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Abstract

Pathogens face a tradeoff with respect to virulence; while more virulent strains often have

higher per-contact transmission rates, they are also more likely to kill their hosts earlier. Because
virulence is a heritable trait, there is concern that a disease-modifying vaccine, which reduces the
disease severity of an infected vaccinee without changing the underlying pathogen genotype, may
result in the evolution of higher pathogen virulence. We explored the potential for such virulence
evolution with a disease-modifying HIV-1 vaccine in an agent-based stochastic epidemic model
of HIV in United States men who have sex with men (MSM). In the model, vaccinated agents
received no protection against infection, but experienced lower viral loads and slower disease
progression. We compared the genotypic set point viral load (SPVL), a measure of HIV virulence,
in populations given vaccines that varied in the degree of SPVL reduction they induce. Sensitivity
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analyses were conducted under varying vaccine coverage scenarios. With continual vaccination
rollout under ideal circumstances of 90% coverage over thirty years, the genotypic SPVL of
vaccinated individuals evolved to become greater than the genotypic SPVL of unvaccinated
individuals. This virulence evolution in turn diminished the public health benefit of the vaccine,
and in some scenarios resulted in an accelerated epidemic. These findings demonstrate the
complexity of viral evolution and have important implications for the design and development
of HIV vaccines.
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Introduction

Human immunodeficiency virus (HIV) remains one of the leading causes of mortality

and morbidity worldwide, particularly in low- and middle-income countries [1]. While
antiretroviral therapy (ART) and pre-exposure prophylaxis (PrEP) have substantially
reduced HIV transmission, continuing problems with accessibility, acceptability, and
affordability have limited the uptake of these interventions in many communities [2].

HIV vaccines have the potential to address these gaps in HIV prevention. Because the
development of an infection-blocking vaccine for HIV has proven elusive, alternative
vaccine mechanisms are under consideration, including non-sterilizing disease-modifying
vaccines [3]. These have the potential to improve individual outcomes by reducing disease
severity in infected vaccinees and potentially reduce population-level HIV burden by
lowering viral load and subsequent per-act transmission risks [4,5]. No approved vaccine

in humans is exclusively disease-modifying, but many have disease-modifying effects in
addition to protecting against infection, including SARS-CoV-2 vaccines [6-10], seasonal
flu vaccines [11], and the bacillus Calmette-Guérin vaccine for tuberculosis [12], all

of which can reduce disease severity among vaccinees. Several promising experiments

with HIV vaccines in animal models have demonstrated a disease-modifying effect, with
experimental vaccines that lower initial viremia or set point viral load (SPVL) of vaccinated
subjects following challenge with SIV [13-17]. These vaccine candidates primarily induced
T-cell responses.

A key determinant of the public health burden of HIV is pathogen virulence, a trait which

is positively associated with severity of illness and with transmission [18]. Since SPVL,

the plasma viral load at the beginning of the chronic stage, strongly affects progression to
AIDS, evolutionary biologists have used this as a proxy for virulence. HIV SPVL, which

is partially heritable from infector to infectee [19], is thought to exhibit a classic virulence-
transmission trade-off, whereby an intermediate level of pathogen virulence maximizes the
cumulative chance of transmission by producing enough viral copies to have sufficient per-
exposure likelihood of transmission without prematurely killing the host and cutting future
transmission opportunities short [18]. Given the evolutionary trade-off between transmission
and host mortality, a disease-modifying vaccine may create an environment conducive to the
evolution of higher HIV virulence by reducing the fitness cost of high SPVL and providing

Vaccine. Author manuscript; available in PMC 2024 October 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reid et al.

Methods

Base Model

Page 3

a longer span over which high virulence viruses may be transmitted. Figure 1 provides
a conceptual schematic of the optimal virulence in the balance of transmission and host
survival.

Mathematical modeling provides the means to evaluate potential evolutionary outcomes

of novel therapeutics prior to their introduction in human populations. Recently, a
compartmental evo-epidemiological model was used to examine the bounds of vaccine-
driven virulence evolution for SARS-CoV-2, demonstrating that virulence evolution was a
theoretical possibility, but only when vaccine effect on disease severity was not robust or
long-lasting [20]. In the field of HIV prevention, the application of modeling is particularly
important given the diversity and lability of the HI\V-1 genome, and the evidence for viral
evolution in response to innate immunity and human interventions [21-25].

