the balance of good and
harm done by the antiviral immune re-
sponse depends on the amount of virus
present, the tissues infected, and the chro-
nicity of the infection (7).

The abundance of virus—that is, the
virus load—is an important determinant of
the outcome of infection with many viruses:
for instance, in HIV-1 and other lentivirus
infections, virus load is correlated with
pathogenicity, disease stage, and progres-
sion of disease (8, 9); in HTLV-1, a large
provirus load is associated with chronic in-
flammatory conditions (10); in HBV, the
level of viremia is correlated with the risk of
chronic infection (11); in cytomegalovirus
infection, the amount of tissue damage is
related to virus load (12); and in Lassa
fever, mortality is correlated with the level
of viremia (13).

Antibodies, cytokines, natural killer cells,
and T cells are essential components of a
normal immune response to a virus. But in
most virus infections, cytotoxic T lympho-
cytes (CTLs) play a critical part in antiviral
defense by attacking virus-infected cells. It is
believed that they are the main host immune
factor that limits the extent of virus replica-
tion in vivo and thus determines virus load.
The clearest evidence for the role of these
cells comes from passive transfer of immune

CTLs to mice and humans (14). Using hu-



man volunteers, McMichael et al. (15)
showed that virus-specific CTL activity was
associated with reduced shedding of influen-
za virus. There is circumstantial evidence for
the control of virus by CTLs in natural in-
fections with HIV-1 (16), HTLV-1 (17),
HBV (18), and Epstein-Barr virus (19).

An important concept discussed here is
CTL responsiveness, which is defined as the
rate at which an individual mounts a CTL
response to a given virus. On a cellular
level, CTL responsiveness is the average
rate at which specific CTLs proliferate after
encountering an infected cell. This rate will
depend on factors such as the affinity of the
T cell receptor for the combined viral pep-
tide and major histocompatibility complex
(MHC) molecules. The CTL responsive-
ness against a specific virus is likely to vary
between individuals and depends, among
other things, on the genes encoded by the
MHC, which determine which epitopes of
the virus are presented to the immune sys-
tem. The CTL responsiveness of a patient
can also vary over time: for example, in
HIV infection it may vary as a result of
antigenic variation or declining T cell help.
Emergence of antagonistic variants may
also reduce CTL responsiveness.

In contrast to the inherent property of
CTL responsiveness, the term “CTL re-
sponse” denotes the actual number of virus-
specific CTLs present at a given time. It is
this quantity that is measured by in vitro
assays. The CTL response depends on the
amount of stimulation provided by the virus
and thus on virus load. CTL response and
virus load are linked to each other in a
density-dependent fashion: A strong CTL
response may reduce virus load, but the
resulting small virus load will provide less
stimulation, and in time the CTL response
will decline.

Here, we make the following argument:
(i) Virus load is an important determinant
of disease; (ii) CTLs limit virus load; (iii)
therefore, individual variation in CTL re-
sponsiveness may account for much of the
observed variation in the outcome of dis-
ease. The emphasis here is on CTLs because
of their known importance in the defense
against viruses, but we will show that iden-
tical principles apply to other host defense
factors, including antibody responses. We
will also discuss the following questions, all
of which can be addressed by mathematical
models: How do strong and weak CTL re-
sponders differ in their equilibrium virus
load? What is the expected correlation be-
tween virus load and CTL activity in a
cross-sectional study (that is, in a compari-
son between infected individuals)? What is
the effect of a strong CTL response on virus
diversity? How does antigenic variation in
CTL epitopes affect virus load? Why is the
CTL response to HTLV-1 equally strong in

people whose HTLV-1 provirus loads differ
by a factor of 10 to 100? And, finally, if
CTLs limit HIV replication, why is there no
correlation between the magnitude of the
CTL response and virus load (or CD4 cell
count) in HIV-infected patients?

Models for Infection Dynamics

Here, we will present three models: first, a
simple model for the interaction between a
replicating virus and host cells; second, a
model that includes immune responses
against infected cells; and, finally, a model
in which the virus is allowed to mutate both
in terms of replication ability and escape
from immune responses. Our strategy is to
consider the simplest possible models and to
explore their implications.

