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'ECHNICAL COMMENTS ^M^MSiJs^ti'v 

HIV-1 Evolution and Disease Progression 

bteven M. Wolinsky et al. (1) studied the 
evolution of human immunodeficiency vi
rus (HIV) in six infected patients with vari
able rates of disease progression and have 
represented their findings (1, 2) as incon
sistent with our evolutionary hypothesis of 
HIV disease progression, also known as "an
tigenic diversity threshold theory" (3-6). 
Their account of our model is, however, 
incorrect. Consequently their interesting 
and important data do not falsify our theo
ry. We proceed to give a short review of our 
theory and show that the findings of Wo
linsky et al. (I) provide further evidence 
that the major assumptions of our evolu
tionary theory of HIV infection are valid. 

The central tenet of our theory can be 
stated as follows: (i) virus load causes dis
ease; (ii) immune responses reduce virus 
load; (iii) virus evolution during infection 
weakens the effect of the immune response 
to HIV and increases virus load. The key 
result is a dynamic threshold condition that 
specifies whether or not the HIV popula
tion in a given patient is controlled by 
immune responses. The precise location or 
value of this threshold, which can be 
breached by virus evolution leading to in

creasing antigenic diversity, is likely to vary 
greatly among individual patients. In par
ticular, weak immune responders should 
have a low antigenic diversity threshold 
and can therefore progress to disease rapidly 
and without significant antigenic variation 
(3-6). Admittedly, for simplicity our first 
papers presented analytic results for situa
tions in which all patients had the same 
immune response, and all HIV strains had 
the same replication rate; these may have 
caused confusion. But even in these first 
papers, there is a discussion (and figures) for 
situations where diversity thresholds differ 
among infected individuals. 

Wolinsky et al. (I) followed six HIV-1 
infected patients longitudinally over up to 5 
years after infection (Fig. 1). Two patients 
were rapid progressors and died within 36 
and 42 months after infection. Genetic di
versity (proviral DNA) was sampled in a 
region of the envelope protein, and cytotox
ic T lymphocyte (CTL) precursor frequency 
was determined against the ENV, GAG, 
and POL proteins. The data were interpret
ed as rejecting our theory, apparently be
cause high genetic diversity did not correlate 
with rate of CD4 cell loss and in particular 
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the two patlents who progressed rapidly to 
disease had low genetic diversity. The state- 
ment that such findings refute our theory 
rests on the incorrect assumption that the 
magnitude of the diversity threshold is the 
same in different patients irrespective of 
their immune response against HIV. 

In our prei~ious publications it is stated 
that weak immune responders should have 
a low diversity threshold and may therefore 
develop disease with low antigenic diversi- 
ty. In 1990 and 1991, we noted that if a 
patient has a very weak immune response 
against HIV (or if a particular virus strain 1s 
highly pathogenic) then even a single strain 
can overcome the threshold (3).  In this case 
(4, p. S 7 )  

[Tlhe vlrus popul,~tion repl~c,rtc\ to 111gh levels 
and may ~nduce acute disease anil ileath within a 
short time; no ,rntlgenlc varlatlc>n may lye oh- 
serveil 1-ecause of selection for the faatest yro\ving 
straln. 

In 1995, Nowak and McMlchael empha- 
seed (5,  p. 62) 

If  the combined ~ ~ n ~ n u n e  rc\pon\es to conserved 
,rnd varlant epltopes are too weak to control HIV 
replicatlon from the st,rrt, AILE sl~c>uld develop 
r a p ~ d l ~ .  In that situat~on, the original v~ra l  par- 
tlcles \vc>ulil prol~fcratc w~thout  cncountcrlng 
nulch rc\lst,rnce, ,mil so the v~rus  \vould be under 
11ttle preraurc to yencr~rrc rnut,rnts able to escape 
Immune reconnaissance. Such patlenta m ~ g h t  
progress to AIDS even In the absence of sign~f- 
1c;lnt v~ra l  d~vers~ty .  