We have previously used a dynamic agent-based network model, Evonet, to explore the
evolution of resistance to a vaccine similar to RV-144, a preventative HIV-1 vaccine that
demonstrated partial efficacy in a phase 111 trial [26]. In that study, selection for vaccine
resistant strains diminished the efficacy of the vaccine over time. In the present study, we
extend this model to study the evolution of HIV-1 virulence in response to a potential
disease-modifying vaccine. To our knowledge, this is the first study to evaluate the potential
evolution of virulence under a disease-modifying vaccine for HIV-1.

We added a disease-modifying vaccine intervention component to a previously developed
agent-based dynamic network model [26-29]. The model, Evonet, is a publicly available
modifiable evolutionary framework built upon the dynamic network simulation package,
EpiModel [30]. Additional details and information about Evonet can be accessed at https://
github.com/EvoNetHIV. The baseline model simulates HIV-1 transmission in a network that
approximates epidemic characteristics among men who have sex with men (MSM) in the
United States, and is parameterized using validated behavioral data from this population.
HIV-1 transmission is dependent on sexual network structure, the timing and frequency

of sexual acts within those networks, and the use of condoms, ART and/or PrEP. To
approximate ART use in US MSM, we modeled treatment scenarios wherein 70% of
HIV-positive agents initiated ART an average of one year after infection, resulting in 65%
of HIV-positive agents being virologically suppressed, a level achieved at year zero and
maintained throughout the remaining simulations. To assess viral evolution separately from
any possible interaction from ART, we also ran all scenarios with no ART (see Supplement).

Newly infected agents were assigned a SPVL that was partly based on the SPVL of the
HIV-infected sexual contact. The genetic heritability of SPVL was modeled by assuming the
average proportion of the variation in SPVL determined by donor SPVL was 36% [19,31].
Consistent with clinical findings, individual peak and daily viral loads were determined

by the agent’s SPVL [33], as was the daily probability of moving through the four CD4+
count categories towards death due to AIDS [34]. Higher SPVLs resulted in higher daily
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viral loads, which increased per-act probabilities of transmission following contacts between
sero-discordant agents.

Determinants of SPVL

Each agent’s phenotypic SPVL (the SPVL that one would measure in a patient) was

the sum of: that agent’s underlying genotypic SPVL, which was a heritable property of

the virus that infected the agent; a random, /ost-specific effect with mean zero that was
determined at the time of infection; and the effect of vaccination on phenotypic SPVL.
Upon infection, the recipient’s genotypic SPVL was set to the donor’s genotypic SPVL plus
a random within-host evolution term with mean zero that allowed for the introduction of
viruses with different genotypic SPVLs. To facilitate discussions about SPVLs in vaccinated
agents, we use the term /ntrinsic SPVL to signify what the phenotypic SPVL would be

in the absence of vaccination. For ease of computation, however, our analysis assessing
change in the underlying SPVL used genotypic SPVL as a proxy for intrinsic SPVL, which
should be approximately equal since we focus on population averages. This is because the
host-specific and within-host evolution terms are both normal random numbers with a mean
of zero, so the expected (though not necessarily the observed) values for the phenotypic
SPVL in the absence of vaccination and the genotypic SPVL in the presence or absence of
vaccination equal the donor’s genotypic SPVL.

Vaccine module

Evolution in

When a vaccinated agent became infected, the vaccine temporarily reduced that agent’s
phenotypic SPVL by either 0.5, 1.0, 1.5, or 2.0 log1g copies/ml, depending on the vaccine
scenario. Vaccine efficacy was assumed to last 3 years, during which the infected vaccinated
agent’s disease progression and transmission rates were determined by this temporary
phenotypic SPVL. After the end of vaccine efficacy, the viral load and rates of CD4 decline
reverted to what they would be in the absence of a vaccine (/.e., they were determined by
that agent’s intrinsic SPVL). Since we focused on disease modifying vaccines, vaccination
did not decrease the risk of seroconversion for the vaccinated individual. Table 1 contains
the key vaccine-related parameters used in the analyses.