Virus replication. The basic model of viral
dynamics (I-5) contains three variables:
uninfected cells x, infected cells y, and free
virus particles v (Fig. 1). Infected cells are
produced from uninfected cells and free vi-
rus at rate Bxv and die at rate ay. Free virus
is produced from infected cells at rate ky
and declines at rate uv (20). Therefore, the
average lifetime of an infected cell is 1/a
and the average lifetime of a free virus
particle is 1/u; the total number of virus
particles produced from one cell is kfa. Un-
infected cells are produced at a constant
rate, A, from a pool of precursor cells and
die at rate dx. This is the simplest possible
host cell dynamics, which leads to a stable

Fig. 1. A model for virus-
CTL interaction. In virus rep-
lication, free virus particles l r
and uninfected cells pro-
duce infected cells at rate 3.
Infected cells produce new
virus particles at rate k. Un- l o i“
infected cells are assumed
to be generated at a con-
stant rate N from a pool of
precursor cells. Free virus
and infected and uninfected
cells decline at rates v, a,
and d, respectively. The lb
population dynamics is de-

scribed by Eq. 1. In the CTL

response, infected cells and

specific CTLs form a com-
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equilibrium of host cells in the absence of
virus. These assumptions lead to the follow-
ing system of differential equations:

x=N—dx — Bxv

¥y = Bxv — ay

v=ky —uv (1)
If the basic reproductive ratio (1) of the
virus, Ry = PM\k/(adu), is smaller than 1,
then in the beginning of the infection, each
virus-infected cell produces on average less
than one newly infected cell. Thus, the
infection cannot spread, and the system
returns to the uninfected state where x, =
Nd, yo = 0, and vy = O. If Ry is larger than
1, then initially each virus-infected cell pro-
duces on average more than one newly
infected cell (exactly R, such cells). The
infected cell population will increase,
whereas the uninfected cell population will
decline and therefore provide less opportu-
nity for the virus to infect new cells. The
system will converge (in damped oscilla-
tions) to the equilibrium

a_ M LM du

x T Bk YT Bk
. M d )
Y= (2)

At equilibrium, further spread of the virus is
limited by a reduced availability of unin-
fected cells. Each infected cell produces now,
on average, exactly one newly infected cell.

—>
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plex (at rate s). This complex dissociates in four pathways. (i) The target cell can be killed and the CTLs can
be stimulated to divide (rate r, ). (i) The CTLs can divide without killing the target cell (rate r,). iii) The target
cell may be killed, but the CTLs may not divide (rate r,,). (iv) There may be no killing and no proliferation (rate
r,)- The combined virus replication and CTL response-dynamics lead to the following kinetic equations: x

=N—dx—Bxv,y=Pxv—ay —syz+(,tryw v=ky—uw,z=(+r +rw-—

bz — syz,and w =

szy — w, where x, y, v, z, and w denote uninfected cells, infected cells, free virus, CTLs, and complex,
respectively. For this, r =r, +r, + ry +r,. The system is equivalent to the simpler Eq. 3 if a steady-state
approximation is valid for the dynamics of the complex. In any case, the system converges to the
equilibrium values given in Eq. 4 and w = syZz/r. The CTL responsiveness, ¢, is given by ¢ = sP, where P
= (r, + r,)/ris the probability of CTL proliferation after interaction with an infected cell. Thus, CTL
responsiveness depends on the rate of complex formation and the probability of CTL proliferation after
interaction with a target cell. The rate constant of CTL-mediated killing, p, is given by p = sQ, where Q =
(ry + rg)/ris the probability that the infected cell is killed. The model can be expanded to include different
subtypes of CTLs (effector and memory cells), which would differ primarily in the parameters r, to r,,.
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Thus, it is not necessary to evoke an immune
response to achieve a stable equilibrium level
of virus in a persistent infection. But such an
equilibrium has interesting limitations: (i)
for a noncytopathic virus, most cells will be
infected and (ii) for a cytopathic virus, the
total abundance of cells will be greatly re-
duced. Note also that the more cytopathic a
virus is (larger values of a), the smaller the
steady-state abundance of free virus and in-
fected cells and the larger the abundance of
uninfected cells (if all other parameters are
held constant). Thus, although it is possible
to attain a stable equilibrium level of virus in
the absence of an immune response, this will
usually result in large virus load, severe tissue
damage, or both (21).

