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Abstract

Development of an HIV vaccine is essential to ending the HIV/AIDS pandemic. However,
vaccines can result in the emergence and spread of vaccine-resistant strains. Indeed, analyses of
breakthrough infections in the HIV vaccine trial RV 144 identified HIV genotypes with
differential rates of transmission in vaccine and placebo recipients. We hypothesized that, for
HIV vaccination programs based on partially effective vaccines similar to RV144, HIV
adaptation will diminish the expected vaccine impact. Using two HIV epidemic models, we
simulated large-scale vaccination programs and, critically, included HIV strain diversity with
respect to the vaccine response. We show here that rapid population-level viral adaptation can
lead to decreased overall vaccine efficacy and substantially fewer infections averted by
vaccination, when comparing scenarios with and without viral evolution (depending on
vaccination coverage, vaccine efficacy against the sensitive allele, and the initial resistant allele
frequency). Translating this to the epidemic in South Africa, a scenario with 70% vaccination
coverage may result in 250,000 new infections within 10 years of vaccine rollout that are due
solely to HIV adaptation, all else being equal. These findings suggest that approaches to HIV
vaccine development, program implementation, and epidemic modeling may require attention to
viral evolutionary responses to vaccination.

Main

Despite concerted global effort and the existence of effective methods for prevention,
HIV continues to be a public health crisis. The need for an HIV vaccine remains paramount. The
phase 3 RV144 HIV vaccine trial is the only trial of an HIV vaccine to show modest success in
preventing infection’. RV 144 resulted in an estimated 31% vaccine efficacy (VE) at 3.5 years
post-vaccination (p=0.04, modified intent-to-treat analysis). The vaccine was partially protective
but not therapeutic; i.e. vaccinated individuals had decreased rates of infection, but breakthrough
infections were not associated with differences in early HIV plasma viral loads, post-infection
CD4+ T cell counts, or HIV disease progression rates, when comparing vaccine and placebo
recipients’. The RV 144 results spurred the development of the recently initiated HVTN 702, a
large phase 3 HIV vaccine trial in South Africa that aims to replicate the RV144 findings in a
different study group, with regimen and schedule that follow from RV 144 (with several
modifications, including a vaccine insert specific to HIV subtype C, the most common subtype in
South Africa).

Partially effective vaccines have been of enduring scientific, clinical, and theoretical
interest. For HIV in particular, two decades of mathematical modeling studies suggest that
partially effective vaccines, whether protective or therapeutic, can have a substantial impact on
the HIV pandemic’"”. More recently, HIV epidemic models were used to predict the impact of a
partially effective (protective) vaccine similar to RV144 in terms of VE and duration. Models
were used to assess the impact of vaccination programs with 30% and 60% population coverage
of sexually active adults, with subsequent vaccine rollouts at 1- to 5-year intervals®’. Results
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were consistent across several model and epidemic types, e.g., multiple vaccination rounds, at
60% coverage, were predicted to prevent 5-15% of new infections over 10 years®'®. The
expected impact of vaccination programs depended on vaccination coverage, VE, and the
duration of vaccine protection.

However, the potential for HIV adaptation at the population-level in response to
vaccination was not considered in these modeling studies. The requirements for adaptive
evolution are few: there must be phenotypic variation in a population, this variation must be
heritable (linked to genetic variation), and this variation must be related to fitness (differential
reproduction)”. Evidence from RV 144 follow-up studies suggest that, with respect to a partially
effective protective vaccine, HIV meets these requirements. Namely, genetic sieve analyses of
RV 144 breakthrough infections showed that sequences from infected vaccine recipients differed
from those isolated from infected placebo recipients. Two signatures were identified in the Env
V2 region: in the vaccine recipients, K169X mutations were more frequent (34% vs. 17%) and
1811 was more conserved (91% vs. 71%). VE against viruses matching the vaccine at position
169 was 48% (95% confidence interval (CI) 18% to 66%), whereas VE against viruses
mismatching the vaccine at position 181 was 78% (CI 35% to 93%)*’. Thus, heritable (genetic)
variation in HIV can be associated with differential infection rates in a vaccinated population,
making viral adaptation a potential outcome.

