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This paper presents a theory to explain the development of immunodeficiency disease
after a long and variable incubation period of infection with HIV-1. Two assumptions
are central to the theory: (1) mutation via reverse transcription during viral replication
can generate viral strains resistant to neutralization by antibodies specific to earlier
mutants in a particular host; (2) the virus can kill the CD4-positive lymphocytes that
play a role in mounting an immunological attack directed at the virus, The theory
is examined via the development of a mathematical model which reveals that an
increasing number of antigenically distinct viral strains may overwhelm the immune
system of the host. As the viral diversity increases beyond a certain level the immune
system is unable to suppress the population growth of alf the strains simultaneously.
The intuitive explanation of this pattern of model behaviour lies in the assumption
that each virus can kill CD4-positive lymphocytes that are specific to any of the viral
strains, but each lymphocyte only directs immunological attack against a single viral
strain. The model captures several observed features of the interaction between HiV-1
and the human immune system: (1) an early peak in viraemia (primary HIV-1 infection)
following infection; (2) a long and variable incubation period with low viral abundance
for much of the period; (3) an increase of viral density in the final phase of infection
as the failing immune system fails to control viral population growth (the appearance
of the disease AIDS); (4) coevolution and coexistence of many viral mutants in one
infected person, and (5) a positive correlation between the presence of high replicative
viral strains and the rate of progression to disease (AIDS).
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Introduction

A characteristic of the immunodeficiency associated with
the disease AIDS s the selective depletion of CD4-posi-
tive T-helper/inducer lymphocytes in the human immune
system [1)]. The manifestation is thought to be a direct re-
sult of infection by the aetiological agent of AIDS, HIV-1.
The steady depletion of CD4 cells during the long and
variable incubation period of AIDS (an average of 8-10
years in adults (2}) eventually results in an increased sus-
ceptibility to opportunistic infections and malignancies.

Despite intensive study, it is not yet clear how the virus
induces this steady depletion of CD4-positive cells. The
most obvious explanation is that of the direct cytopathic

effects of the virus, but other factors have been sug-
gested. These include syncytia formation, where unin-
fected cells fuse with infected cells via the interacton of
the CD4 receptor and the envelope protein (gp120) ex-
pressed on the surface of infected cells, viral induction
of autoimmune reactions where the binding of gp120 to
uninfected cells generates a target such that autoimmune
reactions induce cell death, and the binding of the vi-
ral envelope to CD4 molecules on the cell surface acting
10 dis[ru]pt the normal function of CD4-positive T-helper
cells [3].

Primary HIV-1 infection is typically associated with vi-
raemia, and, for a short but varable period (weeks to
months) after infection, virus replication can be detected
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by virus isolation or by viral antigens in blood, or by
both. Seroconversion follows, but thereafter virus isola-
tion becomes difficult and viral antgens are often unde-
tectable during the asymptomatic phase between primary
HiV-1 infection and the occurrence of AIDS-related com-
plex (ARC) or persistent generalized tymphadenopathy
(PGL). As symptoms of disease develop, the ease of virus
isolation increases and the fraction of infected cells in pe-
ripheral blood (estimated by isolation or the polymerase
chain reaction) appears to be 100-1000-fold higher in
AIDS patients than in asymptomatic individuals {4].

A striking feature of infection and the development of
disease is the high genetic variability in virus isolates ob-
tained either sequentially from the same infected patient
or from different patients (5). During the genetic meta-
morphosis of the RNA genome of HIV-1 intc a DNA
provirus upon cell infection, reverse transcription errors
produced during DNA strand synthesis become fixed and
new ‘quasispecies’ (populations of closely related but dis-
tinct viral genomes) of virus are created. The rate of nu-
cleotide misincorporaton is of the order of >10~4 per
base pet cycle, and for a genome of 104 bases this implies
a reverse transcription error rate of more than 1 base per
genome per metamorphic cycle [6].