Immune responses reduce virus load. We
can now extend the basic system (Eq. 1)
with an equation describing immune re-
sponses against infected cells:

x=N—dx — Bxv
Yy = Bxv —ay — pyz
o =ky — uv
=cyy — by (3)
The variable 7 denotes the magnitude of the
CTL response—that is, the abundance of
virus-specific CTLs. The rate of CTL pro-
liferation in response to antigen is given by
cyz. In the absence of stimulation, CTLs
decay at rate bz. Infected cells are killed by
CTLs at rate pyz. These simple dynamics
can be derived from the kinetic interaction
between CTLs and infected cells (Fig. 1).
The parameter ¢ denotes the CTL respon-
siveness, defined earlier as the growth rate
of specific CTLs after encountering infected
cells. The parameter p specifies the rate at
which CTLs kill infected cells (22).

In the model, there is a minimum level of
infected cells necessary to stimulate a CTL
response. If cy > b, the CTL response will
increase. The long-term outcome of the sys-
tem depends on whether the equilibrium
abundance of infected cells in the absence of
a CTL response is above or below this
threshold value. If cy* < b (where y* is
defined in Eq. 2), the CTL response may
become only transiently activated, but even-
tually the system will converge to the equi-
librium given by Eq. 2 without an active
CTL response. If cy* > b, the system shows
damped oscillations (23) to the equilibrium

Ncu b bk

=]

Sl phl) P T YT

_ 1) NBck
= (5 [(Cdu +pbk) “} 4)

There are two interesting aspects of this
equilibrium. First, the equilibrium abun-
dance of infected cells depends only on the
immunological parameters b and c. Param-
eters determining the host cell dynamics

2

Is3}
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enter only indirectly into the equation by
means of the condition c¢y* > b. Second,
the condition cy* > b is equivalent to the
conditions x* < &, y* > 4, and v* > .
Thus, in the above model if there is an
active CTL response, it will reduce virus
load and increase the equilibrium abun-
dance of uninfected cells. But the total
abundance of infected and uninfected cells,
% + 9, can be increased or decreased by a
CTL response compared to x* + y*.

At equilibrium, the average lifetime of
an infected cell is 1/(a + p2), where a is the
rate of cell death as a result of virus cyto-
pathicity and p? is the rate of cell death as
a result of the action of CTLs. We can ask
how fast CTLs have to kill (compared to
the virus-mediated death rate) in order to
reduce the equilibrium virus load by a factor
f compared to y*. We find

. alRo—1)(1-9)
e we-on Y

where R, is the basic reproductive ratio of
the virus, defined above as the number of
newly infected cells arising from any one
infected cell, in the absence of a CTL re-
sponse. For example, if R, = 10, then to

reduce the virus load to one-tenth of the
levels without CTLs (f = 0.1), CTL-mediated
killing has to be 4.3 times faster than virus-
mediated killing, which means that 81% of
infected cells have to be killed by CTLs.
Variation in immune responsiveness. The
model can be used to study the relation
between CTL responsiveness, ¢, CTL re-
sponse, 2, and virus load, 3 or 9, in compar-
isons between different patients. The effects
of individual variation in CTL responsive-
ness are shown in Fig. 2. Although CTL
responsiveness determines virus load, it is
not necessarily reflected in the magnitude
of the CTL response at equilibrium. De-
pending on the detailed assumptions of how
¢ (and p) vary among individuals, the equi-
librium CTL abundance may increase at
small values of ¢ but saturate or decline for
large values of ¢ or may have no obvious
correlation to ¢ at all. Therefore, a strong
responder is characterized by large values of
¢ (and p), not necessarily by large values of
2. A strong responder limits the virus to low
levels, where it provides only a weak stim-
ulus for CTL proliferation. A weak respond-
er allows a large virus population, which
provides a stronger stimulus for CTL prolif-
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eration. Thus, strong and weak responders
will differ in virus load but may have similar
levels of CTL response. This seemingly
nonintuitive result is a well-known feature
of predator-prey dynamics. A similar result
can be obtained for antibody responsiveness
and virus load (24). This underlines the

