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Modelling HIV vaccination

Could disease-modifying HIV vaccines cause
population-level perversity?

Robert J Smith and Sally M Blower

Most current candidate HIV vaccines seem to produce little
protection against infection, but reduce viral load and slow
the decline in CD4 lymphocyte numbers. Such disease-
modifying vaccines could potentially provide important
population-level benefits by reducing transmission, but
could possibly also increase transmission. We address the
following question: could disease-modifying HIV vaccines
cause population-level perversity (ie, increase epidemic
severity)? By analysing a mathematical model and defining a
new quantity—the fitness ratio—we show that disease-
modifying vaccines that provide only a low degree of
protection against infection and/or generate high fitness
ratios will have a high probability of making the epidemic
worse. However, we show that if disease-modifying
vaccines cause a 1-5 log,, reduction in viral load (or greater)
then perversity cannot occur (assuming risk behaviour does
not increase). Finally, we determine threshold surfaces for
risk behaviour change that determine the boundary between
beneficial and perverse outcomes; the threshold surfaces
are determined by the fitness ratio, the proportion of the
population that are “successfully vaccinated”, and the
degree of change of risk behaviour in unvaccinated infected
individuals. We discuss the implications of our results for
designing optimal vaccination control strategies.
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Recently there has been a call for a global HIV vaccine
enterprise." There is an urgent need to create and evaluate
systematically more candidate HIV vaccines;” however, there
remain substantial challenges to developing such vaccines.’
Disappointingly, the only HIV vaccine that has been tested
in phase III trials failed to show efficacy.* Several candidate
vaccines are currently in phase I and II clinical trial
evaluation.” Most seem to permit infection, but exert their
protective effect by reducing viral load and slowing the
decline in CD4 lymphocyte numbers.”* Such imperfect
vaccines could provide important benefits by delaying HIV
progression and reducing transmission.” These vaccines can
be described as disease-modifying vaccines. The hope is that
they will be at least moderately effective, and will be made
available to regions of the world that request them."
However, there is a concern that when these vaccines
become available, people who are vaccinated might increase
their risk behaviour." Hence, there is a concern that use of
such disease-modifying vaccines may have an unintended
consequence and increase the severity of the HIV epidemic.
This concern has been evaluated previously by Blower and

colleagues™ for imperfect prophylactic HIV vaccines that
do not modify disease progression. Here, we use a
mathematical model to address the following question:
could disease-modifying HIV vaccines cause population-
level perversity (ie, increase epidemic severity)?

The average number of secondary HIV infections caused
by an infected individual is defined by the aggregate
measure, the basic reproduction number R,. R, is calculated
as the product of three factors: the probability of
transmission, the average rate of acquisition of new sex
partners, and the duration of infection (ie, the time from
infection to death). Here we analyse a previously published
HIV vaccine model,”"” and assess only the effects of mass
vaccination. In previous work we have modelled the public-
health impact of wusing both HIV vaccines and
antiretrovirals.™