the model

Among agents infected at baseline, genotypic SPVLs were assigned randomly using a
normal distribution with a mean of 4.5 logyg copies/ml [35]. When the model began and
agents started transmitting to susceptible agents, the donor’s genotypic SPVL contributed,
on average, 36% to the infectee’s SPVL, with the random random/environmental/mutational
factors contributing the remaining 64%. Because vaccination temporarily reduced viral load,
infected vaccinees experienced lower disease severity and transmitted to others at a lower
rate. Because we relied on a transmission function in which transmission rates increased
exponentially with log SPVL, only those vaccinees with high SPVLs were likely to transmit
the virus to others [36]. For example, in a model with a vaccine reducing phenotypic SPVL
by 2.0 logyg copies/ml, an infected agent with an intrinsic SPVL of 5.0 logyg copies/ml
would have initial disease progression rates and risks of transmitting to others consistent
with a SPVL of 3.0 log; copies/ml, whereas a similar person with an intrinsic SPVL of 4.0
logyg copies/ml would have progression and transmission rates consistent with a SPVL of
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2.0 logyg copies/ml. When either of these individuals came into contact with an uninfected
agent, transmission was more likely to occur by the individual with the higher intrinsic
SPVL.

Modeling strategy

Analysis

Results

We compared the population SPVL between the base model without vaccination and the
four vaccines that caused either a 0.5 logyg, 1.0 log1g, 1.5 logyg, or 2.0 logyg copies/ml
reduction in the phenotypic SPVL of infected vaccinees. We began the model with a
10-year burn-in period with no vaccination. Vaccination began at model year 0 and reached
the designated coverage level within five years, after which coverage was maintained for

25 years, followed by 20 years of no vaccine to explore the duration of any lingering
vaccine-driven changes in SPVL. Our primary analysis focused on a vaccination coverage
of 90% of the total population. In sensitivity analyses, we examined vaccine coverage levels
between 10% and 90% at 20% increments. Vaccine efficacy was assumed to last 3 years.
Any uninfected agent who was never vaccinated or whose previous vaccine was no longer
in effect was eligible for vaccination. All simulations began with a population of 10,000
agents, 10% of whom were infected with HIV-1 to approximate the prevalence of HIV-1 in
United States MSM [37]. Each scenario was run with 50 replicates, with results presented as
a mean of values for all replicates. We included a scenario with a vaccine effect of 1log;q
SPVL reduction at 60% coverage to compare with a 2logyg effect vaccine at 30% coverage,
creating the same mean vaccine effect over the whole population with differing individual
vaccine effects to explore whether degree of virulence evolution is comparable (supplement).
All experiments were run with Evonet in R version 4.2.0. The total number of simulations
was 4 vaccine scenarios * 5 vaccine coverage levels * 50 replicates, with one no-vaccine
control, and a preventive vaccine comparison.

We described the occurrence of evolution by comparing the genotypic SPVL of new
infections over time between vaccine and no-vaccine scenarios. Selection for viruses

with higher SPVLs can influence overall transmission dynamics, and we explored these

by qualitatively comparing epidemic characteristics (incidence and prevalence of HIV-1)
between vaccine and no-vaccine scenarios. We also calculated mean infections averted in
each vaccination scenario using the cumulative incidence of the vaccine runs compared

to the no-vaccine scenario. We compared mean survival time among unvaccinated agents
infected after 30 years of the vaccine campaign to agents infected at the same time in the
no-vaccine control using a Chi-squared test. We provide 95% confidence intervals based on
a normal distribution for these estimates.

We simulated four vaccination scenarios that produce a 0.5 log1g, 1.0 log1g, 1.5 logyg, or 2.0
logyg copies/ml reduction in SPVL for infected vaccinees, all at 90% coverage; and with a
no-vaccination comparison scenario (Figure 2).
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Changes in SPVL by vaccine effect and coverage level

Figure 3 shows the mean and standard deviation of the incident genotypic SPVL from

50 replicate simulations for each of these scenarios. By 30 years after rollout, changes in
genotypic SPVL were observed for all four vaccines. Across the four vaccine scenarios,
genotypic SPVL after vaccine roll-out followed a non-monotonic pattern, with the highest
mean genotypic SPVL observed in the scenario with an intermediate vaccine effect (1.0
logyg vaccine). At year 30 of vaccine rollout, the mean genotypic SPVLs of newly infected
agents in the no vaccine scenario, the 0.5 logg vaccine, the 1.0 log1g vaccine, the 1.5
logyg vaccine, and the 2 logyq vaccine scenarios were 4.99 logg copies/ml (95%Cl: 4.91,
5.08), 5.19 logyg copies/ml (95%Cl: 5.11, 5.28), 5.40 log copies/ml (95%CI: 5.31, 5.49),
5.29 logyg copies/ml (95%CI: 5.21, 5.38), and 5.22 log1g copies/ml (95%Cl: 5.12, 5.30),
respectively (see Figure 3 inset).