Fig. 2. The effect of individual variation in CTL responsiveness
on virus load and CTL response. CTL responsiveness is defined
as the rate at which viral-specific CTLs proliferate after encoun-
tering infected cells, whereas CTL response refers to the abun-
dance of viral-specific CTLs in an infected individual. The virus-
CTL model of Fig. 1 and Eq. 3 leads to an equilibrium (EQ. 4) that
was used for this illustration. Model 1 assumes that variation
between individuals is confined to CTL responsiveness c,
whereas the rate of CTL-mediated killing, p, is constant. Model 2
assumes that individuals differ both in ¢ and p but that the two
parameters are linked to each other. Model 3 assumes that
patients differ in both ¢ and p but that these are (largely) uncor-
related. (A) For all three models, virus load is inversely correlated
with CTL responsiveness ¢ (except for small values of ¢, there is
no CTL response and virus load is controlled only by target cell
availability). (B and C) In models 1 (B) and 2 (C), the equilibrium
CTL response, 2, increases for small values of ¢ but saturates or
even declines for large values of c. (D and E) Model 3 shows no
correlation between CTL response and CTL responsiveness (D)
or between CTL response and virus load (E). In all three scenar-
ios, strong and weak responders will differ in their virus load but
may not differ in their CTL response. Parameter values are as
follows: A = 1,d = 0.01,a = 0.5, 3’ = Bk/u = 0.05, and b =
0.05; inmodel 1, p = 1;inmodel 2, p = c. From Fig. 1, we know
¢ = sPand p = sQ, respectively. Therefore, in model 1, P varies
between individuals, whereas in model 2, s varies. For model 3,
we take values for s from an exponential distribution (mean = 5)
and values for P and Q from a uniform distribution between 0 and
1. More generally, the models can be interpreted as describing
any type of specific immune response against a replicating
pathogen; in this case, CTL responsiveness and response should
be read as immune responsiveness and response, respectively.
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generality of the idea that immune respon-
siveness determines virus load at equilibri-
um but that there need not be a simple
correlation between immune responsive-
ness and the magnitude of the immune
response in comparisons among different
infected individuals.

Viral diversity and escape from immune
response. Viral diversity is a consequence of
mutation and selection. The short replica-
tion time of viruses gives them enormous
potential for rapid genetic change in re-
sponse to selection forces. Virus popula-
tions, even in single hosts, often consist of
ensembles of many different genetic se-
quences, the so-called quasi species (25).

The immune response against a continu-
ously replicating virus provides selection
pressure for antigenic variation. There is ev-
idence of CTL escape mutations in infec-
tions with HIV-1, HTLV-1, HBV, LCMV,
and mouse retroviruses (26). Rare mutants
that are not seen by ongoing immune re-
sponses can have a growth advantage and
may therefore increase in abundance. But
variation is opposed by functional con-
straints: virus mutants have to maintain suf-
ficiently high replication rates to compete
for available target cells. The following mod-
el illustrates the interplay between selection
pressures for and against diversification:

x=N—dx— xEBivi
i=1
¥ = Bixv; — ay; — pyiz
¥ = kiy, — uy;
(6)

Here, y; and v, denote, respectively, the
abundance of infected cells and free virus of

4 =cyz — by

Fig. 3. (A through D) The sequential evolution of
virus load and diversity in a weak and a strong
immune responder. Antigenic mutants are contin-
ually generated over time (x axis). In the weak re-
sponder, the virus load is large. Adding new mu-
tants has little effect on virus load (A) and virus
diversity (B). Only a small fraction of the viral mu-
tants can survive. The dominant selection force is
competition for fast replication. In the strong re-
sponder, virus load is small initially but increases as
new viral mutants are generated (C). Many of the
mutants persist, and diversity increases over time
(D). The dominant selection force is escape from
the immune response. In both individuals, virus di-
versity increased virus load. The computer simula-
tion is based on the system (6) and shows equilib-

rium values of virus load and diversity (measured by the inverse of the
Simpson index: y?/3,, y?). The same parameter values were used here
as in Fig. 2; ¢ = 0.05 for the weak responder and ¢ = 1 for the strong
responder. The values for B, were taken from a uniform distribution
between 0 and 0.05. (E) An inverse correlation between virus load and
diversity in a simulation of a cross-sectional study among different
patients measured at equal time points after infection. Patients differ in
their responsiveness c. Thus, the model generates a positive correla-
tion between virus load and diversity in a longitudinal study, but a

negative correlation in a cross-sectional study.
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type i. Viral variants differ in their antigenic
specificity, in the rate at which they infect
cells (B,), and in the rate of virus produc-
tion (k;). The variable z; denotes the mag-
nitude of the specific CTL response against
variant i. There are n virus variants in the
system (i = 1, ..., n), only a fraction of
which will survive at equilibrium. This
“equilibrium diversity” depends on the
CTL responsiveness, ¢, of the patient
against the virus; a strong responder selects
for higher diversity (27).

