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Prophylactic Vaccines, Risk Behavior Change, 
and the Probability of Eradicating 

HIV in San Francisco 
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Theory is linked with data to assess the probability of eradicating human immunodefi- 
ciency virus (HIV) in San Francisco through the use of prophylactic vaccines. The nec- 
essary vaccine efficacy levels and population coverage levels for eradication are quan- 
tified. The likely impact of risk behavior changes on vaccination campaigns is assessed. 
The results show it is unlikely that vaccines will be able to eradicate HIV in San Francisco 
unless they are combined with considerable reductions in risk behaviors. Furthermore, if 
risk behavior increases as the result of a vaccination campaign, then vaccination could 
result in a perverse outcome by increasing the severity of the epidemic. 

M a s s  vaccination campaigns against HIV 
will be initiated after vaccine efficacy has 
been established by phase 111 clinical trials. 
However, before the vaccination campaigns 
begin it is important to determine the po- 
tential epidemiological impact of the vac- 
cines. Previouslv we have formulated and 
analyzed a transmission dynamic model of 
HIV in order to d e v e l o ~  a auantitative 
framework for assessing the utility of pro- 
~hvlac t ic  vaccines for e~ idemic  control 
i that  is, for eradication aAd for noneradi- 
cating control) (1). Here we link this the- 
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oretical work with a s~ecif ic  data set to 
assess whether it will be possible to eradi- 
cate HIV in San Francisco through the use - 
of prophylactic vaccines. Data from the San 
Francisco Young Mens Health Study 
(SFYMHS), which is an  HIV transmission 
study o'f young gay men, were used in the 
analysis. Specifically for San Francisco, 
three questions were addressed: (i) What 
proportion of the young gay community 
would have to be vaccinated in order to 
eradicate HIV, (ii) how effective would the 
vaccines have to be to ensure epidemic 
eradication, and (iii) what effects could 
changes in sexual risk behavior have on the 
impact of mass vaccination programs? 

Vaccine efficacy is generally calculated 
with clinical trial data and a standard defi- 

nition of efficacy, where efficacy is defined 
as 1 - relative risk. Incidence rates deter- 
mine the magnitude of the relative risk 
between the vaccinated and the placebo 
groups; hence, the calculated efficacy level 
will depend on the length of the clinical 
trial (that is, efficacy is time-dependent) 
(2-4). Furthermore, the standard definition 
of vaccine efficacy does not provide a 
means for including the specific mecha- 
nisms of vaccine failure. Hence, previously 
we formulated a new measure of efficacv 
(that we named vaccine impact) so that we 
could (i) examine the effects of s~ecif ic  . , 
mechanisms of vaccine failure and (ii) de- 
rive a time-independent summary measure 
of vaccine imperfection (that is, efficacy) 
that could be used to calculate the critical 
vaccination coverage required for epidemic 
eradication (1).  This new measure of effi- 
cacy was derived while the effects of mass 
vaccination programs were modeled on  the 
transmission dynamics of HIV in a gay com- 
munity. The  transmission model consisted 
of four ordinary differential equations; the 
model structure is described elsewhere (1 ). 
Our model included three mechanisms of 
vaccine failure: take ( the fraction of vac- 
cine reci~ients in whom the vaccine has 
any immunological effect at all), degree 
(the degree of reduction in susceptibility 
per sexual ~ a r t n e r s h i ~  for those in whom 
the vaccine takes), and duration (the dura- 
tion of vaccine-induced immunity) (1 ). We 
named our efficacy measure the impact of 
the vaccine (+) (therefore efficacy and im- 
pact are synonyms) (1);  throughout this 
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revort the term efficacv will be used instead 
of impact. Efficacy can be presented either 
as a fraction or as a percentage; therefore, if 
the impact (+) of a vaccine is 0.6, then the 
efficacy can be described either as 0.6 or 
60%. A definition of + is given in Eq. 1; the 
derivation of + is described elsewhere (1 ). It 
may be seen that the value of + is deter- 
mined by the product of three components: 
the take of the vaccine, the degree of the 
vaccine, and the fraction of individuals who 
cease sexual activitv before the vaccine- 
induced protection wanes. 

where E is the take (the fraction of vaccine 
recipients in whom the vaccine has any 
immunological effect at all), + is the degree 
(the degree of reduction in susceptibility 
per sexual partnership for those in whom 
the vaccine takes), l/o is the average dura- 
tion of vaccine-induced immunity, 1/p is 
the average length of the sexual life-span, 
and p / ( p  + w) is the fraction of individuals 
who cease sexual activity before the vac- 
cine-induced protection wanes. 

