
A Model-Based Estimate of the Mean Incubation 
Period for AIDS in Homosexual Men 

Because of the difficulty in identifying the date of exposure to type 1 of the human 
immunodeficiency virus (HIV-1) infection in persons other than transfusion recipi- 
ents, studies of the incubation periods for acquired immunodeficiency syndrome 
(AIDS) have been limited. When data from a cohort of 8 4  homosexual and bisexual 
men that provided the information to determine the years of conversion of sera 
infected with HIV- 1 were analyzed, a model for the proportion likely to develop AIDS 
and the incubation period for AIDS in homosexual men could be derived. The 
maximum likelihood estimate for the proportion of infected homosexual men develop- 
ing AIDS is 0.99 (90% confidence interval ranging from 0.38 to 1). Furthermore, the 
maximum likelihood estimate for the mean incubation period for AIDS in homosexual 
men is 7.8 years (90% confidence interval ranging from 4.2 years to 15.0 years), which 
is close to the estimate of 8.2 years for adults developing transfusion-associated AIDS. 

I T HAS BEEN HYPOTHESIZED THAT THE 

incubation period, the time interval 
from infection with type 1 of the hu- 

man immunodeficiency virus (HIV- 1) to 
the date of diagnosis with acquired irnmu- 
nodeficiency syndrome (AIDS), could differ 
from one risk group to another (1 ) . Because 
the infection date is difficult to determine in 
most AIDS risk groups other than those 
with transfusion-associated AIDS (TA- 
AIDS), the study of the incubation period 
has mainly been limited to TA-AIDS (2-8). 
Furthermore, no data are available on the 
number of persons infected through transfu- 
sions who have not yet developed AIDS. 
Therefore, the proportion of infected trans- 
fusion recipients who will ultimately devel- 
op AIDS cannot be estimated. However, 
because conversion of sera usually occurs 
within a few months of infection with HIV- 
1 (9, lo), data from a cohort of 84 infected 
homosexual and bisexual men who had a 
positive HIV-1 antibody test within 12 
months of a negative antibody test can be 
used to estimate both the mean incubation 
period and the proportion of infected indi- 
viduals who will develop AIDS. 

for HIV- 1 antibody, and one man who died 
from AIDS in 1982. For all of them, serum 
samples were available to document the date 
of seroconversion within 12 months of a 
negative HIV-1 antibody test. Antibody to 
HIV-1 was measured by enzyme-linked im- 
munosorbent assay (ELISA). Equivocal 
samples were retested by ELISA, and weak- 
ly positive ELISA samples were further con- 
firmed by a Western blot assay. Both the 
sensitivity and the specificity of ELISA test 
are higher than 0.99 (14). The year of HIV- 
1 seroconversion was estimated by the mid- 
point between dates of a negative and a 
subsequent positive HIV-1 antibody test. 
By January 1987, 21 (25%) infected men 
had been diagnosed with AIDS that met the 
Centers for Disease Control (CDC) surveil- 
lance definition ( I ) .  The San Francisco co- 
hort has been more fully described else- 
where (13). 

Notations are defined first for our model. 
Let ti denote the time interval in years from 
seroconversion to diagnosis for the ith re- 
ported case (i = 1, 2, . . ., n ) .  Similarly, let 
Ti be the number of years between the 
seroconversion and 1986, the last year of 

The sample consists -of 84  men drawn diagnosis under consideration for this study. 
from a larger cohort of 6709 homosexual We assume that ti follows a probability 
and bisexual men enrolled at San Francisco density At;, 0), where 0 is an unknown 
City Clinic between 1978 and 1980 for vector of parameters to be estimated. Let p 
studies of hepatitis B (11-13). The 84 men be the proportion of infected individuals 
include 83 men who were selected at ran- who will eventually develop AIDS. The 
dom or returned for he~atitis B vaccine likelihood of the observations is then 
follow-up, could be located, and gave writ- 
ten consent for their stored sera to be tested n k ~ t ; ,  0)l" [ i  - p  + p F(T;, 

, = I  
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the end of 1986 and 0 otherwise. Here,At;, 
0) can be assumed to be any appropriate 
probability density fiulction. Since the Wei- 
bull family has been widely applied to de- 
scribe the incubation period for TA-AIDS 
(2-6), we focusAti, 0) to have the form 

where A and y are greater than 0. A detailed 
description of the characteristics for this 
probability density can be found elsewhere 
(15, 16). However, the results for other 
distributions, such as the log-logistic have 
also been presented briefly. Based on the 
above likelihood, the maximum likelihood 
estimates of the parameters A, y, and p can 
be obtained by using a derivative-free proce- 
dure (1 7). For investigating the reliability of 
the estimate ofp, a table that summarizes the 
log-likelihood and the corresponding esti- 
mates of the mean incubation period for 
different values ofp is included. To check the 
fit of the Weibull model, we include a table 
that summarizes the observed and expected 
distributions of AIDS cases in the 84  men. 
The procedure for calculating the expected 
frequency can be found in Lui et d. (4). 