We hypothesized that HIV population-level adaptation after vaccine rollout will result
from selection acting on a viral locus containing an allele that confers resistance to the vaccine
response; i.e., viruses not blocked by a vaccine-elicited immune response will spread in the HIV-
infected population. Our goal was to predict the public health impact of this viral evolution,
under varying VE, population vaccination coverage and initial frequency of vaccine-resistant
genotypes. We quantified this impact in terms of the resistant genotype frequency, the overall
VE and the cumulative HIV infections averted by vaccination.

Methods

We used two stochastic, individual-based HIV epidemic models, both of which were
based on existing model frameworks (described in further detail in the Methods, below; Tables
S1, S2). The first model was roughly calibrated to the heterosexual epidemic of South Africa®®,
while the second model was parameterized using behavioral data from men who have sex with
men (MSM) in the United States. Both models contained antiretroviral therapy (ART) to
approximate the population-level effects of ART on background incidence and prevalence in our
vaccine simulations, and we repeated all simulations under two ART population coverage levels:
30% and 70% for the heterosexual model, 40% and 70% for the MSM model (lower coverage
levels reflect approximate current states; upper level is aspirational).

The vaccine in our models protected individuals from infection by decreasing the per-
contact probability of transmission; it did not affect HIV disease progression, viral load, or CD4
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count in vaccinated individuals who became infected (consistent with RV144). The mean
duration of VE was set to three years with efficacy reduced immediately to 0% at the end of this
period. Vaccination programs started in year 20 or 25 (depending on the model), with continuous
rollout. Target vaccination coverage was generally reached within three to four years. We
modeled viral diversity with respect to vaccine-induced host response via one locus with two
alleles: sensitive and resistant. Sensitive viruses had reduced per-contact probabilities of
infecting vaccinated hosts. Resistant viruses experienced no change in transmission probability,
regardless of the vaccination status of possible recipients. We used a single viral genetic locus as
an approximation of the complete set of putative vaccine-resistant variants identified by sieve
analyses™; in effect, multiple independent vaccine-resistant alleles at low frequency will have a
similar population-level impact as a single vaccine-resistant allele at high frequency. For each
ART coverage level we evaluated two vaccine scenarios, at increasing vaccination coverage
levels: 1) VE for the sensitive virus = 75% and initial resistant virus proportion = 0.25; and 2)
VE for sensitive virus = 90% and initial resistant virus proportion = 0.50. We selected these
scenarios because both correspond to an overall VE of roughly ~50% (56.25% and 45%,
respectively, calculated as the weighted average of sensitive and resistant VE at first vaccine
rollout), a VE that the HVTN 702 vaccine trial is powered to detect relative to the null
hypothesis (VE<25%).

Results and Discussion

To confirm the validity of our models, we first examined the effects of introducing a
partially effective vaccine into HIV epidemics with a single, vaccine-sensitive viral strain (all
viruses were equally sensitive to the vaccine response). We found, in agreement with previous
models *'*® that a vaccine similar to RV 144 can indeed have a modest impact. For example, an
HIV vaccine with 45% VE and 50% coverage can prevent ~20% of cumulative infections within
10 years of vaccine rollout, in comparison to populations with no vaccine (Tables S3, S4). As
expected, these values increase with higher vaccination coverage and higher VE: a vaccine with
56% VE and 70% overall coverage can prevent ~40% of cumulative infections within 10 years
(Tables S3, S4).

Next, we examined the impact of a partially effective vaccine in a population that
contained resistant viruses (VE=0 for the resistant viruses). In all simulations, for both
heterosexual and MSM models, resistant virus increased in proportion after vaccine rollout
(Figure 1). In a representative scenario from the heterosexual model (Figure 1), with 30% ART
coverage, 70% vaccination coverage, and 75% VE against the sensitive allele, the resistant allele
population proportion increased from 0.25 to 0.38 within 10 years of vaccine rollout. With 70%
ART coverage and 90% VE against the sensitive allele, the resistant allele increased from 0.51 to
0.69 within 10 years. Across all epidemic simulations, the rate at which the resistant allele
frequency increased was faster with higher vaccination coverage and greater VE against the
sensitive virus. As the resistant allele frequency increases, the overall VE correspondingly
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declines (Figure 2); e.g., with 50% vaccination coverage, overall VE declines from 56% to 50%,
or from 45% to 33% in 10 years (depending on sensitive virus VE and initial resistant
frequency). Thus, we see that both programmatic and vaccine-related parameters can exert
evolutionary pressure on HIV and impact vaccine effectiveness.