The efficacy measure (+) has three impor- 
tant implications. Firstly, + provides a quan- 
titative measure for comparing different pro- 
phylactic vaccines and deciding which vac- 
cine will provide the most effective epidemic 
control. Secondly, it can be seen from the 
definition of + that the efficacy even of a 
vaccine that appears promising may be low 
because different mechanisms of vaccine fail- 
ure compound in a multiplicative manner. 
Thirdly, 4 can then be used to calculate the 
critical vaccination coverage (p,) required to 
eradicate an HIV epidemic: 

where + is the vaccine impact (efficacy), 
and Ro is the basic reproductive rate of 
HIV. R, is the average number of secondary 
infections that occur when one infectious 

Basic reproductive rate 

Fig. 1. Doubling time of the HIV epidemic in San 
Francisco in young gay men; data are from the 
SFYMHS. 

individual is introduced into a population 
of susceptibles (5, 6). 

Here we apply these previously derived 
theoretical results to a specific data set (the 
SFYMHS) in order to assess the probability 
for the eradication of HIV in San Francisco. 
The probability of eradication depends on the 
severity of the epidemic; hence SFYMHS 
data were used to assess the severity of the 
current HIV epidemic in San Francisco. The 
SFYMHS is a large multistage probability 
sample of young (18- to 29-year-old) gay men 
conducted in 1993 in San Francisco (7). As a 
consequence of the sampling design, the 
SFYMHS is a population-based estimate of 
HIV infection and sexual behaviors; the 
methodology of the survey and preliminary 
results are described elsewhere (7). Sexual risk 
behavior data (both the reported number of 
receptive anal sex partners and condom us- 
age) were used to estimate the basic reproduc- 
tive rate (R,) of HIV. R, is an aggregate 
parameter that quantifies the severity of an 
epidemic; if R, is greater than unity an epi- 
demic can occur, and if R, is less than unity 
an epidemic will not occur. Using the 
SFYMHS data, we obtained a lower bound 

estimate (R, = 2) and an upper bound esti- 
mate (R, = 5) (8). These estimates of R, were 
used to calculate the doubling time of the 
HIV epidemic (Fig. 1). The doubling time lies 
somewhere between 2 (using the upper bound 
estimate of R,) and 7 years (using the lower 
bound estimate of R,). Hence the epidemic is 
fairly severe, a result that is corroborated by 
the fact that the seroprevalence level in 
young gay men in San Francisco has already 
reached 18% (7). 

Upper and lower bound estimates of R, 
and Eq. 2 were used to calculate the pro- 
portion of the young gay community in San 
Francisco that would have to be vaccinated 
[by vaccines of varying levels of efficacy 
(+)I in order to eradicate HIV. The results 
show that vaccines with low efficacy or 
vaccines that are administered in a gay 
community affected by a severe epidemic 
(high R,) will not eradicate the epidemic 
(Fig. 2A). Specifically, it can be seen for 
San Francisco that if the lower bound esti- 
mate of R, reflects the true value of R,, then 
the minimum efficacy of the vaccine has to 
be at least 50% to ensure epidemic eradica- 
tion. An example of a vaccine that would 

Level of risk behavior 

B 4 Decrease H Increase I t 

- - -  - 

---4 lncreasina vaccine efficacv 
Fig. 3. Relations between the critical ~ro~ortion 

Fig. 2. (A) Relation between the critical proportion 
for eradication and the efficacy level (+) for the 
upper bound (R, = 5) and lower bound (R, = 2) 
estimate of the basic reproductive rate; data are 
from the SFYMHS. Efficacy is plotted as a fraction 
and not as a percentage. (B) Relation between 
vaccine efficacy and potential participation rates 
in a phase I l l  HIV prophylactic vaccine trial in 
young gay men in San Francisco; data are from 
the SFYMHS (1 1 ). 