More recently, Nowak and Bangham ( 6 )  
showed that a weak immune responder 
can have hieh virus load and low diversitv. 
while a strong Immune responder can have 
low \virus load and high diversity [see fig- 
ure 3 of (6)] .  Thus, previously published 
results of our theory are in agreement with 
the findings of Wolinsky e t  al. ( l ) ,  who 
show that fast progression is associated 
w ~ t h  weak CTL responses, high viral load, 
and comparable low genetic d~versity (7). 
Ne\rertheless, Wolinsky e t  al. ( 1 )  and 
Miedema and K l e ~ n  ( 2 )  do not acknowl- 
edge that t h ~ s  assoc~ation is a result of our 
theory and misinterpret the finding of rap- 
id progression w ~ t h  low diversity as con- 
tradicting the theory. 

Our model of HIV pathogenesis is based 
on the assumptions that: ( i )  HIV replicates 
rapidly during infection; (ii) below the 
threshold (that is, durlng the majority of 
the incubation period) virus growth is con- 
trolled by immune responses; (iii) HIV can 
produce mutants that escape from current 
immune responses; and (iv) HIV impairs 
immune responses either directly or indi- 
rectly by depleting CD4 cells. Analysis of 
the mathematical model (3-6), whlch mir- 
rors these assumptions, reveals a steady state 
between virus replication and immune re- 

sponses where virus load, t8, is given by the 
following equation: 

Here r denotes the replication rate of the 
virus, h the rate of decline of anti-HIV 
immune responses in the absence of stirnu- 
lation, p the rate of elimination of virus by 
immune responses, c the rate of s t l~nulat~on 
of immune responses, u the rate at which 
HIV depletes CD4 cells, and n the antigen- 
ic diversity of the HIV population. Further 
analysls of the model leads to a dynamic 
threshold condition that specifies whether 
or not the virus is limited hv immune re- 
sponses or left to uncontrolled replication 
(only subject to availability of target cells). 
Specifically, if 

nru > pc ( 2 )  

then the w u a  escapes from control by the 
Immune resnonie. T h ~ s  condltlon sneclflei 
that a combination of parameters (nru) has 
to exceed the immune response (pc), which 
may be correlated to the concentration of 
CD4 cells. In the s im~lest  version of our 
theory, the immune system provides selec- 
tion pressure for antigenic variation and the 
threshold is breached by increasing antigen- 
ic diversity, n, wh~le  the other parameters, 
r ,  u ,  p ,  and c remain constant. This prompt- 
ed the name "antigenic diversity threshold" 
(9).  If a patient has a weak anti-HIV im- 
mune response, low p and c, then it is 
obvious from Eu. 2 that a low antigenic 
d~ivera~ty, n, can overcome the threshold. 

Such a theory of HIV d~iea ie  nrogreii~on ~, 

is clearly testable. The  direct approach is to 
study antigenic variation in defined 
epitopes which are seen by dominant irn- 
mune responses. If CTL exert the major 
immune response against HIV, then it is 
important to study variation in CTL 
epitopes. Antigenic diversity in these 
epitopes should increase over time and 
eventuallv lead to reduced control of HIV 
replicatlon, increasing virus load and de- 
clining CD4 cells. 

Wol~nsky e t  al. observe increasing ge- 
netic diversity in all patients, but they do 
not flnd a clear correlation between in- 
creasing divers~ty and increasing virus load 
if patients are followed longitudinally. 
Would we expect such a correlation? T h e  
main nrohlem is that it remains unclear to 
what extent genetic variation in ENV rep- 
resents antigenic variation. T h e  se- 
quenced ENV region 1s a potential target 
for antibody and CTL resnonses; the V3 
region is known to be under positive se- 
lection for variation (1 1 ), which can be a 
consequence of immune responses or se- 
lection for cell tropism (1 2 ) .  The  CTL 
data of Wolinsky e t  a l . ,  however, suggest 

that only patlent P4 has a significant re- 
sponse against ENV, while the five other 
patients have low or undetectable CTL 
precursors against ENV. T h e  major CTL 
responses in these patients are directed 
against the G A G  and POL proteins, 
w h ~ c h  have not been sequenced. If the 
dominant immune response in these pa- 
tients is exerted by CTL (which is also 
supported by the ohservatii~n of Wolinsky 
e t  al. that weak CTL responses are assocl- 
ated with high virus load and rap~d  disease 
progress~on), then the wrong reglon has 
been sequenced for teatlng our theory. A 
test of our theory has to investigate anti- 
genic var~at ion In epitopes seen by major 
immune responses. Genetic varlatii~n has 
to be related to escape from dominant 
immune resnonses. Genetic diversitv as 
such need ndt correlate with CD4 decline 
or virus load increase. 