Individuals who are vaccinated with disease-modifying
vaccines have the potential to become infected and cause
secondary infections. These individuals may have a reduced
per-partnership transmission probability, but will have
increased life expectancy (ie, survival time). We define the
average number of secondary HIV infections caused by an
infected vaccinated individual as R,. The value of R, is
determined as the product of three factors: the probability of
transmission (from a vaccinated infected individual), the
average rate of acquisition of new sex partners (by a
vaccinated infected individual), and the duration of
infection (ie, the time from infection to death in a
vaccinated infected individual). Thus any vaccine that
increases the value of R, (for example, by increasing the
length of the asymptomatic period without reducing the
probability of transmission) would increase both the
incidence of infection and the AIDS death rate. We then
define the relation between R, and R, as the fitness ratio f,
where f=R/R. By using a mathematical model,”"” and
assuming that risk behaviour does not change, we determine
(see website appendix, http://image.thelancet.com/extras/
04ID3004webappendix.pdf) that perversity will occur if
f>1/1-¢, where ¢ is the degree of protection against
infection provided by the disease-modifying vaccine ({>0).
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(A) Relation between the degree of protection \s and the fitness ratio fwhen behaviour does not change. For vaccines providing a medium to high
degree of protection against infection, increases in the fitness ratio can still have a beneficial impact (blue region). However, for vaccines providing only
a low degree of protection, even very slight increases in the fitness ratio can have a perverse impact (red region). Note that the degree of protection
against infection is a fraction in the equations, but plotted as a percentage here. (B) Relation between relative transmissibility (ﬁ ,=B./B.) and survival
time, when behaviour does not change. The vaccine may reduce (or possibly increase) the transmissibility and will likely give additional years of life to
the patient. Parameters used were1/p=30 years, B,=0-1, and 1/y,=10 years. A vaccine that gives t* additional survival years will produce a beneficial
outcome if its relative transmission rate satisfies [§V<[§;. Here [§; is the relative transmission probability that corresponds to a fitness ratio of 1 when the
vaccine gives t* additional survival years. However any transmission rate satisfying ﬁv<[§§”’:0~25 will ensure a beneficial outcome, regardless of the
number of additional life years due to the vaccine. (C) Epidemic control strategies for a vaccine providing only a 25% degree of protection when
vaccinated infected individuals decrease risky behaviour by 15%. (D) Epidemic control strategies for a vaccine providing only a 25% degree of
protection when vaccinated infected individuals increase risky behaviour by 15%.

Conversely, we determine that if the fitness ratio is less than
one (ie, 0<f<1), then population-level perversity is not
possible and the HIV vaccine will always have a beneficial
impact.

Figure 1A shows the quantitative relation we found that
exists between the degree of protection against infection
provided by the vaccine and the fitness ratio. For a high
efficacy vaccine (eg, one that offers a 90% degree of protection
against infection) the epidemic-level impact will always be
beneficial (ie, transmission will decrease) if the fitness ratio is
below 10 (figure 1A). Thus, infected vaccinated individuals
would have to generate ten times as many secondary

infections as infected unvaccinated individuals to cause a
perverse outcome; hence, under these conditions,
population-level perversity would be extremely unlikely.
However, a vaccine that provides only a very low to moderate
degree of protection against infection and has a low fitness
ratio would lead to perversity (figure 1A). For example, an
HIV vaccine that provides only a 10% degree of protection
against infection and has a fitness ratio greater than just 1-1
leads to perversity. Studies of current candidate disease-
modifying vaccines indicate that they may generate only low
degrees of protection against infection. Our results show
that—if these current candidate vaccines are used—then
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infected vaccinated individuals would have to generate only
1-1 times as many secondary infections as infected
unvaccinated individuals to cause population-level perversity.
Thus, our results clearly demonstrate that disease-modifying
vaccines that provide only a low degree of protection against
infection and/or generate high fitness ratios will have a high
probability of making the HIV epidemic worse.

The fitness ratio will be determined by the effect that the
vaccine has on reducing viral load; reducing the viral load
both reduces the probability of transmission per
partnership® and increases survival time.” Low fitness ratios
are beneficial, and reduce the probability of population-level
perversity. Thus, we evaluated what type of disease-
modifying vaccines would generate low fitness ratios
(figure 1B). As the vaccine increases survival time without
proportionally decreasing the probability of transmission
per partnership, the fitness ratio will increase; hence the
likelihood of a perverse outcome will also increase
(figure 1A). The threshold fitness ratio /=1 is shown as the
black curve. Above this curve, infected vaccinated
individuals generate more secondary infections than
infected unvaccinated individuals. Below this curve, infected
vaccinated individuals generate fewer secondary infections
than infected unvaccinated individuals. We found that an
HIV vaccine that gives ¢ additional survival years will
produce a beneficial outcome if its relative transmission
probability satisfies B,<B:. Here B is the relative
transmission probability corresponding to a fitness ratio of 1
when the vaccine gives ¢ additional survival years. We
determined (see website appendix) that there is a critical
value for the reduction in the transmission probability due
to the vaccine B (figure 1B). Our results reveal that if
disease-modifying vaccines reduce the per-partnership
transmission probability by three quarters or more, the
fitness ratio will always be less than 1 (ie, a perverse outcome
cannot occur). A vaccine which offers a 1-5 log,, mean drop
in viral load will reduce the per-partnership transmission
probability to 26% of the per-partnership transmission
probability in those without the vaccine (see website
appendix). If this reduction occurs, even a disease-
modifying vaccine that adds 60 additional years of life will
not produce a perverse outcome. Hence our results
demonstrate  that  decreasing the  per-partnership
transmission probability is critical. We strongly recommend
that disease-modifying vaccines that significantly increase
life expectancy, but do not substantially decrease the per-
partnership transmission probability should not be used for
epidemic control.