Quasispecies are very sensitive to selection pressure such
as that exerted by the human immune system (or by
in vitro culture conditions in the Iaboratory). The exis-
tence of neutralizing antibodies specific o particular HIV-
1 antigens has been well documented. The immunodom-
inant loop of the virus, a region of about 30 amino acids
within the envelope protein (gp120), appears to trigger
neutralization phenomena in infected humans or chim-
panzees [7,8]. However, this part of the envelope pro-
tein appears to be a highly variable region. For example,
viral isolates derived from infected chimps soon after in-
fection appear to be resistant to sera which were able
to neutralize the viral isolate used to first infect the host
[8]. The change of a single amino acid in gp120 can ap-
parently account for such clonal restriction of neutraliz-
ing activity [9]. Infected individuals appear to harbour a
quasispecies of the virus, with a broad distribution over
the sequence space. Within this quasispecies many im-
munologically different mutants are found, so that sera
from such patients generally neutralize a broad range of
isolates. In general, longitudinal observations on patients
from the point of infection suggest specific responses
early on and a gradual broadening of the immune re-
sponse during the long incubation period of AIDS.

The term ‘quasispecies’ was invented by Eigen in 1971 t0
indicate that virus populations usually never consist of a
single wildtype sequence, but rather a whole distribution
of different mutants (due to replication errors) [10-13].

A growing body of evidence reveals that the biological
characteristics of the various quasispecies differ in such
atdbutes as cell tropism and cytopathic propertes [14].
Interestingly, viral replication properties appear to be as-
sociated with cytopathic effects (both with respect to di-

rect killing and the ability to induce syncytia formation),
Cells infected with slowly replicating viruses contain jqw
levels of viral RNA and cells infected with highly replicq;.
ing viruses contain high levels of viral RNA (suggesti
that control of the rate of viral replication may lie at the
transcription level {15]). More importantly, recent work
suggests an association between the presence of quag;.
species with low replicative ability and no or mild djs.
ease and, conversely, the presence of quasispecies with
high replicative ability and advanced disease (16]. Fyr.
thermore, it has been demonstrated that a change from
low to high replicative ability occurs in viral isolates ob.
tained from patients during progression from an asymp-
tomatic state to a state of immunodeficiency and aisease
[17]. Such changes have been interpreted as signs of in-
creased viral virulence in the host (high replication be.
ing associated with severe cytopathicity) but it is unclear
whether the described changes are a cause or a conse-
quence of the deterioration of the immune system {18].
Some support for the notion that damage to the im-
mune system (decreased number of CD4-positive cells)
facilitates emergence of viral quasispecies with high rates
of reproduction has been provided by Yoshiyama er a!
[19]. To complicate the picrure further, an increasing
body of evidence points to the coexistence of both high
and low replicating viral quasispecies [3]. More broadly,
however, the mechanism of apparent change from low
to high replicative ability during the progression from the
asymptomatc o the symptomatic state during the incu-
bation period of AIDS is unknown at present. In addition,
the replicative ability of quasispecies isolated during pri-
mary HIV-1 infection, by comparison with those isolated
in AIDS patients, is also unclear at present.

In this paper we describe the development and analysis
of a simple mathematical model of the interaction of HIV-
1 with the human immune system. Qur aim is to assess
whether interactions between the immune system and vi-
ral quasispecies can explain observed patterns of change
in viral abundance and diversity, and thence to explain
the observed clinical picture in relation to the develop
ment of immunodeficiency and disease in infected pa-
tients during the long and variable incubation period of
AIDS.

The model is based on five key assumptions. These are
as follows:

(1) the virus can kill CD4-positive T-helper cells (ei-
ther directly or via the formaton of giant syncy-
tia);

(2) the continual evolution of new resistant viral mu-
tants (via errors in viral replication) enables the
total viral population (formed from the summa-
tion of all the quasispecies) to evade elimination
by the immune system (selection by the immune
system giving rise to new variants in the presence
of neutralizing antibodies has been observed in
vitro (20)), , '

(3) subpopulations of CD4-positive T-helper cells
specific to 2 particular viral strain direct immuno-
logical attack against that strain;
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(4) each mutant can kill all CD4 cells regardless of
their specificity to a particular mutant;

(5) immunological responses to the virus are charac-
terized by a specific response to individual strains
and a non-specific general response that acts
against all strains (by recognition of epitopes that
are conserved among different strains).

Two key assumptions concern the ability of each mutant
to infect and subsequently kill all CD4 cell types regard-
less of their specificity, and the specificity of the immuno-
Jogical response associated with a given cell type to a par-
ticular mutant. Current evidence, based on in vitro stud-
ies and the conserved nature of the gene that appears
to control binding to and entry of the virus via the CD4
receptor, supports this view (3,4).