that needs to be vaccinated for HIV epidemic 
eradication and the level of risk behavior; three 
vaccines are plotted [efficacy (+): 0.6 (60%), 0.8 
(80%), 1.0 (1 00%)]. Level of risk behavior is stan- 
dardized to the level of risk behavior at the begin- 
ning of the mass vaccination campaign. (A) Data 
are from the SFYMHS lower bound estimate of the 
basic reproductive rate (R, = 2). (B) Data are from 
the SFYMHS upper bound estimate of the basic 
reproductive rate (R, = 5). 
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have an  efficacy of 50% would be a vaccine 
that would take in 85% of the vaccinated 
individuals, reduce susceptibility to infec- 
tion by 95%, and have a duration of immu- 
nitv that waned with a half-life of 35 vears. 
~ o k e v e r ,  if the upper bound estimate bf R, 
reflects the true value of Ro, then the min- 
imum efficacy of the vaccine has to be at 
least 80% to ensure epidemic eradication. It 
should be noted that at both these mini- 
mum efficacy levels, the vaccination cover- 
age levels would have to be 100%; at lower 
coverage levels, the efficacy of the vaccines 
would have to be higher (Fig. 2A). 

Participants in the SFYMHS were asked 
questions regarding the likelihood of their 
participating in a phase 111 trial for vaccines 
of different levels of efficacv. The  resuks 
show that at lower levels of efficacy, young 
gay men are less likely to participate in a 
phase 111 trial (Fig. 2B). These participation 
rates may reflect the attainable coverage 
levels during a mass vaccination campaign; 
if so, the data shown in Fig. 2B are very 
discouraging when compared with the re- 
sults in Fig. 2A, which demonstrate that as 
efficacv levels decrease. vaccination cover- 
age levels have to increase. The  results in 
Fig. 2B demonstrate that as efficacy levels 
decrease, participation rates are likely also 
to decrease. Hence, unless very high effica- 
cy vaccines become available, it may be 
impossible to eradicate the epidemic be- 
cause of low participation rates. 

Figure 2A illustrates the relation be- - 
tween coverage levels and efficacy levels for 
the e~idemic  in San Francisco, under the 
assuiption that risk behavior change does 
not occur. However. when a mass vaccina- 
tion campaign is introduced, it is possible 
that risk behaviors will change; consequent- 
ly, the effects that changes in sexual risk 
behavior could have on the impact of mass 
vaccination programs in San Francisco were 
explored. Figure 3 shows the coverage levels 
that are necessarv for e~ idemic  eradication ~ ~ 

in San Francisco for three vaccine efficacy 
levels (60%, 80%, and 100%); the effect of 
no  change and of increases and decreases in 
risk behaviqr are shown for Ro = 2 (Fig. 
3A) and for Ro = 5 (Fig. 3B). The  variable 
(PC) which we use to specify the relative 
level of risk behavior in Fig. 3 is a product 
of two quantities: the average transmission 
efficiency of HIV per sexual partnership (P)  
(which reflects the degree of condom use) - 
and the average number of receptive anal 
sex partners experienced per unit time (c) 
(9). This relative level of risk behavior was 
standardized to the level of risk behavior at 
the beginning of the vaccination campaign; 
therefore, in Fig. 3, the relative level of the 
risk behavior at the beginning of the vac- 
cination campaign was 1. The  effects of a 
completely efficacious vaccine were ana- 
lyzed, although it is extremely unlikely that 

such a vaccine will be developed (a vaccine 
that has an efficacy of 100% would work 
in everybody, provide complete protection 
during every encounter, and the vaccine- 
induced immunitv would last throughout - 
the entire sexual life-span). 

In the absence of risk behavior change, if - .  
the true value of Ro is 2, all three vaccines 
could eradicate HIV in San Francisco (Fie. . 
3A); the necessary eradication coverage 
levels for each vaccine can be read from the 
y axis when the level of risk behavior (on 
the x axis) is equal to 1. However, if the 
true value of Ro is 5, then it can be seen 
from Fig. 3B that in the absence of risk 
behavior change, a 60%' efficacious vaccine 
would be inadequate for epidemic eradica- 
tion in San Francisco. Even a vaccine with 
an efficacy level of 80% would require 
100% coverage levels for eradication. and a - 
completely efficacious vaccine would re- 
quire 80% coverage levels (Fig. 3B). 