The sample mean of the incubation peri- 
ods for the 21 men who developed AIDS is 
4.8 years (SD, 1.5 years), and the range is 1 
to 8 years. The maximum likelihood esti- 
mate of p is 0.99 with a 90% confidence 
interval (0.38, 1.00), calculated by the likeli- 
hood-ratio test (1 8-20). However, as Table 
1 shows, different values o fp  do not change 
the log-likelihood much. Therefore, it may 
still be too early to predict the exact propor- 
tion of infected homosexual and bisexual 
men who will develop AIDS. The maximum 
likelihood estimates for A and y are 
); = 0.0038 and < = 2.571, respectively. 
Substituting ); and < for the corresponding 

Homosexual AIDS- fl 
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Fig. 1. The cumulative distribution of incubation 
periods for AIDS in homosexual and bisexual 
men (solid line) and transfusion-associated (TA) 
AIDS (dashed line). Both curves are based on the 
Weibull distribution [ l  - exp(-AtY)], where A 
and y are parameters, and t is the time between 
infection and diagnosis. The maximum likelihood 
estimates for AIDS in homosexuals and TA-AIDS 
in adults (2) are, respectively2 ); = 0.003807, 

= 2.571 and ); = 0.004799, y = 2.396. 
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Table 1. The relations among log-Lkelihood, 
values ofp, and the correspondmg estimates of the 
mean incubation period. 

Log- Estimated 
likelihood Values of p mean 

(years) 

parameters in the formula r(l +l /y)  /A"Y 

gives the estimate 7.8 years of the mean 
incubation period, with a 90% confidence 
interval of 4.2 years to 15.0 years. The 
cumulative distribution of the incubation 
period for the resulting model is shown in 
Fig. 1. This distribution is similar to that for 
TA-AIDS in adults (2). The observed and 
expected marginal frequencies in the last 
row of Table 2 agree reasonably well. The 
corresponding estimates of p and the mean 
incubation period for the log-logistic are 
presented in (21). 

Since seroconversion usually occurs with- 
in a few months of infection (9, lo) ,  using 
the year of seroconversion as a proxy for the 
year of infection would tend to produce an 
underestimate of the true incubation period. 
But since AIDS has such a long mean 
incubation period (of the order of 7 to 8 
years), the magnitude of this underestimate 
is probably negligible. 

The 84 men included in this analysis, 

compared with all other 5 15 HIV- 1 seropo- 
sitive men who were selected at random 
from the entire cohort of 6709 homosexual 
and bisexual men but about whom we had 
no information to determine the year of 
seroconversion, tended to be younger 
(mean = 31.6, SD = 5.2 versus mean = 
34.3, SD = 5.6), to have fewer sex partners 
per year (mean = 49.5, SD = 60 versus 
mean = 99.3, SD = 164), and to be less 
likely to have been diagnosed with syphilis 
(odds ratio = 0.5; 95% confidence inter- 
val = 0.3 to 1). If younger men with fewer . - 

partners and fewer intercurrent infections 
with other sexually transmitted diseases are 
less likely to develop AIDS or to have longer 
incubation periods, the estimate ofp may be 
conservative, but the estimate of the mean 
incubation period for these 84 individuals 
may be an overestimate. Further analysis can 
be done as more data are collected. Also, 
because AIDS was not recognized until 
1981, some men with short incubation peri- 
ods for AIDS could have been missed if they 
died before 1981. This sampling bias can 
cause us to overestimate the mean incuba- 
tion period. However, since AIDS cases are 
extremely rare before 1981, and information 
on the 84 men is complete (even before 
1981) in the data set, the bias resulting from 
misclassification should be minimal. 