Public health impact. Most critically, our results predict that HIV adaptation in response
to vaccination may have a considerable, and detrimental, public health impact. Fewer infections
were averted over time in scenarios with resistant strains, relative to counterfactual simulations
with no vaccine-resistant HIV strains (Figures 3, 4). Since overall VEs at the time of first vaccine
rollout were equivalent across runs, we can assign causality for the marginal differences (in the
proportion of infections averted) to viral adaptation. The proportion of infections averted by
vaccination decreased dramatically as resistant viruses increased in frequency and overall VE
decreased. In the representative examples above, with 70% vaccination coverage and either 75%
or 90% VE against the sensitive allele and 25% or 50% resistant virus at vaccine rollout,
respectively, infections averted decreased from 39% to 37%, or from 32% to 26%, within 10
years (Figure 3, Table S3). These predictions can be placed in the context of the current HIV
epidemic: in South Africa, with approximately 380,000 new HIV infections in 2015°", scenarios
of 70% vaccination coverage (30% ART coverage, Figure 3) result in approximately 100,000 to
250,000 new infections in the first decade after vaccine rollout that are due solely to the
emergence and spread of vaccine-resistant strains (in scenarios of 25% resistant virus and 75%
sensitive virus VE, and 50% resistant virus and 90% sensitive virus VE, respectively). These
results highlight the potential public health impact of HIV adaptation in response to vaccination.
They also underscore the need to understand the underlying viral determinants of partially
effective vaccines: despite their similar overall VE of ~50%, the distinct sensitive virus VE and
resistant frequency scenarios (25% and 50% resistant virus; 75% and 90% sensitive virus VE)
differed greatly in implications for public health.

In scenarios in which a high-risk subgroup in the heterosexual model is preferentially
targeted for vaccination (Figure S1, Table S5), we see equivalent declines in the proportion of
infections averted, but with much lower overall vaccination coverage: up to 150,000 new
infections in the first 10 years after vaccine rollout due to the emergence and spread of vaccine-
resistant strains, in a scenario with 70% vaccination coverage of a high-risk subgroup but only
32% coverage of the total population. This increases to 350,000 new infections with 90%
coverage of the high-risk subgroup and 35% total coverage. Vaccination efforts that use high-
risk behavioral targeting must be prepared for significant resistance impacts at lower vaccination
coverage levels; further studies of the impact of transmission network structure on viral
adaptation in response to vaccination, guided by empirical data, are warranted.

We note that similar, but not identical, HIV population-level adaptation and diminished
public health impacts were seen in the heterosexual and MSM models, despite differences
between the models in population structure, transmission dynamics, HIV prevalence and
incidence, and overall effect of vaccination. Additionally, the impacts of HIV adaptation were
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consistent across the two ART scenarios, suggesting that ART parameters will likely not
substantially affect the rates or impact of viral adaptation (Figure 3).

Our HIV-specific model predictions are consistent with findings from other pathogens.
These include empirical evidence of vaccine-induced strain replacement in, e.g., Streptococcus
pneumoniae, Haemophilus influenza, Neisseria meningitidis, Bordetella pertussis, Plasmodium
falciparum, and hepatitis B virus (reviewed in'*). Mathematical models have evaluated patterns
and processes of strain replacement in, e.g., Mycobacterium tuberculosis?, rotavirus®, and S.
pneumoniae®, and generalized pathogens'°. Yet, despite widespread acknowledgement and
concern for the evolutionary potential of HIV—with respect to resistance to ART and PrEP*">®,
3% the human immune response*'™**, and a potential vaccine-induced cellular

45,46 . - - -
) HIV strain replacement in response to an imperfect vaccine had not been

vaccine design
immune response
evaluated previously.