Sensitivity analyses - varying vaccine coverage

We next examine the impact of vaccination with a disease-modifying vaccine under different
coverage levels (10-90%). Figure 4 presents these results for the scenario with the greatest
degree of vaccine-driven evolution (phenotypic SPVL reduction = 1.0 logyg copies/ml);
results for the other vaccine scenarios are presented in the supplement. As expected, higher
coverage resulted in greater divergence in genotypic SPVL between vaccine and no-vaccine
scenarios, though coverage of vaccine at 20% still resulted in elevated genotypic SPVL by
year 30.

Public health implications - incidence

Figure 5 depicts HIV-1 incidence over time in the no-vaccine scenario compared with 10—
90% coverage of a 1.0 logyg vaccine. In the no-vaccine scenario, HIV-1 incidence initially
rises steadily and begins to level out at one case per 100 person-years by year 20. In
coverage scenarios of 50% and greater, vaccination results in higher incidence than in the
no-vaccine scenario 30 years after vaccine rollout. With 90% vaccine coverage, incidence
rose as high as 1.4 cases per 100 person-years 33 years after vaccine rollout. For the other
three vaccines, the increase in incidence due to vaccine-driven evolution was less marked
(figures shown in supplement). The disease modifying vaccine does not directly prevent
infection in those taking it but is still expected to have indirect effects on incidence by
reducing the risk of onward transmission by an infected vaccinee because of the decreased
phenotypic SPVL. HIV-1 incidence does decrease following vaccination, but this beneficial
effect was eroded by approximately 20 years after the start of a vaccine campaign at

all vaccine coverage levels, due to increased transmission caused by selection for higher
intrinsic SPVLs.

Public health implications - prevalence

We also examined HIV-1 prevalence to demonstrate the combined effect of changes in HIV
influence as well as the increased longevity among agents due to the disease-modifying
vaccine effects. Figure 6 depicts HIV-1 prevalence over time in the no-vaccine scenario
compared with 10-90% coverage of a 1.0 logyg vaccine. Vaccination briefly decreased
HIV-1 prevalence for a 1.0 logyg vaccine at most coverage levels due to the decreased
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chances of infection with lower phenotypic SPVLs. By 20 years after the start of the vaccine
campaign, however, prevalence in the vaccine scenarios began to rise above that in the
no-vaccine scenarios. The difference in prevalence in the high coverage vaccine scenarios
was fairly small, and was most marked for the 90% coverage level. In the no-vaccine
scenario, prevalence reaches equilibrium at approximately 13%. In the higher coverage
vaccine scenarios, prevalence begins to increase 15 years after vaccination begins, exceeding
14% in the 90% coverage scenario. For the other three vaccines, the increase in prevalence
due to vaccine-driven evolution was less evident (figures shown in supplement).

Public health implications - infections averted

The percent of cumulative infections averted by the vaccine relative to the no-vaccine
scenario decreased over time as evolution of higher intrinsic SPVLs began to outweigh

the initial benefits of the 1.0 log,q vaccine. This trend was the most drastic for the 90%
coverage scenario: by 10, 20, and 30 years after the start of the vaccine campaign, the
percent of infections averted was 7.41% (95%CI: 4.9 — 9.9%), 3.91% (95%ClI: 1.4 — 6.5%),
and —0.95% (95%Cl: —3.7 — 1.81%), respectively, compared to the no-vaccine scenario,
and by 40 years after rollout (7.e., 10 years after the end of the vaccine campaign) it was
significantly negative at —=7.83% (95%Cl: -10.7 - —5.0%). Figure 7 depicts the proportion
of infections averted in the vaccine scenarios for a 1.0 logy difference vaccine at coverage
levels between 10 and 90% of the population in the years post-vaccination. Proportion of
deaths averted follows a similar pattern (results not shown).