A central conclusion of our investigation is that the hu-
man immune system is only able to mount an effective
immune response against a viral quasispecies whose di-
versity is below some threshold value. As the total popula-
tion of viral quasispecies exceeds this ‘diversity threshold’
the immune system is liable to ‘collapse’, being unable to
regulate viral replication and CD4 cell destruction.

The model

In this section we present a mathematical model that
explores the quantitative consequences of the antigenic
drift of HIV. The basic set of equations is

w=vir-sz—px) {=1l.n (1)
Here v, denotes the population size of virus strain j and
the superscript ‘dot’ denotes differentiation with respect
to time. The replication rate r (including the whole cycle
of infection, and assumed the same for all strains in this
initial model) might be thought of as the difference be-
tween birth and death rates: r = 6Q — d where the birth
term includes the probability Q that replication is done
without error. We assume that the replication rate is in-
dependent of the number of host cells (i.e. the number
of host cells in constant); d is the natural death rate of
the virus (for example, due 0 shedding of the envelope
protein),

The terms sz and pxx; represent unspecific ( = cross-re-
active) and strain-specific immune reactions, respectively.
These can be justified as follows. let vs assume that
each mutant { induces the production of certain immune
agents (CD4 cells), a fraction of which is specifically di-
rected only against that particular mutant strain (for ex-
ample, via the immunodominant loop), while the other
fraction is directed against more consesved sites (for ex-
ample the pol gene products or conserved regions within
the env protein) and hence able to react with several dif-
ferent mutant strains, z is the number of immune agents
directed against conserved regions and x; is the number
of cells directed specifically against a particular strain.

We can now establish the potential existence of a viral
diversity threshold, independent of the details of the dif.
ferential equations governing the detailed dynamics of x;
and 2. The immune systern will eventually control strain
# if asymptotically v; <0, which is to say if

r—sz—px; <0 2)
The immune system can' thus control each individual

strain only if this inequality holds for all i (i= 1, ..,n),
which implies the restriction that

X (3)

n < n(xz) =
r— sz

Here x = T x,; Hence there exists an upper limit, 7, of
different strains that can be suppressed simultanecusly
by the immune system. In this very general discussion, 7,
depends on the asymptotic sizes of the specialized and
unspecialized T-cell population (x and z, respectively);
as spelled out explicitly below, the limiting magnitude
of these populations depends on detailed assumptions
about how the virus and the immune system interact [see,
for example, equation (10)}.

Notice that the threshold phenomenon does not arise au-
tomatically, but rather depends on the relative magnitude
of the parameters characterizing viral replication and im-
mune responses. On the one hand, if the unspecific im-
mune response is sufficiently strong in reladon to viral
replication rates -— that is, if sz > r — then this immune
response is, by itself, able to suppress the growth of all
viral strains. There will be a rise in viral abundance follow-
ing the initial infection, but once the unspecific immune
response has been mounted the inital strain and all sub-
sequently evolved ones will be suppressed by this gen-
eralized response. On the other hand, if the inital viral
strain has 2 replication rate so fast that it can overwhelm
both the specific and the unspecific immune responses
— that is, if r > sz + px — then the immune response
will not be able to cope with this initial infection. This
situation corresponds, in effect, to the threshold viral di-
versity being less than one strain, 7, < 1. Between these
two extremes — that is, when sz + px > r > sz — lies
the interesting region of dynamical behaviour, with its vi-
ral diversity threshold, that we now explore in more de-
tail. This situation corresponds to individual viral strains
having replication rates that can outrun the unspecific
immune response, but not the combined effect of un-
specific and specific immune responses (at least initially,
when the specific immune response is not diluted by hav-
ing to cope with an above-threshold number of different
strains).

It is straightforward o show that, once the viral diver-
sity exceeds the threshold value (n# > 1), then the total
amount of virus (v = Zv,) will increase on average. This
mathematical fact can be established by considering the
product P = v; v, .. v, and noting that £ >0 if and only
if n > n,. For a given value of P the total amount of virus
vthus has (o be larger than v,,;, = n(P)¥7. Therefore v
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is bounded from below by ¢,,,4,,, Which increases mono-
tonically.

More generally we might assume that 7 different mutant
strains induce & different antibodies and that

k
vi = v(r- I DijX; ), 4
i=1

where p;; is the effect of the ph antibody against the #h
mutant. The same arguments as above now lead to a di-
versity threshold given by

1
ne = ;??pijxj- (5)

Dynamics of the immune response: the simplest model
So far we have made no specific assumptions on the dy-
namics of the immune response, We now do this.