Conclusions. Previous epidemic models that have estimated the effects of partially
effective HIV vaccines have likely overestimated the benefits conferred on a population by
vaccination. Perhaps more pressing, strategies for HIV vaccine development and program
implementation may benefit from careful attention to the potential evolutionary consequences of
vaccination. This includes continued surveillance of viral genetic diversity, accompanied by
vaccine design that limits the mutational pathways available for viral adaptation and subsequent
emergence of vaccine-resistant viruses**"**. Our analysis is particularly relevant given the
recent initiation of the HVTN 702 trial, which is the critical test for licensure in South Africa of
the first vaccine to prevent HIV infection. If successful, such an HIV vaccination program may
necessarily evolve into a program similar to that in place for influenza, comprising an acceptable
vaccine that requires periodic updating.

Supplementary Methods (Model descriptions)

Our epidemic models are based on models that have been described previously*™', with

modifications to enable simulation of vaccination programs and viral resistance and sensitivity to
the vaccine response. These are individual-based stochastic, dynamic models that track inter-host
and intra-host dynamics. Agents are endowed with many individual attributes, including
demographics, clinical features and behavioral characteristics including sexual role preference
(for MSM). HIV-infected individuals possess numerous viral characteristics such as a “set point
viral load” (SPVL) and a viral load at each time step over the course of infection. The code from
both models is available from the authors upon request (note: all model code will be freely
available for review, and will also be deposited on a publically available Github directory,
https://github.com/EvoNetHIV, upon publication).
Heterosexual epidemic model

We simulated a heterosexual HIV epidemic that was calibrated to reproduce incidence
and prevalence trajectories based on data from South Africa®. We chose to calibrate the model
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in this way for several reasons: first, because South African has one of the largest HIV
epidemics; second, because the large-scale HIV vaccine trial HVTN 702 is located in South
Africa, and is based upon the RV144 trial design and results; and third, so that the epidemic
output was directly comparable to the 12 HIV epidemic models described in Eaton et al.*® Using
an approach common among those models, we first set empirical parameter values (i.e., viral
load trajectories, CD4 progression rates, set point viral load distribution), then subsequently
calibrated the assumption-based parameter values to fit expected epidemic dynamics. Parameters
and initial values are listed in the Table S1.

For each individual, upon HIV-1 infection with an initial viral population size, viral load
increased exponentially until a peak viremia at the midpoint of the length of acute infection.
Viral load then declined exponentially at an individual-specific decay rate until it reached set
point viral load (SPVL). After reaching set point, the viral load increased in a log linear manner
until the onset of AIDS. Viral load upon onset of AIDS is defined as the same for all individuals,
and is independent of SPVL. To model the relationship between SPVL and disease progression,
the model related individual SPVL to the starting CD4 count category (individual CD4 count
immediately after infection) and to disease progression based on waiting times in four CD4 count
categories: CD4>500; 500>CD4>350; 350>CD4>200; CD4<200 (AIDS)™>.

Transmission rates were assumed to follow available data from serodiscordant
heterosexual partners; the probability that an HIV-infected person will transmit to an HIV-
negative person is determined by a Hill function that follows from Fraser’*. The individual SPVL
is determined by both viral and environmental factors, with the viral component being heritable
across transmissions. For each individual in a simulation, the model maintains a list of sexual
partnerships and viral transmission pairs.

For any one epidemic simulation, an initial set of contacts was formed by randomly
choosing pairs from the population, prior to the simulation of viral transmission. The probability
of each person entering this link was set to ™, where L; is the number contacts for person i. If
this probability was not met (or if L; > MaxLinks), another partner was selected at random from
the population. This process was repeated until the total number of links equals N*M/2, where N
is the population and M is the mean degree. The probability of a connection between individuals
i and j dissolving is set to 2/(Duration[i] * Duration[j]), where Duration[x] is the expected time
that person x stays in a relationship.