Public health implications - survival among unvaccinated

Vaccine-driven virulence evolution has the potential to impact HIV-1 mortality and survival
among people who were not vaccinated at the time of infection. As the mean genotypic
SPVL increases over time, agents who are unvaccinated at infection will experience more
rapid decline associated with higher SPVLs while vaccinated agents are protected from
severe disease. Too few agents are unvaccinated at infection in the 90% coverage scenarios
to reliably ascertain survival differences; therefore, we used the 70% coverage scenarios for
this comparison (Figure 8). In the first ten years of a vaccine campaign with 70% coverage
of a vaccine that reduces phenotypic SPVL by 1.0 log;q copies/ml, the median survival time
of an unvaccinated person who became infected (9.98 years) is not statistically different
from the survival time of an infected person in the no-vaccine scenario: 10.2 years (Chi
squared= 0.3, 1 df, p= 0.6). By the last ten years of the vaccine campaign, however, median
survival time of an unvaccinated infectee is 7.39 years (95%Cl: 7.19, 7.62), which differs
significantly from the no-vaccine survival time of 9.31 years (95%CI: 8.09, 10.8) (Chi
squared= 8.3, 1 df, p= 0.004).

Discussion

While we expect that a vaccine that prevents HIV-1 infection should be broadly beneficial
to public health, we hypothesized that a disease-modifying vaccine may have contradictory
effects: initial reductions in incidence and mortality due to viral load reduction, followed by
steady increases in mortality and viral transmission as the vaccine selects for more virulent,
high-SPVL viruses. This selection occurs because vaccination lowers the transmissibility
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of low-SPVL infections while extending the lifespan of agents infected with high-SPVL
viruses. We simulated the evolutionary impacts of disease-modifying vaccines with varied
effects in an epidemic scenario based on the United States MSM HIV-1 epidemic using
different vaccine coverage levels. In all scenarios, the average incident genotypic SPVL

of agents infected in the vaccine scenarios rose over time following vaccine rollout, while
the same measure in the no-vaccine scenario increased much more gradually as expected
for an exponential transmission function. The increased intrinsic SPVL observed was non-
monotonic, and was greatest for vaccines that reduced the phenotypic or experienced SPVL
of infected agents by intermediate amounts, and in scenarios with higher vaccine coverage.

Our findings are consistent with previous modeling studies of virulence evolution from
disease-modifying vaccines for theoretical scenarios or for specific pathogens besides HIV.
In a statistical model of a theoretical disease-modifying (or “anti-growth™) vaccine, Gandon
and coauthors demonstrated that under certain conditions virulence can stabilize at higher
levels following vaccine rollout [38]. Using simulations of a disease-modifying malaria
vaccine, this group later confirmed that virulence can evolve under vaccination in an
endemic scenario, and that this can result in higher mortality [39]. Another malaria vaccine
paper [40] described a statistical model for a disease-modifying malaria vaccine, and noted
that secondary cases may also increase as a result of prolonged infectious period. Our model
differs substantially from these studies of disease-modifying vaccines not only in pathogen
considered, but in methodology. While theirs were statistical or compartmental, ours was
agent-based and stochastic, suggesting that the shared finding of long-term increases in
virulence may be robust to differing mathematical approaches.

Several studies have previously examined the possible public health impacts of a future
disease-modifying HIV vaccine. None of these included the potential for virulence
evolution, likely because most were published prior to much of the current understanding

of the genetic heritability of SPVL. Two studies examined the impacts of disease-modifying
vaccines on the epidemiology of HIV-1 in South Africa [41] or Brazil [42], and found that
population-level benefits may be achieved if the vaccines reduce transmissibility indirectly
by lowering viral load. Two studies modeled the public health impacts of disease modifying
vaccines, but also incorporated the potential for risk compensation where vaccinated
individuals engage in riskier sexual behavior because of their perceived immunity [43,44].
One of these [44] also incorporated the chance that the virus could mutate to escape the
vaccine effect. Without consideration of virulence evolution, previous studies of disease
modifying vaccines have likely consistently predicted overall positive public health benefits
from vaccination. While our study did not include risk compensation, which should further
reduce the overall public-health benefit of the vaccine, we still found conditions under which
a disease-modifying HIV-1 vaccine could be detrimental to public health over the long term.