Figure 3 illustrates how decreases in risk 
behavior could interact with mass vaccina- 
tion campaigns. If risk behavior decreases, 
then all three vaccines may eradicate the 
epidemic, and eradication is possible at low- 
er coverage levels. Even if the true value of 
R, is 5, it could become possible to eradi- 
cate the epidemic with a 60% efficacious 
vaccine if risk behavior could be halved 
(Fig. 3B). Furthermore, Fig. 3 shows that 
reductions in risk behavior alone. without a 
mass vacchation campaign, could eradicate 
HIV; in Fig. 3 A  (Ro = 2), risk behavior 
levels would have to decrease by 50% of 
their initial-value, and in Fig. 3B (Ro = 5 )  
risk behavior levels would have to decrease 
bv 80% of their initial value. 

Figure 3 also reveals how increases in 
risk behavior could affect the impact of a 
mass vaccination campaign. If the true val- 
ue of Ro is 2, then Fig. 3A shows that if the 
vaccine efficacy level is very high (80% or 
loo%), the levels of risk behavior can dou- 
ble, but the epidemic can still be eradicated 
if coverage levels are increased. However, if 
the vaccine efficacv level is onlv 60% and 
the levels of risk behavior increase by only 
a slight amount- (>1.2), the epidemic can 
no  longer be eradicated even with 100% 
coverage. If the true value of Ro is 5, then 
Fig. 3B shaws that if risk behavior increases 
by any, degree, a vaccine that is 80% effica- 
cious could no  longer eradicate the epidem- 
ic, and only the completely efficacious vac- 
cine could result in eradication. 

It is also ~ossible  that if risk behavior 
increased as a consequence of a mass vac- 
cination campaign, then not only may it 
become impossible to eradicate the HIV 
epidemic, but mass vaccination may have 
the perverse outcome of increasing the se- 
verity of the epidemic. The  probability of 
such a perverse outcome depends on three 
factors: the degree to which the risk behav- 

ior is increased (D) (that is, D equals the 
new level of risk behavior divided by the 
initial level of risk behavior), the efficacy 
( 4 )  of the vaccine used, and the achieved 
coverage levels (C). If the inequality shown 
in Eq. 3 is satisfied, then a mass vaccination 
campaign could do more harm than good. 

For example, a mass vaccination campaign 
could increase the severity of the epidemic 
if it was only possible to achieve 50% cov- 
erage levels for a 60% effective vaccine and 
the level of the risk behavior increased by a 
factor of 1.4. 

In this initial analysis of mass vaccina- 
tion campaigns for HIV eradication, a sim- 
ple homogeneous model has been used to 
estimate the coverage levels that are neces- 
sary for eradication. Therefore, it has been 
assumed that (on average) all men are equal 
with respect to their level of sexual activity 
and that vaccination is uniformly applied. 
The  issue of heterogeneity in sexual risk 
behavior (that is, some men may be more 
sexually active than others) and the possi- 
bility of using a targeted vaccination policy 
have been ignored in the current analysis; 
both of these issues will be addressed in 
subsequent analyses. However, previous re- 
sults from modeling other diseases (6) sug- 
gest that in general, the inequalities shown 
in Eq. 4 are satisfied: 

where phetU is the critical vaccination cov- 
erage level for eradication in a heteroge- 
neous population with a uniformly ap- 
plied vaccination program, phomU is the 
critical vaccination coverage level for 
eradication in a homogeneous population 
with a uniformly applied vaccination pro- 
gram, and phe,f is the critical vaccination 
coverage level for eradication in a heter- 
ogeneous population with a targeted vac- 
cination program. 

The inequalities shown in Eq. 4 reveal 
that the coverage levels for eradication are 
highest for a uniformly applied vacccnation 
program in a heterogeneous population and 
lowest for a targeted vaccination program in 
a heterogeneous population. Therefore, if 
the mass vaccination programs are uniform- 
ly applied, then the calculated coverage 
levels in the current analysis (which as- 
sumes homogeneity) may be underestimates 
of the necessary coverage levels for epidem- 
ic eradication in San Francisco. However, if 
a vaccination program is targeted to the 
highest risk individuals, the calculated cov- 
erage levels in this current analysis may be 
overestimates of the necessary coverage lev- 
els for epidemic eradication in San Fran- 
cisco. In addition, in the current analysis, 
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the possibility of revaccination has not 
been considered: if vaccines have low effi- 
cacy as a result of the waning of vaccine- 
induced immunity, then it may be very 
simple to increase vaccine efficacy by de- 
veloping a n  appropriate revaccination 
schedule (1 ). Obviously, the development 
of a n  optimal vaccination campaign for 
HIV eradication may include the targeting 
of high-risk subgroups within the gay com- 
munitv and mav include revaccination. T h e  
development of such optimal vaccination 
Droprams for HIV eradication therefore re- . - 
quires further theoretical exploration. 