The viral and CD4-based progression functions are embedded in a host population
without demographic (sex, age) heterogeneity, but with behavioral heterogeneity, using a
framework adapted from previous work. Each individual is assigned a relational duration
propensity; when two individuals partner, their relationship lasts for the mean of these individual
effects. The daily probability of sex according to relationship duration; from this variation, we
established three subpopulations with distinct risk profiles defined by relationship duration and
daily probability of sexual contact. The high-risk group was defined by the shortest mean
relationship duration (<0.5 years) and the highest daily probability of sex (0.8); the frequency of
this high-risk subgroup was 15% (15% of the initial population, and 15% of all new individual
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entries into the population). Daily probability of sex for the two lower-risk subgroups were 0.12
and 0.08 (6.67% and 10% reductions in sexual activity, as a proxy for transmission and infection
risk, compared to the high-risk subgroup). We did not include a change in behavior patterns over
calendar time; e.g., we did not include a reduction in the average sexual contact rate, across
individuals, as the epidemic progresses.

We ran the heterosexual epidemic simulation for 40 years, to mimic HIV epidemics from
1990 to 2030 in South Africa. We calibrated epidemic simulations to begin with 2% HIV
incidence (per 100 person years), which rose quickly to ~3%, followed by a decline to ~1.5%
and stabilization by 2010. Prevalence rose to ~13%, followed by a decline to ~10% with ART
coverage at approximately 30% (Figure 4).
Men-who-have-sex-with-men (MSM) epidemic model

In the MSM HIV epidemic model, the dynamics of sexual relationships were governed
by network models based in the separable-temporal exponential-family random graph model
(STERGM) framework™ ™.

Each simulation started with a population of HIV-uninfected and infected individuals at
time zero. Dyads formed and dissolved partnerships to match target network parameters. Within

ongoing partnerships, we modeled individual coital acts, as well as decisions about condom use
per act. For each serodiscordant coital act that occurred, the probability of transmission from an
HIV-infected person to an HIV-negative person was based primarily on viral load but also on
disease stage (above and beyond viral load), condom use, and antiretroviral use; this is described
by a complementary-log log link function that follows from Hughes et al.”".

Individual viral load trajectories were modeled with five phases in the absence of
treatment: an initial increase from infection to acute peak; a two-phase decay to set point viral
load; a long, chronic phase with slow viral load increase, and a final AIDS stage. Individuals
varied in their set point viral load, with individual values set to have both a heritable component
from their infector, and a random (environmental) component.

The MSM model varied in several key ways from the source mode , as befits the aims

of this work. We simplified from three separate network models (for main, casual, and one-time

51,55
1 B

partners) in those models to just one overall network per model, since we were not focused on
understanding the evolutionary response to vaccination stratified by partner and exposure types.
Four features already mentioned—variation in SPVL, post-acute biphasic decay in viral load,
administration of vaccine, and the existence and heritability of vaccine resistance—were new to
this model. Finally, because of these changes the model contains numerous novel parameters that
were derived from the data described in Table S2.

The complete code (called EvoNetHIV) is built as a series of R function modules that
utilize the epidemic modeling framework EpiModel’®, itself an R package. An additional detailed
technical supplement is available at https://github.com/EvoNetHIV.

Vaccine programs

The vaccine parameters related to duration and the effect on transmission/infection are

identical in both of our models, and are as described in the main text. 20 replicate simulations
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were performed for each combination of parameters for both models. For the MSM simulations,
the vaccination program was initiated 10 years after equilibrium prevalence of ~25% was
reached; this was generally around year 20 of the simulations. For the heterosexual simulations,
the vaccination program was initiated at year 25 of the simulated epidemic. Vaccine rollout was
continuous after initiation; target coverage was generally reached within three to four years.
Across viral transmissions there was 100% heritability of the vaccine-related genotype, and no
within-host viral evolution took place that affected the genotype. Individuals who are already
infected were not eligible for vaccination.

As described in the main text, the duration of vaccine efficacy (VE) was three years, with
VE reduced immediately to 0% at the end of this period; while VE in RV 144 declined from
~60% to ~30% over 3.5 years, we chose to employ a simplified flat VE trajectory, as recent
RV144-related modeling work by Gilbert et al. has shown that the shape of the temporal VE
profile has a negligible, and statistically insignificant, impact on model results>’.