In the first, simplest model, we do not find a breakdown
of immune protection (CD4 cell depletion) as viral abun-
dance escapes control, because the model has the un-
realistic- feature that arbitrarily high viral concentradons
can induce arbitrarily high rates of production of CD4
cells. The model is nonetheless an interesting starting
point, because it shows how increasing viral density can
eventually lead 10 uncontrolled viral population growth
— beginning at some time that can be long after the orig-
inal infection, In the following subsection we explore a
more realistic model incorporating saturationt in the rate
of CD4 cell production. A central point in these models
is that uncontrolled viral population growth causes the
breakdown of the immune system, rather than the con-
verse,

Spedfically, suppose the immune cells x, and z are pro-
duced at the rates kv, and ¥ v proportional to the density
of antigens. The killing of immune cells by viral mecha-
nisms is denoted by the terms wex; and uvz. We thus
obtain

)'(j = kVi - UvXj (6)
z=kv-uvz (7
vi = wlr — sz — px) + M(v) (8)

The stochastic mutaton term M(v), representing the ap-
pearance of new viral strains, is designed in the following
wiay: the probability that a new mutant is created in the
time interval (4 + b) is given by bQ D)k (as b —» O)
where ( is the probability that mutation yields an escape
mutant. We neglect the possibility that mutation leads to
mutants that are already present in the system, because
the number of immunological different mutants appears
to be very large [the combinatorial possibilities of the
19 variable amino acids in the immunodominant loop is

1920 and furthermore the shape of the loop can also be
altered by mutations in other parts of the envelope pro.
tein (P. Nara, personal communication, 1989)].

Note that in this simplest model all viral mutants are as.
sumed to have the same replicative capacity 7, the same
immunological parameters s, p, & ¥ and the same cyo-
pathic capacity « The mutants differ only in their specific
(immunodominant) antigen.

Note that, summing eq. (6} over all strains, we get

x = vk — ux). (9

Hence the total number of specific and unspecific im-
mune cells converge monotonically towards the equilib-
rium value £ = ¥z and £= ¥/u, which implies that the
diversity threshold is

. Pk
fe = o (10)

Figures 1 and 2 show typical computer simulations of
these equations. Initially we observe high levels of virus,
but the immune response is slowly increasing and f-
nally manages 10 suppress the most abundant strain. In
the meantime, however, new mutants have been created.
The mini-outbreaks of higher virus levels correspond o
the occurrence of newly arisen neutralization-resistant
mueants. During the course of infection the number of
muant strains continually increases and finally exceeds
the threshold value n1, which results in the sudden and
continuous rise of in viral abundance.

The unspecific immune response in our model is respon-
sible for the fact that the inital strains are growing to
higher levels than the following escape mutants. Roughly
speaking, the higher the effect of the unspecific response
the higher the difference between the initial peak and the
mini-outbreaks in the silent phase. A stronger unspecific
(cross-reactive) immune response is therefore also corre-
lated with an increased incubation period (compare Figs
1 and 2).

The immune response against HIV (the sum x + z) io-
creases steadily during the course of infection. This re-
veals an interesting feamure: it is not the constant deple-
tion of immune cells that finally allows the virus to escape
immune control, but rather a highly diverse virus popu-
lation manages to escape from an activated immune sys-
tem. Beyond the threshold level of viral density, as the
uncontrolled virus replicates to higher and higher levels,
our model becomes unrealistic, because it has the feature
that an arbitrarily high virus concentrations can induce an
arbitrarily high rate of immune cell production. This over-
simplification will be corrected in the next subsection.

If we include a population of immune cells, denoted by
y, which is not induced by the virus (because this popu-
lation, ¥, is specific against other antigens), but which is
killed, we can observe a constant loss of the total num-
ber of immune cells {x + z + y) during the course of
infection. In mathematical terms we write
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y = —uy

and obtain a monotone decrease in (#) if the initial den-
sity 3%, is larger than the final equilibrium value £= £,