We conclude that the findings of Wo- 
linskv e t  al. are consistent with a number of 
central results of our work, namely that the 
Immune system pri)\rides positive selection 
for variation (13) and that weak immune 
responses are associated with high virus 
load and rapid dlsease progression (3-6). 
Their f ~ n a l  conclus~on that "HIV-1 quasi- 
species dynamics arc compatible with an 

Time (months) 

Fig. 1. Genetc varaton n the V3 to V5 reglon of 
the envelope gene in SIX patents studied by Wo- 
linsky et a/. (1). Patients P I  and P2 rapidly 
progress to disease and d e  within, respectvely, 
36 and 42 months after infection. Patents P3 to 
P6 remain asymptomatic. Mean Hamming d~s -  
tance (that is, the number of pont mutatons) of 
DNA and prote~n sequences IS  shown. Other ds -  
tance measures such as the Kmura 2-parameter 
distance or protein sequence distance based on 
the Dayhoff PAM-matrix give similar results. In all 
patients there is a trend of increasng vral dversty. 



ideal Darwinian system" has been the cen- 
tral hypothesis of our previous papers on the 
subject. 
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se that destroys the host. Thus, within a 
particular host, diversity is driven by the 
collective sum of all the selective forces 
acting on the HIV-1 quasispecies virus pop- 
ulation, rather than a specific immune pa- 
rameter by or in itself (4). 

The theory predicts two possible out- 
comes. First, infected individuals with di- 
versity higher than their individual specif- 
ic threshold lose immune control and rap- 
idly progress to AIDS, while those below 
their individual specific threshold remain 
clinically stable. Second, an increase in 
antigenic diversity over time in the same 
individual gives rise to loss of immune 
control and faster progression to AIDS 
once the individual's specific threshold is 
crossed. 

The fact that the magnitude of the di- 
versity threshold could be different in dif- 
ferent infected individuals is a result of the 
inherent plasticity of the mathematical 
model used to derive the antigenic diversity 
threshold theory (1, 2). As a consequence, 
the model becomes virtually untestable. 
The actual model could encomDass manv 
different possible parameters that can trig- 
ger the trajectory to AIDS, all of which are 
sensitive to initial conditions ( 5 )  and better 
expressed as a nondimensional threshold 
condition ( 6 ) .  Thus, stochastic simulations 
of the infection process only partially char- 
acterize the model dynamics (5). 

The results of our study (7) do not 
support a model that relates increasing 
antigenic diversity to pathogenic progres- REFERENCES AND NOTES 
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August 1996 Fig. 1. Lack of correlation between progression to AlDS and HIV-1 diversity. Rate of CD4 T cell decline 
(heavy solid line, read against y-axis at lefl innermost) and the HIV-1 virion-associated RNA burden (light 
line with triangles, read against y-axis at right) in the six different patients [see Wolinsky et a/. (7) for more 
details] correlates neither with the subjects' viral diversity, measured by Shannon entropy measure- 
ments (large circles, read against y-axis at left outermost) of the proviral gpl20 sequences, nor with the 
median Hamming distance (filled hatches, read against y-axis at lefl outermost) between the sequences 
in each time point. Shannon entropy and median Hamming distance were calculated according to 
methods described in the report by Wolinskyet a/. and are given as percentage of the maximum entropy 
(1.69 = 100%; P4 at 48 months) and median Hamming distance (9.91 = 100%; P4 at 48 months) 
among these patients. Dotted vertical lines represent the time of clinical AlDS diagnosis. Dashed vertical 
lines represent the time of death of the study subject. An increase in the viral burden or in the rate of CD4 
T cell depletion during progression to disease of each subject is not necessarily correlated with an 
increase in viral diversityfor that study subject. Rather, for several subjects, an increase in HIV-1 diversity 
occurs when the viral burden decreases and CD4 T cell count increases. 