Having determined conditions under which disease-
modifying vaccines lead to perversity, assuming no change
in risk behaviour, we now consider the case where
individuals change their risk behaviour. A vaccine campaign
produces four groups: (A) those who do not receive the
vaccine; (B) those who receive the vaccine but the vaccine
does not take; (C) those who receive the vaccine, the vaccine
takes, but vaccine-induced immunity wanes over time; and
(D) those who receive the vaccine, the vaccine takes, and
vaccine-induced immunity does not wane over time. Risky
behaviour may increase or decrease for individuals in all
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four groups. We consider “unvaccinated” individuals to be
any members of groups A, B, or C, whereas “successfully
vaccinated” individuals consist of members of group D
alone. We consider the net effect of changes in unvaccinated
individuals; thus, for example, if group A substantially
increase their risk behaviour, compared with decreases in
groups B and C, then the net effect will be an increase in risk
behaviour in unvaccinated individuals. We calculated a
threshold surface for risk behaviour change that determines
the boundary between beneficial and perverse outcomes; the
threshold is determined by the fitness ratio, the proportion
of the population that are successfully vaccinated, and the
degree of change of risk behaviour in unvaccinated infected
individuals (figure 1C and figure 1D).

The epidemiological outcome depends strongly on the
behaviour of the infected unvaccinated individuals (see
website appendix) and is very sensitive for HIV vaccines that
provide only a low degree of protection against infection.
Figure 1C shows the threshold surface for a disease-
modifying vaccine that provides only a 25% degree of
protection, and calculations are made assuming that
vaccinated infected individuals decrease their risky
behaviour by 15%. The threshold between beneficial and
perverse outcomes in figure 1C is shown by the coloured
surface. Vaccines with a fitness ratio above this surface will
make the epidemic worse, whereas those with a fitness ratio
below the surface will improve the outcome by decreasing
transmission. A perverse outcome is more likely if risky
behaviour among unvaccinated people increases (figure 1C).
Under these conditions, the optimal epidemic control
strategy would be to maximise vaccination coverage (which
will maximise S, the probability that an individual is and
remains successfully vaccinated). However, if risky
behaviour among unvaccinated people decreases, then the
optimal epidemic control strategy would be to have low
coverage levels (which will minimise S). Figure 1D shows the
threshold surface for a disease-modifying vaccine that
provides only a 25% degree of protection against infection;
these calculations are made assuming that vaccinated
infected individuals increase their risk behaviour by 15%.
The optimal epidemic control strategies to avoid perversity
are similar to figure 1C; however, in this case the beneficial
region is slightly reduced. Thus, the outcome is strikingly
more dependent on the behaviour changes in unvaccinated
infected individuals than in vaccinated infected individuals.

In this analysis we have shown that under certain
specified conditions, use of disease-modifying vaccines that
provide only a low degree of protection against infection can
lead to population-level perversity. If behavioural changes
do not occur, the degree of protection that the vaccine
offers, and the fitness ratio, are critical factors in
determining whether the outcome will be perverse. Hence,
we have shown that disease-modifying vaccines that provide
only a low degree of protection against infection, but
substantially increase life expectancy, are likely to make the
epidemic worse. The relation of a vaccine between reducing
transmission and increasing survival time will be a critical
determinant of the epidemiological outcome. We have
shown that a vaccine that affords a 1-5 log,, mean drop in
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viral load will always have a beneficial impact, even if the
vaccine provides 60 additional years of life.