In our evaluation, higher virulence evolution was observed under specific conditions that

are not likely to occur in a pragmatic vaccine rollout scenario, unless high levels of vaccine
coverage are achieved. For instance, at vaccine coverage levels comparable to existing HIV
prevention methods in North America, such as PrEP (around 30% of the eligible population)
[45], HIV virulence was not statistically significantly greater than the no-vaccine control by
year 30. Indeed, the additional preventive coverage afforded by people who were adherent
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on PrEP, many of whom would also be vaccinated, would further reduce chances for
evolution to occur by effectively reducing the pool of susceptible individuals.

We focused on vaccination in a North American MSM population, but other populations
may have important considerations that warrant further exploration. In some Sub-Saharan
African countries, for instance, the HIV epidemic is characterized by primarily heterosexual
transmission, as well as a much more heterogenous population with key risk groups and
different network dynamics [46]. Because the per-act HIV transmission risk associated

with vaginal intercourse is lower than with anal intercourse [47], the chances a vaccinated
infected individual with a lowered phenotypic SPVL transmits may be so low-level that
virulence evolution is limited in a heterosexual network. However, in higher-risk sub-groups
with more frequent exposure and higher HIV prevalence such a commercial sex workers
[48], it may be possible that transmission is frequent enough for virulence evolution to
occur. Future work should explore these potential dynamics to add to our understanding

of the population health implications of a disease modifying vaccine with potential for
virulence evolution in other populations.

Our study is subject to several caveats and limitations. To maintain our focus on key
evolutionary tradeoffs, we ignored a large number of immunological and virological factors
(e.g., the emergence of X4 variants, immunological exhaustion, and microbial translocation)
that affect HIV-1 progression in ways that do not depend directly on viral load. Our model,
likewise, ignores the possibility that viruses evolve to escape vaccine-inducing immune
responses in addition to evolving to have different SPVLs. While we could in principle have
incorporated these and other details in this model, we felt that attempting to add too many of
details at this early stage (/.e., at a time when there are not yet any DMVs in use) would have
interfered with our ability to communicate the broader concepts explored in this paper. Once
a specific disease modifying vaccine with known properties starts to roll out, it may become
more important to incorporate these kinds of details into our model.

A more specific caveat is that our study relies on a transmission rate function [36], in which
the probability of transmission increases 2.89-fold for each 10-fold increase in viral load
over the full range of viral loads. While this transmission rate function is based on detailed
statistical analyses of curated transmission rate data, their underlying dataset included only
a few individuals with viral loads greater than 6.0. Thus, it is hard to be fully confident that
an agent with a SPVL of 6.5, for example, will be 2.89-fold more infectious than a similar
agent with a SPVL of 5.5, as one would infer from their transmission rate function. Ethical
reasons make it difficult to collect more data of the sort analyzed by Hughes et al. (i.e,

data on transmission rates in untreated, sero-discordant couples) now that ART is widely
available. Thus, we are left to make inferences based on what is arguably the best available
transmission rate function, while acknowledging that there is limited data about transmission
rates in people with very high SPVLs. However, we note that a recent study of highly
virulent “VB” strains circulating in Europe [49] supports the idea that very high SPVL
viruses have substantially higher per-act transmission rates. We reran the main experiments
using a different proposed transmission function [31], and observed that vaccination did
result in evolution of higher intrinsic SPVLs but retained an overall health benefit (see
supplement).
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Finally, there are several epidemiological details that could affect our quantitative
conclusions. For example, we have assumed that vaccine effects last for three years and

that the vaccine is gradually rolled out over a five-year period, after which time coverage is
maintained at a constant level. This may not capture the heterogeneity and inconsistency of a
vaccine roll out in an actual population, but we do not anticipate that this would substantially
affect the evolutionary environment we studied. We also used a public health definition

of vaccine coverage, measured as a percentage of the total population. As a result, our
higher coverage scenarios had lower than targeted coverage because high HIV-1 prevalence
limited the number of eligible individuals. Lastly, we did not examine risk compensation,
whereby vaccinated individuals accept more behavioral risks due to a perceived protection
or invulnerability from vaccination, but this risk compensation may serve to further lessen
the overall benefits of our hypothetical vaccine [50].