For the heterosexual model, we employed two separate approaches to vaccination:
random and targeted. For random vaccination, individuals had the same probability of being
vaccinated, regardless of their risk group status. In this case, population vaccination coverage
was a single target and reflected the entire population of susceptible individuals. For targeted
vaccination, the high-risk subgroup was given a significantly higher target vaccination coverage
(50%, 70%, 90%), while the two lower-risk subgroups were both given 25% vaccination
coverage targets.

Antiretroviral therapy

Antiretroviral therapy (ART) became available in 2012 in the heterosexual South African
model, and was available at all time points in the MSM model. In both models, individuals
became eligible for treatment after they had been infected for a mean of three years, regardless of
their CD4 count. In the MSM model, this parameter was set to a mean of three years; in the HET

model this time until eligibility for ART was set to exactly three years for all individuals, with no
distribution around this time. This time-since-infection eligibility criterion is meant to
approximate “test and treat” guidelines, but scaled to reflect delayed diagnosed and treatment
initiation, in both the USA and sub-Saharan Africa. Population coverage was set at
approximately 30% and 40%, for the HET and MSM models, respectively, and 70% for both
models, for comparison. The 70% high coverage, with assumed complete adherence and viral
suppression, is meant to approximate the UNAIDS 90-90-90 goals, which if implemented
successfully would lead to 72% of all infected individuals receiving therapy and becoming
virally suppressed.

We repeated all vaccine scenarios for both ART coverage levels scenarios; all ART
scenarios were represented in the counterfactual epidemic scenarios (no vaccine and vaccine
with no viral variation) and the epidemic scenarios that included viral resistance to the vaccine
effect.
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File includes Tables S1 — S5 and Figure S1
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Figure 1. Trends in the frequency of HIV strains that are resistant to a vaccine-driven
immune response. Trends in resistant strain proportion (with interquartile ranges) for 20
replicate HIV epidemic simulations from heterosexual (panels A and B) and MSM (panels C and
D) models. Panels A and C depict results from epidemic scenarios that included an initial
resistant strain (VE = 0.0) proportion = 0.25 and a sensitive virus VE = 0.75. Panels B and D
depict results from scenarios with initial resistant strain proportion = 0.50 and a sensitive virus
VE = 0.90. Background population ART coverage was at 30% for the heterosexual model and
40% for the MSM model. (See Figure S1 for equivalent results from heterosexual model
scenarios in which a high-risk subgroup is preferentially targeted for vaccination, which leads to
substantially decreased overall vaccination coverage but results in similar effects of HIV
adaptation on resistant virus frequency.)
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Figure 2. Trends in overall vaccine efficacy (VE) for an HIV vaccine. Trends in overall
vaccine efficacy (with interquartile ranges) for 20 replicate HIV epidemic simulations from
heterosexual (panels A and B) and MSM (panels C and D) models. Overall VE was calculated as
the weighted average of the VE for sensitive and resistant viruses at each time step (VE for
resistant viruses = 0.0). Panels A and C depict results from scenarios with an initial resistant
strain proportion = 0.25 and a sensitive virus VE = (0.75. Panels B and D depict results from
scenarios with initial resistant strain proportion = 0.50 and a sensitive virus VE = 0.90. ART
coverage was at 30% for the heterosexual model and 40% for the MSM model. (See Figure S1
and Table S5 for equivalent results from heterosexual model scenarios in which a high-risk
subgroup is preferentially targeted for vaccination, which leads to substantially decreased overall
vaccination coverage but results in similar effects of HIV adaptation on overall vaccine efficacy.)
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Figure 3. The proportion of cumulative HIV infections averted by vaccination. Trends in
cumulative infections averted by vaccination (with interquartile ranges) for 20 replicate epidemic
simulations from heterosexual (panels A and B) and MSM (panels C and D) HIV epidemic
models (comparing epidemic scenarios with and without vaccination programs). Panels A and C
depict results from epidemic scenarios with an initial resistant strain (VE = 0) proportion = 0.25
and a sensitive virus VE = 0.75. Panels B and D depict results with initial resistant strain
proportion = 0.50 and a sensitive virus VE = 0.90. All solid color boxplots represent epidemic
scenarios with a vaccine but without HIV adaptation; the initial overall VE in these scenarios is
equal to the overall VE at initial vaccine rollout in the scenarios with HIV adaptation (hashed
boxplots). ART coverage was at 30% or 70% for the heterosexual model and 40% or 70% for the
MSM model. (See Figure S1 and Table S5 for equivalent results from heterosexual model
scenarios in which a high-risk subgroup is preferentially targeted for vaccination, which leads to
substantially decreased overall vaccination coverage but results in similar effects of HIV