The model can simulate the dynamics of
individual infections where new viral vari-
ants are continuously being produced (Fig.
3). The effect of viral diversity is to increase
virus load. In this model, this leads to a
positive correlation between load and di-
versity if a patient is followed longitudinal-
ly, provided that the immune responsive-
ness ¢ is constant over time (28). The rela-
tion between load and diversity in compar-
isons among different infected individuals is
more complicated. A strong responder
(larger values of ¢) limits the virus to low
abundance and selects for antigenic varia-
tion. A weak responder (smaller values of ¢)
allows the virus to replicate to high abun-
dance and provides little selection for
variation. But antigenic diversity will tend
to increase virus load. The model we de-
scribe above suggests that a negative cor-
relation between virus load and diversity is
the most likely outcome in cross-sectional
studies (27).

Immune responses against multiple epitopes.
An individual’s immune system is able to
mount responses against several epitopes of a
virus. Mathematical models suggest that re-
sponses against different epitopes are not in-
dependent of each other but compete for an-
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tigenic stimulation (29). In an antigenically
homogeneous virus population, the most im-
munogenic epitope will induce the dominant
response (at equilibrium). Antigenic variation
in the immunodominant epitope can shift the
response toward other, less immunogenic
epitopes (29). In antigenically diverse virus
populations, there can be fluctuating respons-
es against several epitopes simultaneously.

The consequence of multiple epitope re-
sponses on virus load and diversity can be
seen when responses against variable and
conserved epitopes are considered (Fig. 4).
Responses against conserved epitopes en-
hance competition among viral mutants and
thereby reduce diversity in variable regions
of the genome (30). If patients differ mainly
in their responsiveness to conserved epi-
topes, the model predicts a positive correla-
tion between load and diversity: a weak re-
sponder will allow a large virus load and will
provide little selection pressure against di-
versity, whereas a strong responder will se-
lect for low diversity and will also limit the
virus population to low levels. If patients
differ mainly in their responsiveness to vari-
able epitopes, then the situation is as de-
scribed previously; the model predicts a neg-
ative correlation between load and diversity
in cross-sectional studies.

Applying the Model

HTLV. HTLV-1 causes a persistent infec-
tion that remains asymptomatic in 95% of
infected individuals. The provirus load can
differ by more than 100 times among infect-
ed people; those with a large load tend to

Epitope A Epitope B
(variable) (conserved)
X X=X XK =X e K iemann XeseeX X X
L | [ —
TDominant response
L L |

Dominant response T

Fig. 4. Immune responses can provide selection
pressure for or against viral diversity. A strong
response to a variable epitope selects for escape
mutations that may be inside or outside of the
relevant epitope. These mutations can induce
secondary mutations to maintain viral function. A
strong response to a conserved epitope provides
a selection pressure that enhances competition
among possible virus variants and therefore re-
duces viral diversity. Whether an epitope is con-
served will mostly depend on functional con-
straints acting on the viral sequence in this
epitope. The figure shows diversity in various re-
gions of the viral genome depending on the target
epitope of the dominant immune response (ar-
row). Conserved positions are indicated by dash-
es, variable positions by “x."
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develop inflammatory diseases, such as trop-
ical spastic paraparesis-HTLV-I-associated
myelopathy (TSP-HAM) (10). Most infect-
ed individuals have a chronically activated
HTLV-1-specific CTL response, which ex-
erts significant selection on the virus (31).
However, we have found no significant dif-
ference in the magnitude of the fresh or
memory CTL response between healthy car-
riers and TSP-HAM patients.

This paradox is resolved by our model, if
we assume that people differ in their CTL
responsiveness to HTLV-1. On this hypoth-
esis, healthy carriers are strong CTL re-
sponders and therefore have a small virus
load, whereas TSP-HAM patients are weak
responders and therefore have a large virus
load. But both groups can have similar lev-
els of CTL response (Fig. 2).

What is the effect of a powerful CTL
response on the sequence diversity of the
virus population? Significant nucleotide
and antigenic diversity exists in the domi-
nant CTL target antigen Tax. Healthy car-
riers have more sequence diversity in Tax
than TSP-HAM patients do (31). In the
model, CTLs directed against variable
epitopes select for increased sequence diver-
sity; therefore, strong CTL responders
should develop greater diversity. Thus, the
model provides potential explanations for
observations in HTLV-1 infection that
were not previously available.

HIV. In HIV-1 infection, specific CTL
responses arise early in primary infection
and are lost in the final stages of the disease.
They are believed to control virus replica-
tion during most of the asymptomatic phase
(16) by killing infected cells and releasing
chemokines that inhibit viral growth (32).
Long-term survival of HIV-1 infection is
usually correlated with good immune re-
sponses to the virus and small virus load (8).
But in recent studies, no correlation was
found between either a patient’s virus load
or CD4 cell count and the magnitude of the
CTL response (33).