The maximum likelihood estimate o f p  is 
0.99, which implies that almost all HIV-1- 
infected homosexual men will eventually 
develop AIDS if they do not die from other 
causes. This result is consistent with the 
argument of a close kinship between HIV- 1 
and animal lentiviruses (22-24). Penetrance 

Table 2. Observed and expected number of AIDS cases among 84 men by year of HIV-I 
seroconversion and year of diagnosis. 

Year of Year of diagnosis 
HIV-1 Total 

seroconversion 1979 1980 1981 1982 1983 1984 1985 1986 

1978 observed 0 0 0 1 0 1 1 0  3 6 t  
expected 0.02 0.10 0.22 0.35 0.47 0.57 0.63 0.64 

1979 observed 
expected 

1980 observed 
expected 

1981 observed 
expected 

1982 observed 
expected 

1983 observed 
expected 

1984 observed 
expected 

Total observed 
expected 

*Censored means that homosexual and bisexual men infected with HIV-1 had not been diagnosed with AIDS as of 1 
Januanr 1987, fFor example, a total of six men showed seroconversion in 1978, one of the six was diagnosed in 
1982, bne in 1984, and one in 1985. The other three had not been diagnosed with AIDS by 1 J a n u q  1987. 

and mortality for sheep infected by visna- 
maedi virus are found to be up to 1 .OO (25). 
Therefore, if HIV- 1 is comparable to related 
viruses in this respect, a good estimate o f p  
should be close to 1. In fact, in a recent West 
German study, investigators made a similar 
inference and left little hope that the major- 
ity of HIV-1 carriers would not progress to 
AIDS or to other fatal manifestations (26, 
27) in the absence of an effective therapy. 
On the other hand. since AIDS has such a 
long mean incubation period, approximately 
8 years, which is longer than the follow-up 
time for most of our cases, infected men 
who have not yet developed AIDS cannot 
be physically distinguished from infected 
men who will never develop AIDS. Thus, 
the estimate of p should still be treated 
cautiously. Note also that the estimate of the 
Inem incubation period decreases as the 
value p decreases (Table 1). This is because 
infected individuals who have not been di- 
agnosed with AIDS by now are more likely 
to represent persons who will never develop 
AIDS when p is smaller. In fact, a similar 
discussion on the limitations of the applica- 
tion of limited-failure models to other t o~ ic s  
has been noted elsewhere (1 8). 

The maximum likelihood estimate of the 
mean incubation period is 7.8 years, which 
is similar to the estimate of the mean based 
on TA-AIDS for adults (2). Both distribu- 
tions (Fig. 1) suggest that a very high 
proportion of men still have not been diag- 
nosed even 5 years after infection with HIV- 
1. This result implies that the AIDS epidem- 
ic will continuallv increase for the next sever- 
al years if no effective treatment becomes 
available to prevent the progression of HIV- 
1 infection from an asymptomatic stage to 
clinical AIDS. Note that the estimate of the 
shape parameter y is greater than 1. This 
implies that the hazard rate for developing 
AIDS in homosexual men increases with the 
time interval after infection. Furthermore, 
the hazard rate increases at a faster rate over 
time, since y is greater than 2. In contrast to 
the pediatric TA-AIDS (4), though the haz- 
ard rate also increases with time after infec- 
tion, the slope of the hazard rate slows 
down. 

Because of the possible difference in incu- 
bation periods among different groups at 
risk for AIDS, extrapolation of an incuba- 
tion period from TA-AIDS to project the 
AIDS epidemic (3, in which the homosex- 
ual male risk group accounts for 74% of all 
AIDS cases in adults (28), is always ques- 
tionable. However, our model provides no 
evidence to support the hypothesis of a 
major difference in incubation period be- 
tween TA-AIDS in adults and AIDS in 
homosexual men: both have long mean in- 
cubation periods. The width of the confi- 
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dence interval indicates that our present data 
are not precise enough to pinpoint the 
mean. As additional data are collected, esti- 
mates of the characteristics of the incubation 
period for AIDS can be improved. 

p~ - 
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Location and Chemical Synthesis of a Binding Site for 
HIV-1 on the CD4 Protein 

BRADFORD A. JAMESON, PATRICIA E. RAO, LILLY I. KONG, 
BEATRICE H. HAHN, GEORGE M. SHAW, LEROY E. HOOD, 
STEPHEN B. H. KENT 