We have analysed a simple previously published model
to gain analytical insights and to understand the complexity
of the population-level outcomes that will occur due to
vaccination with disease-modifying vaccines and behaviour
changes. Our model could be extended to include additional
complexities, such as temporal changes in viral load over
time within individuals or between individuals, or
heterogeneity in risk behaviour. Analysis of this more
complex model would yield similar results to those we have
shown here, but would also provide some additional
insights. Not surprisingly, we have shown that increases in
risk behaviour can increase the probability of perversity;
however, it is noteworthy that we found that the probability
of perversity occurring is extremely sensitive to risk
behaviour changes in unvaccinated infected individuals. We
have also shown that the optimal epidemic-control strategy
for disease-modifying vaccines that will only provide a low
degree of protection against infection will differ depending

B Perconal view |

on whether unvaccinated infected individuals either increase
or decrease their risk behaviour. Our results show that it is
critical that effective behavioural intervention strategies are
tightly linked with vaccination programmes and that before
any disease-modifying vaccine is widely used, the
population-level impact should be carefully assessed.

In this analysis we have chosen to focus on the
reproduction number, as it is a time-independent measure.
It is also important to predict the effects of vaccines on the
temporal dynamics of HIV epidemics, as we have done
previously.*"*" As we have illustrated here, mathematical
models should be used as health-policy tools for predicting
the future public-health impact of vaccines in controlling
the global HIV pandemic.
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Appendix
We used the previously published mathematical model'*™*’. We denote by R, the basic
reproduction number for unvaccinated individuals and by R, the basic reproduction

number for vaccinated individuals. The probability that an individual is (and remains)

“successfully” vaccinated is S . From™ we have S = jfﬁ; , for vaccination coverage p,

probability that the vaccine “takes” ¢, average duration of immunity 1 and average

sexual lifespan . An individual is defined to be “successfully” vaccinated if they are

vaccinated ( p ), the vaccine “takes” (&), and the vaccine-induced immunity (@) does

not wane. Thus, the total number of secondary infections caused by a single individual is
R, =S(1-w)R, +(1-9S)R,

as reported previously.™ In the absence of behavioral changes, perversity will occur if

R, > R,. Hence
SA-y)R, +(1-S)R, > R,.

Since R, = fR,, we thus require

for perversity.

The basic reproduction numbers are

R, = Ai°

_ j=uU\V
ou+y, ( )

where 3, is the per partnership transmission probability, ¢ is the average number of sex

partners per unit time and y; is the average progression rate to AIDS. Define



crit _ ﬂU/u
v = .
H+7y

If B, <B™, thensince R, = fR,, it follows that

f < £ <1.
Htyy

Thus, if the per partnership transmission probability of vaccinated infected individuals is

sufficiently low, then the fitness ratio will be less than 1, for any value of y,, . Thus, if the

vaccine can reduce the per-partnership probability below the critical threshold £:™ , then

any additional survival time will not result in a perverse outcome.

From®®, each log increase in viral load is associated with an increase by a factor of
2.45 in the risk of transmission; hence — by using this relationship - we can calculate the
relative relationship between viral load and transmission probability. Thus, if an initial
viral load w is reduced to a new viral load v, then the relationship between the

corresponding per partnership transmission probabilities is

ﬂ(V) — 2.45|0910(V/W).

Bw)

It follows that a vaccine which offers a 1.5log,, mean drop in viral load will reduce the

viral load by a factor of 107*° and hence

M =2.45"° =0.261.
Bw)

Thus, the per partnership transmission probability in those with such a vaccine will be
reduced to 26.1% of the per partnership transmission probability in those without the

crit

vaccine, or just slightly greater than ,EV



For perversity where the infected unvaccinated change their behavior by a

multiplicative factor m, and the infected vaccinated change their behavior by a
multiplicative factor m, , we require

SA-y)R,m, +(1-S)R,m, >R,

fol=my +myS _
S(l_ l//)mv
Note that
oz m, -1

gz Sz(l_‘//)mv .
Thus if m;, >1 then z is increasing with respect to S , whereas if the reverse inequality

holds, then z is decreasing with respect to S . Thus, the behavior changes in the
unvaccinated are a critical determinant of the epidemic control strategy for vaccines that

offer a low degree of protection.
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