Response: The "diversity threshold theory" 
posits that the capability of the immune 
response is exceeded once antigenic diver- 
sity increases beyond a threshold (1, 2). 
This central tenet is controversial. The 
high mutation rates inherent to the repli- 
cative processes and the short genome dou- 
bling time are major factors involved in 
rapid virus evolution (3). Furthermore, it is 
the high replicative capacity of the virus 
rather than the generation of diversity per 
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sion. Although Nowak et al. attribute the 
limited diversity observed for those people 
who had a more rapid rate of CD4 T cell 
loss after primary infection to the trans- 
gression of their individual specific thresh- 
old, such a threshold is nonexistent or 
negligible. A diversity threshold of "one 
strain" ( 1 ,  2 ,  8)  cannot be considered a 
threshold because a lower value of diver- 
sity is not possible. Furthermore, a sto- 
chastic simulation of these "weak immune 
responders" models a viral burden that 
continues to escalate exponentially. This 
is not biologically plausible. 

The,.model would also predict that, at 
least in some individuals, the apparent di- 
versity of viral forms in a quasispecies virus 
population expands before a precipitous de- 
cline in the CD4 T cell count ( 1 ,  2 ) .  W e  
find that within infected individuals with 
slower rates of CD4 T cell loss, higher viral , - 
diversity did not correlate with an increase 
in the viral burden or CD4 T cell decline 
(Fig. 1). The  results, while limited by a 
small sample size, are nevertheless not con- 
sistent with the outcome Nowak et al. pre- 
dict ( 1 ,  2 ,  7 ) .  

W e  used a'measure of protein diversity as 
a surrogate for antlgenlc dlverslty and 
tracked substltutlons in well-charactenzed 
CTL epltopes ( 7 ) .  The relevant caveats 
concerning these analyaes were considered 
and explained at length In the text and 
notes of our report (7)  However, uslng the 
analytical measures and parameters put 
forth by Nowak et al., whlch are more ap- 
proprlately a measure of genetlc dlstance 
than protein diversity, we are still unable to 
support the premise that breaching a specif- 
ic antigenic diversity threshold is a likely 
precipitating event to the progression to 
disease (7 ,  8 ) .  

Nowak et al. submit that a valid empir- 
ical test of the diversity threshold theory is 

to assess antigenic oscillations and shifting 
immunod~minance in defined human leu- 
kocyte antigen (HLA) class I-restricted 
epitopes ( 9 ,  10).  We found the genetic 
characterization of unambiguously defined 
HLA class I-restricted CTL enitonres in Env 

& 

and a significant response against Enw in 
two patients (P4 and P5) rather than one, 
as stated by Nowak et al. Nowak et al. 
further contend that, because of other po- 
tentially confounding selective forces, Gag 
and Pol are more appropriate regions for 
analvsis than is Eno. Their reasoning and a 

their interpretation of our results are diffi- 
cult to rectifv wlth the current state of 
knowledge about the biology of the cell- 
mediated immune resnonse ( 1  1 ) .  , , 

Nowak et al. concur with our final con- 
clusion that "HIV-1 auasisnecies dvnamics . L 

are compatible with an ideal Darwinian 
svstem." W e  agree with Nowak et al.'s as- - 
sertion that viral evolution is driven by 
selective forces. W e  suggest that the prob- 
lem is with their interpretation of the mod- 
el, specifically the statement that an "anti- 
genic diversity threshold" has an important 
role in viral pathogenesis. 

When judged by empiricism in the con- 
text of reasonable definitions that distin- 
guish between antigenic and genetic diver- 
sity and the potential for applicability to 
other biological systems ( 3 ) ,  the "diversity 
threshold theory" lacks relevance and suffi- 
cient experimental support. Specifically: (i) 
the theorv does not exnlain the limited 
diversity observed for those people who 
have a ranid rate of CD4 T cell loss after 
primary infection, and (ii) existence of an 
"antigenic diversity threshold" for those 
people with a lower rate of CD4 T cell loss 
has yet to be demonstrated experimentally. 
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