The human immunodeficiency virus type 1 (HIV-1) uses the CD4 protein as a receptor 
for infection of susceptible cells. A candidate structure for the HIV-1 binding site on 
the CD4 protein was identified by epitope mapping with a family of eight functionally 
distinct CD4-specific monoclonal antibodies in conjunction with a panel of large CD4- 
derived synthetic peptides. All of the seven epitopes that were located reside within two 
immunoglobulin-like disulfide loops situated between residues 1 and 168 of the CD4 
protein. The CD4-specific monoclonal antibody OKT4A, a potent inhibitor of HIV- 1 
binding, recognized a site between residues 32 and 47  on the CD4 protein. By analogy 
to other members of the immunoglobulin superfamily of proteins, this particular 
region has been predicted to exist as a protruding loop. A synthetic analog of this loop 
(residues 25 to 58) showed a concentration-dependent inhibition of HIV- 1-induced 
cell fusion. It is proposed that a loop extending from residues 37 to 53 of the CD4 
protein is a binding site for the AIDS virus. 

T HE AIDS VIRUS, HIV-1, SHOWS A 

preferential tropism toward helper T 
cells. The gp120 envelope protein of 

HIV-1 directly interacts with the CD4 pro- 
tein of helper T cells (1, 2). Cell surface 
expression of the CD4 protein on a nonper- 
missive cell line (HeLa cells) can enable the 
virus to bind and infect this cell type (3). 
Monoclonal antibodies to the CD4 protein 
can prevent HIV-1 from infecting permis- 
sive cells (1, 2, 4, 5) ,  and soluble constructs 
of the CD4 protein are able to inhibit HIV- 

1-induced cell fusion (6-1 0). 
The CD4 protein serves as a phenotypic 

marker for the separation of helper T cells 
from lymphocyte populations and plays an 
essential role in the recognition by helper T 
cells of foreign antigen in the context of the 
polymorphic class I1 major histocompatibil- 
ity complex (MHC) (1 1). The CD4 protein 
is encoded by a single gene and is of invari- 
ant sequence, in contrast to the class I1 
MHC molecules or the T cell antigen recep- 
tor. It is therefore thought that the structure 

or structures recognized by the CD4 protein 
on the MHC is conserved in spite of the 
polymorphic nature of the MHC. This argu- 
ment appears to apply to the HIV-1 gp120 
as well. The region (or regions) on the 
gp120 that have been implicated in binding 
to CD4 reside within highly variable por- 
tions of the gp120 (12, 13), yet all known 
isolates of HIV-1, as well as HIV-2, appear 
to use the CD4 protein as a receptor and 
show the same inhibition profiles in re- 
sponse to CD4-specific monoclonal anti- 
bodies (14, 15). Furthermore, CD4-specific 
monoclonal antibodies (mAbs) that block 
the binding of HIV-1 also inhibit the pre- 
sentation of foreign antigen and the subse- 
quent stimulation of helper T cells (1 6-23). 
This suggests that the same site on CD4 is 
used both for binding to the class I1 MHC 
and to the gp120 of HIV. Thus, identifica- 
tion and characterization of this binding 
domain on the CD4 is not only important 
for understanding the viruslreceptor interac- 
tion, but will aid in the basic understanding 
of interactions of antigen-presenting cells 
with helper T cells. 

In these studies we used a panel of eight 
CD4-specific mAbs (Table 1).  Antibodies 
MT-151, OKT4F, and OKT4A are the 
most potent inhibitors of HIV-1 binding to 
the CD4 protein, while OKT4D and 
OKT4E show intermediate inhibitory ef- 
fects, OKT4B shows only a weak effect, and 
OKT4 and OKT4C show no effect on virus 
binding (4, 5, 24). Sattentau et al. (5) 
suggested that two independent binding 
domains can be discerned by this panel of 
CD4-specific mAbs, one defined by 
OKT4A and the other by MT151. 

To map the epitopes of the CD4-specific 
mAbs, we synthesized a panel of CD4- 
derived peptides (see Fig. 1). We have 
found that longer peptides (approximately 
30 amino acids in length) give more consist- 
ent results in direct binding assays than do 
shorter peptides (6 to 12 amino acids in 
length) and that antibodies to the longer 
peptides cross-react better with the native 
target protein. We therefore used peptides 
of about 30 amino acids in length. The 
CD4-specific mAbs were directly assayed for 
their ability to bind to each synthetic pep- 
tide (Fig. 2) .  Only three of the mAbs consis- 
tently recognized any of the CD4-derived 
peptides in the solid-phase radioimmuno- 
assay (RIA). OKT4C and OKT4F both 
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