If patients differ in their CTL respon-
siveness against HIV, our model predicts
that weak responders allow large viral loads,
whereas strong responders limit the virus to
low levels. But both groups of patients may
have comparable amounts of HIV-specific
CTLs. Assuming that CTL responsiveness,
¢, decreases over time of infection (because
of CD4 cell depletion or shift of immune
responses to less immunogenic epitopes),
then according to the model this decrease
will result primarily in increased virus load
but may not reduce the amount of HIV-
specific CTLs. Consequently, a patient with
a low CD4 cell count and a large virus load
can have an amount of HIV-specific CTLs
similar to those in a patient with a high
CD4 cell count and a small virus load.

In HIV-infected patients, viral diversity
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increases over the time since infection (34).
But it has been reported that fast progres-
sion is normally associated with large virus
load and low diversity, whereas slow pro-
gressors tend to have a small viral load but
accumulate considerable diversity (35). Our
model suggests that in individual infections,
the effect of antigenic diversity is to in-
crease virus load. In comparisons between
different patients, however, the correlation
between virus load and diversity can be
positive or negative, depending on whether
major immune responses are directed
against conserved or variable regions of the
virus. An inverse correlation between load
and diversity is the theoretical expectation
if patients mainly differ in their immune
responsiveness to variable HIV epitopes.

Any theory of HIV disease progression
has to explain how the rapid turnover of
virus and cells (4) leads to a slow decline
of CD4 cells over many years. Virus evo-
lution can slowly shift the steady state
between virus load and immune control.
Increasing antigenic diversity can increase
virus load (3). Antigenic escape can also
divert immune responses to less immuno-
genic epitopes, thereby again increasing
virus load (29).

Conclusions and Testable
Consequences

We have explored the effects of individual
variation in immune responsiveness on virus
load and diversity. We analyzed the interac-
tion between virus replication and CTL re-
sponses, but our findings also apply to anti-
body- or cytokine-médiated immunity.

The CTL responsiveness of a patient to
a given virus is defined as the inherent rate
of CTL proliferation after virus-infected
cells are encountered. In simple mathemat-
ical models, CTL responsiveness determines
virus load, but there may be no obvious
correlation between virus load and the
abundance of antiviral CTLs. Strong and
weak responders may differ in virus load but
can have similar levels of measurable CTL
response. Therefore, a better indicator of
CTL responsiveness is the equilibrium virus
load, rather than the abundance of virus-
specific CTLs. This result can explain the
nonintuitive observation that in HTLV and
HIV infection, virus load is not correlated
with the magnitude of the CTL response,
and yet CTLs are believed to play a major
part in controlling virus replication in both
cases. A testable consequence is that in
population studies, polymorphic variants of
genetic factors that control immune respon-
siveness (for example, MHC proteins) will
be primarily associated with differences in
virus load (36).

The mathematical models also show
that immune responses can provide selec-
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tion for or against diversity. Responses to
conserved epitopes enhance competition
among virus variants and therefore reduce
diversity, whereas responses to variable
epitopes can increase diversity. The relation
between viral load and diversity depends on
whether the dominant immune responses
are directed against variable or conserved
epitopes. If patients differ mainly in their
immune responsiveness to variable epi-
topes, the model predicts a negative corre-
lation between virus load and diversity in
comparisons between patients. If individu-
als differ primarily in their immune respon-
siveness to conserved epitopes of the virus,
a positive correlation between load and di-
versity is predicted. Virus sequence diversity
will be lower in those patients with a dom-
inant CTL response against a single con-
served epitope. In a given individual, in-
creasing viral diversity will, on average, in-
crease virus load.

A quantitative understanding of the im-
mune response to a virus requires experi-
mental methods to measure the rates at
which different effector mechanisms of the
immune system are elicited by a given
quantity of virus and the rates at which
these mechanisms kill infected cells, inhibit
virus replication, or eliminate free virus.
Specifically for CTLs, we need to know the
rate of proliferation after contact with an
infected cell and the fraction of virus-in-
fected cells that is eliminated because of
CTL-mediated lysis as opposed to viral cy-
topathicity. Measurement of such quantities
and virus load—and their variation be-
tween individuals—will provide a detailed
understanding of viral pathogenesis and im-
mune control.
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