Conclusions

Viral evolution represents a substantial challenge to the development of vaccines for the
prevention and management of HIV-1. We have demonstrated that HIV-1 can evolve

to become more virulent in the case of a disease-modifying vaccine. Particularly at
intermediate levels of reduction in disease severity, vaccine-driven virulence evolution
accelerated the HIV-1 epidemic over time despite temporary reductions in disease severity.
To our knowledge this is the first modeling study of HIV-1 viral evolution in response to a
disease-modifying vaccine. Virulence evolution should be an important consideration in the
process of designing future vaccines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIV Set Point Viral Load

Figure 1. Optimal virulence as a product of host survival and transmission probability
While transmission probability increases with higher SPVL (blue line), host survival

decreases (green line). In this conceptual figure, fitness is optimized when these lines
intersect. We hypothesize that a disease modifying vaccine that extends host survival (dotted
green line) could select for viruses with higher SPVLs.
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Figure 2. Mean phenotypic SPVL of infected agents over time under four vaccine scenarios
Each line represents the mean phenotypic SPVL of newly infected agents at each time point

(every 30 days) in a no vaccine scenario or with 90% coverage of a vaccine that reduces
SPVL by 0.5, 1.0, 1.5, or 2.0 logy¢ copies/ml, over 50 replicates. Shaded area reflects the
95% confidence interval.
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Figure 3. Mean genotypic SPVL of new infections over time under 90% coverage of a disease
modifying vaccine with varying effects on phenotypic SPVL

Mean genotypic SPVL of all new infections at each time point (every 30 days) over 50
replicates. Shaded area reflects the 95% confidence interval.

Inset: focus on mean genotypic SPVL of new infections during year 30 after vaccine rollout,
with bars indicating the 95% confidence interval
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Figure 4. Average genotypic SPVL under a 1log10 vaccine campaign with varying coverage levels
Points represent the mean genotypic SPVL at the time point indicated, showing a no-vaccine

scenario and varying coverage levels of a vaccine that reduces phenotypic SPVL by 1.0
logqg copies/ml, over fifty replicates. Bars represent the 95% confidence interval.
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Figure 5. HIV-1 incidence per 100 person-years with a 1.0 log10 vaccine at varying coverage
levels

Mean incidence (per 100 person-years) at each time point (every 30 days) over 50 replicates
under varying coverage levels of a vaccine that reduces phenotypic SPVL by 1.0 logsg
copies/ml. Shaded area reflects the 95% confidence interval.
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Figure 6. HIV-1 prevalence with a 1.0 log10 vaccine at varying coverage levels
Mean HIV-1 prevalence at each time point (every 30 days) over 50 replicates under varying

coverage levels of a vaccine that reduces phenotypic SPVL by 1.0 log1g copies/ml. Shaded
area reflects the 95% confidence interval.
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Figure 7. Proportion of infections averted due to a 1.0 log10 vaccine at varying coverage levels.
The mean proportion of cumulative infections averted by the vaccine relative to the no-

vaccine scenario at varying coverage levels of a vaccine that reduced phenotypic SPVL by
1.0 logy copies/ml. Bars represent 95% confidence intervals.
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Figure 8. Kaplan-Meier survival curves for agents unvaccinated at infection in the first ten years
of the vaccine campaign compared to the final 10 years

First plot: survival among agents who became infected between year 0 and 10, with each
line (overlapping and not distinguishable) representing survival under different coverage
levels of a 1.0 log disease modifying vaccine. Second plot: survival among agents who
became infected between year 20 and 30, with each line representing survival under different
coverage levels of a 1.0 logy disease modifying vaccine.
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Key vaccine parameters
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Parameter Description Value
Prevalence Prevalence of HIV-1 at baseline 10%
Coverage Percentage of total population who are vaccinated 10%, 30%, 50%, 70%, or 90%

Vaccine decrement
Efficacy duration

Vaccination campaign
duration

Heritability

Difference between genotypic and temporary phenotypic SPVL due to vaccine

Length of time before vaccinated agents lose vaccine effect

Length of time for which vaccination coverage is maintained

Proportion of new infectee’s SPVL attributable to the SPVL of the donor, vs
random chance

0.5, 1.0, 1.5, 2.0 logyq copies/ml
3 years

30 years

36%
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