In the final phase, when the threshold is exceeded and
the virus ‘escapes’ control by the immune System, strains
that earlier were suppressed can rise again. This happens
as follows. After the immune system has suppressed a
strain completely (v; very close to zero) there is no fur-
ther induction of specific immune cells directed towards
that partdculac strain. But these immune cells are steadily
removed by the other virus strains present in the system.
After some time the frequency of x; has dropped below
the threshold (x; <r —sz/p) and v, becomes positive
again. This point seems to be important for the accumu-
lation of disease in the final phase of infection.
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Fig. 1. Numerical simulation of HIV infection, as described
by equations (6-8). (a} The solid curve shows the total virus
concentration (in arbitrary units), v, and the dashed curve
shows the concentration of lymphocytes specific to HIV (the
immune r , x + 2), also in arbitrary units. (b} The se-
quence of antigenic drift. The individual mutants are down-
regulated by the immune response. But new mutants have
been generated in the meanwhile. In the final phase we ob-
serve a simukaneous rise of all the strains present. in this
figure, the parameters have the values: r =5, s = 45, p=5,
k=k' =u=1 and bQ =2, implying a diversity threshold
ne = 10,

Within our model it can also happen that the infection is
cleared during the period of low virus concentration fol-
lowing the initial peak. This happens if the mutation rate
to produce new resistant mutants is too low. On average
we require that each virus strain before belng suppressed
by the immune system has to produce at least one new
escape mutant. Figure 3 shows a simulation where the im-
mune system manages to kill the virus population. This
would explain some observations that once-infected pa-
tients have lost the virus and recovered completely. This
would help explain the observation that some patients
appear to be antibody positive but antigen negative (by
the polymerase chain reaction technique) whilst others
convert from antibody and antigen positive to antibody
positive and antigen negative [21].

3
2. a4
2. 6
2. 44
2.2+ LYMPROCYTES SPECIFIC TO HIV
2d o e e e e - e e ——— = ——-
x.s—f
1.8
1. 44
1. 24
14
0. 8
Q. 8-
Q, < -
0.2 VIRUS
o T T

T T T T T Y
o 2 . ] L]
TIME IN YEARK

o 1 2 3 . s s b4

TIME IN YEARS
Fig. 2. Another simulation of equations (6~8) displayin% an ex-
tremely tong incubation period with low viral abundance (in com-
parison with the eatly peak); the units are as in Figure 1. (@ Vi-
ral concentration, v {the solid fine) and HIV- specific lymphocyte
concentration, x + z (the dashed curve). (b) Total lymphocyte
count, x + y + 2. The parameter values here are: r = 5, s = 4.75,
p=5k=k =u=1and bQ = 3, implying a diversity thresh-
old n. = 20.

Dynamics of the immune response: a more realistic
model

To illustrate that the observed dynamics is not a special
property of the simple equations for the immune reaction
that we have just discussed, we now present a somewhat
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Fig. 3. The virus population is eventually eliminated by the im-
mune response if the production rate of new resistant mutants is
too low. In this example the parameters have the values: r = 5,
s=45p=5k=k =u=1and bQ = 1.75. For this mutation
rate the virus population fails to reach the diversity threshold,
ne = 10.

more realistic model. The basic structure of the model for
a single virus strain is similar to that outlined by Ander-
son and May [22], but again the framework is broadened
to conskder the interaction of the immune system with a
large number of coexisting viral muants,

!

X = K=&~ v~ uvxf an

x = ovixf + ex; — uvx; Q12)

Here xp denotes the density of precursors of immune
cells (‘inactivated cells’) produced at the constant rate
Kand removed at rate fpP. These precursors are either
killed by the virus (rate wuxP) or umed into activated
cells by contact with the viral strain i (at rate copx, ©). Ac-
tivated cells x; can proliferate (ex) or can be killed by
the virus (uux)).

The steady state for the precursorss is given by xf = X/
(f+ cy; + wv). Assuming a steady state for the precursor
cells, and including the previous subsection’s assump-
tions about the unspecific cells, we obtain the following
set of stochastic differential equatons:

vi = vi{r — sz — px;) + M(v)

X = cKvi + exj — uvx;
X f+ cvy + uv ! !

ckv + ez — uvz
f+ (¢ + u

Figure 4 shows a typical simulation. The immune re-
sponse does not equilibrate, but decreases during the fi

nal stage of the disease. The virus population dynamic
shows similar behaviour. :

In this model the immune cells have the possibility 1
proliferate indefinitely, if the virus level is low enough (,,
< ¢/u). For v > ¢/u the immune cells tend towards the
values

s cK b Vi
uw—eif+ v +uv

c'K v
2(uv— e)(d + (¢’ + u)v)

Increasing diversity of the virus results finaily in the break-
down of the immune system.