The  results of our analysis suggest that 
extremely effective vaccines will have to  be 
applied at high coverage levels to  achieve 
HIV eradication (10). The  available data 
indlcate that ~t mav be verv difficult to 
achieve the necessary high 'participation 
rates unless highly efficacious vaccines are 
developed. T h e  results demonstrate that 
risk behavior change and mass vaccination 
campaigns have to be considered together, 
and that it is extremely unlikely that vac- 
cines will be able to eradicate HIV in San 
Francisco unless they are combined with 
considerable reductions in  risk behaviors. If 
one of the consequences of a mass vaccina- 
tion campaign is a n  increase in  the level of 
risk behavior, the results indicate that it 
may become impossible to eradicate HIV. 
Although we wish to stress that if HIV 
eradication proves to be impossible, prophy- 
lactic vaccines (as we have shown else- 
where) could significantly reduce the HIV 
epidemic (1 ). However, the potential con- 
sequences of HIV mass vaccination cam- 
paigns need to be evaluated carefully, be- 
cause (as we have shown in this analysis) 
such campaigns could result in a perverse 
outcome by increasing the severity of the 
euidemlc. Therefore. the results illustrate 
tkat it is essential that efficacious prophy- 
lactic vaccines and efficacious behavioral 
intervention strategies be developed con- 
currently. A number of HIV prophylactic 
vaccines have already passed through phase 
I and ~ h a s e  I1 clinical trials. A recent deci- 
sion gas been made to delay phase 111 trials. 
This decision has the beneficial effect of 
allowing more time for the development of 
a quantitative theoretical framework for as- 
sessing the potential impact of prophylactic 
vaccines. W e  suggest that the developing 
theoretical framework should now be used 
in guiding the design of the phase 111 clin- 
ical trials, as well as in guiding the design of 
future mass vaccination campaigns. 
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or less likely to participate in a phase Ill vacclne 
trlal or wouldn't that make any difference in your 
willingness to participate?" and "Suppose you 
knew that the vaccine being tested was some- 
where between 40 and 60% effective-that is, 
between 4 and 6 out of every 10 people who had 
received the vaccine would be protected against 
HIV infection. Would knowing this make you more 
or less likely to participate in a phase Ill vaccine 
trial or wouldn't that make any difference in your 
willingness to participate?" 
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Degradation of G a  by the N-End Rule Pathway 
Kiran Madura* and Alexander Varshavskyt 

The-N-end rule relates the in vivo half-life of a protein to the identity of its amino-terminal 
residue. Overexpression of targeting components of the N-end rule pathway in Saccha- 
romyces cerevisiae inhibited the growth of haploid but not diploid cells. This ploidy- 
dependent toxicity was shown to result from enhanced degradation of Gpal , the a subunit 
(Ga) of a heterotrimeric guanine nucleotide-binding protein (G protein) that regulates cell 
differentiation in response to mating pheromones. Sst2, a protein whose absence renders 
cells hypersensitive to pheromone, was essential for degradation of G a  but not other 
N-end rule substrates, suggesting the involvement of an indirect, or trans-, targeting 
mechanism. G a  degradation by the N-end rule pathway adds another regulatory dimen- 
sion to the multitude of signaling functions mediated by G proteins. 

M a n y  regulatory proteins are short-lived in 
vivo. The  metabolic instability of a protein 
makes possible a rapid adjustment of its 
concentration or subunit composition 
through changes in  the rates of its synthesis 
or degradation. The  essential determinants 
of one degradation signal, named the N -  
degron, are a destabilizing NH2-terminal 
residue and an internal lysine residue of a 
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substrate protein (1-3). The  lysine-residue 
is the site of formation of a multiubiquitin 
chain, which comprises several covalently 
linked ubiquitin moieties (2, 4). A set of 
N-degrons containing different destabiliz- 
ing residues is manifested as the N-end rule, 
which relates the in vivo half-life of a pro- 
tein to the identity of its NH2-terminal 
residue (1, 2). Ubiquitin is a 76-residue 
protein, the conjugation of which to other 
proteins plays a role in  many cellular pro- 
cesses, primarily through routes that in- 
volve protein degradation (4). The  only 
known physiological substrate of the N-end 
rule pathway has been the R N A  polymerase 
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