VIRUS/DENSITY OF LYMPHOCYTES

TIME IN YEARS

Fig. 4. A simulation of the more realistic mode} described in
subsection ‘Dynamics of the immune response: a more realistic
model’. The dynamics of the virus population is similar to that
in the Simﬂler model, but the immune response breaks down in
the final phase of infection.

Selection between strains of differest virulence

It has been mentioned that fast-replicating strains are
favoured in the final phase of the infection (3]. Within
the framework of our model this is obvious.

Let us assume that there are two strains ty (fast replicar-
ing} and v, (slow). We have

vi = vi(n — 512 = p1xy)

vz = va(ry = 522 — paxp)

Fast replication (r; large) is assumed to be correlated
with high immunosuppression (p;, s; large}, while the
slow-replicating strain is assumed to be a worse target
for neutratization (p,, s, low). This assumption is unsup-
ported by empirical evidence at present but motivated
by the argument that a stower replicating virus spends a
larger fraction of its generation time inside the host cell
hidden from neutralizing antibodies directed at the free
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p—

virus particle. This area requires further study, perhaps
employing models in which replicative ability and anti-
genicity are uncorrelated.

in the initial phase of infection (z=0, x; = x =0)
strain 1 will grow faster (because r; > rp).

In the long silent phase a well functioning immune sys-
tem is likely to suppress v; more than v, such that
n =Sz —px <ry — 5 ~ % During this phase strain
1 might be present in much lower frequency than strain
2. Therefore the immune system selects those strains that
cause the long period with low viral activity.

In the final phase of infection, the breakdown of the im-
mune response will again result in strain 1 replicating
faster than strain 2 (if r; > ry).

According to this argument, the mechanism underlying
the observed change from slowly to rapidly replicating
strains during the development of AIDS is simply selec-
ton. Support for this hypothesis has been reported from
a haemophiliac AIDS patient with fast-replicating strains
and his sexual asymptomatic parner with siow-replicat-
ing strains [19]. Our argument would also imply that in
the very beginning of infection, when the immune system
has not kicked in, fast replication should be of selective
advantage.

The mathematical details of the ‘non-neutral’ model (dif-

ferent strains having different replication rates) are pre-
sented elsewhere (Nowak and May, in preparation).

The effect of chemotherapy or vaccination on the
diversity threshold
The relationship

pX
r— sz

nc=

enables us to estimate how changes in the parameter val-
ues can affect the maximum number of strains, n, that
can be simultaneously controlled by the immune system.
If a drug, in principle, acts by reducing the rate of viral
reproduction, r, then the threshold value, 7, increases in
a hyperbolic manner, reaching infinity if » = sz. Since the
rate of viral reproduction is itself a combination of vari-
ables in our model (r = 6Q — d), the drug can act either
by decreasing the birth rate, b, or the replication accuracy
(of the reverse transcriptase) Q, or by increasing the nat-
ural death rate, d

In our model vaccination or any kind of stimulation of
the immune response (immunctherapy) has the follow-
ing effect. Stimulating the specific immune response, by
increasing p or x, yields only a lnear increase in the
diversity threshold, whereas stimulation of the unspe-
dfic (cross-reactive) response — by increasing sor z—
would yield a fast hyperbolic increase of .

It would therefore be very important to ensure that vac-
cination and/or immunotherapy acts to stimulate cross-

reactive immune responses, rather than strain-specific
ones.

Discussion

The models we have described in the preceding sections
are obviously very simple caricatures of the true com-
plexity of the interaction between coexisting HIV-1 quasi-
species and the human immune system, However, they
serve as a starting point for adding further biological re-
alism as knowledge improves, both of the molecular and
population genetics of viral replication and persistence,
and of the factors that induce a steady decline in CD4
cells during the incubation period of AIDS.

The models make predictions which reflect a number of
the observed features of HIV infection and AIDS disease,
These are:

(1) a wwo-peaked pattern of viral abundance during
the course of infection, with high total viral abun-
dance in the early stages of infection (the primary
HIV-1 infection stage) and a high and increasing
viral load during the late stage of infection when
the disease AIDS is manifest;

(2) a long and variable asymptomatic phase of infec-
tion with low viraemia;

(3) the coexistence of many (immunologically) differ-
ent mutants throughout the incubation period of
AIDS;

(4) a humped pattern in specific immunological re-
sponsiveness to viral antigens [specific CD4 cells
that target the immunological response, via the
stimulation of antibody awack directed against the
envelope protein (gp120) of the virus] with low
responsiveness during the asymptomatic stage and
a decline in measurable responses as ARC and
AIDS develop;

(5) the dominance of slowly replicating viruses during
the asymptomatic phase of infection;

(6) the dominance of rapidly replicating quasispecies
in ARC or AIDS patients.

Equally important, however, is the generation of testable
hypotheses. These are as follows. First, the model sug-
gests that the peak in viraemia during primary HIV-1 in-
fection should be characterized by the dominance of
quasispecies of the virus with high replicative ability. Sec-
ond, the diversity within the immunodominant loop (V3)
region of the envelope protein (gp120) should Increase
as a patient moves via the asymptomatic stage of infec-
tion to the development of AIDS (concomitant with an
increased diversity of quasispecies of the virus). Third,
during the asymptomatic phase of infection, small peaks
in antigenaemia should be associated with the emergence
of a quasispecies of moderate to high replicative capac-
ity. Fourth, and finally, an infective dose containing a large
number of quasispecies (perhaps via sexual contact with
an AIDS or ARC patient) may be cotrelated with a shorter

1101



1182  AIDS 1990, Vol 4 No 11

than average incubation period prior to the development
of symptoms of immunodeficiency.

The increase of viral diversity should be observed as long
as the immune system is strong enough to drive the pro-
cess of immunological selection. After the virus has over-
come the diversity threshold, high virus concentrations
kill the immune cells rapidly. In the absence of a rele-
vant immune response in the final phase we need not
necessarily observe a high viral diversity, because simply
the fastest replicating strains are selected.

Current techniques should, in principle, allow the test-
ing of these hypotheses. For example, Wain-Hobson [23]
has reported diversity within the first hypervariable re-
gion (V1) of the envelope protein (gp120) on the ba-
sis of samples taken from four AIDS patients and two
asymptomatic carriers. What is required is more inten-
sive sampling, such that viral isolates can be tested at
frequent intervals over the long and variable incubation
period of the disease. Similarly, polymerase chain reac-
tlon techniques could be employed 10 assess the diver-
sity of quasispecies both within and between viral isolates
taken at sequential time poiats in the incubation period.
It is hoped that the new technologies of molecular biol-
ogy will encourage researchers to place greater emphasis
on examining, in quantitative terms (where possible), the
population genetics of HIV-1 populations; both within in-
dividual patients and among groups of infected persons
(and in different geographical locations).

More generally, the model needs further development
as well as testing. The central assumption is that selec-
tion by the immune system always acts most severely on
the most abundant strain, thereby favouring rare quasi-
species or new mutants until they themselves become
abundant. The high heterogeneity of the system (many
different cell types and many viral quasispecies) penmits
the coexistence of several competing mutants, Linked to
this noton is the further assumption that the coexistence
of several different quasispecies cause a dilution effect
of the immune response, where each subset of specific
CD4-positive T-helper cells is only directed against one
quasispecies, but that each quasispecies is cytopathic to
all subsets of CD4-positive cells. This assumption cre-
ates the ‘diversity threshold' where the itmmune system
can control limited diversity of viral types but is unable
to constrain viral population growth when many quasi-
species ate present. This notion is speculative at present
but the high mutation rate (cteated by errors in transcrip-
tion) of HIV-1 will cerainly facilitate the likelihood of
ever-increasing genetic diversity in the viral population
during the course of the incubation period [24] and the
concomitant pressure on the immune systemn to suppress

the growth of each quasispecies.

Finally, with respect to the search for vaccines to pre-
vent infection or immunotherapeutic agents to reduce the
likelihood of disease in infected persons, the model pro-

—

vides a template against which to test ideas conceming
how to inumunize against or treat for infections charac.
terized by high genetic diversity in the infectious agent,
Future work in model development will address the ques-
tion of what is the effect on the course of infection and
total viral abundance of immunizing or treating patents
with an ‘antigen cocktail’ consisting of antigens from
some subset of those preserved by the different quasi.
species of the virus. The question of interest in this con-
text is, given the high mutation rate of HIV-1 during the
course of infection, how is diversity within the ‘cocktajl
of antigens’ and timing of treatment refated to the length
of time during which the total viral population can be
sup;;ressed to low levels (1o avoid the appearance of dis-
ease)?
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