adaptation on infections averted.)
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Figure 4. Trends in the incidence and prevalence for the HET and MSM HIV epidemic
models, with and without HIV vaccination. Trends in HIV incidence (with interquartile
ranges) for 20 replicate HIV epidemic simulations from heterosexual (panel A) and MSM (panel
C) models. Trends in HIV prevalence from heterosexual (panel B) and MSM (panel D) models.
All panels depict results from epidemic scenarios that included an initial resistant strain (VE = 0)
proportion = 0.50 and a sensitive virus VE = 0.90. Background population ART coverage was at
30% for the heterosexual model and 40% for the MSM model. (See Figure S1 and Table S5 for

equivalent results from heterosexual model scenarios in which a high-risk subgroup is
preferentially targeted for vaccination, which leads to substantially decreased overall vaccination
coverage but results in similar effects of HIV adaptation on incidence and prevalence.)
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Table S1. Parameters of the heterosexual HIV epidemic model and initial values.

Parameter Value

Demographic and behavioral

Initial overall population size 1x10° individuals
Initial number of infected 2x10° individuals
Minimum relationship duration 0.1 years

Maximum relationship duration 5.0 years

Subgroups defined by relationship duration <0.5 yrs, 0.5-2.5 yrs, >2.5 yrs
Probability of sexual contact, in each group 0.8, 0.12, 0.08 per day
Mean degree 0.9

Virologic

Viral load at time zero 10 copies/mL

Viral load at peak viremia 1.0x10” copies/mL***!
Time to peak viremia 21 days®*®!

Total time of acute infection 91 days®

Viral load progression rate, natural log 0.14 per year”

Viral load at AIDS (CD4<200) 5.0x10° copies/mL*
Set point viral load

Variance of log;o SPVL 0.7%64

Heritability of SPVL across transmissions (h?) 0.36%”

Transmission

Maximum transmission rate 0.0055 per day™*

Viral load at 0.5 max transmission rate 13,938 copies/mL>*
Hill coefficient, transmission function 1.02%

Shape parameter, transmission function 3.46™

Disease progression
See Cori et al. for CD4 wait time matrix stratified by SPVL™

Antiretroviral therapy

Time to initiation after becoming eligible by CD4 1 year”
Viral load after ART initiation 50 copies/mL
Vaccine

Vaccine efficacy (of the sensitive allele) 0.50, 0.75
Duration of vaccine efficacy 3 years’
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Table S2. Parameters of the men-who-have-sex-with-men HIV epidemic model and initial

values.

Parameter

Demographic and behavioral

Initial overall population size

Initial number of infected

Age range

Mean relationship duration

Mean degree

Daily probability of sexual contact (in a relationship)
Condom use probability per sexual contact
Proportion of population circumcised
Virologic

Viral load at day 1 of infection

Viral load at peak viremia

Time to peak viremia

Total time of acute infection

Viral load progression rate, natural log
Maximum viral load in AIDS (CD4<200)
Set point viral load

Variance of log;o SPVL

Heritability of SPVL across transmissions (h?)
Mutational variance

Transmission

Relative risk per log;o increase in viral load
Relative risk of insertive anal intercourse
Relative risk of receptive anal intercourse
Relative risk of condom use

Relative risk of circumcision

Disease progression

See Cori et al. for CD4 wait time matrix stratified by SPVL™
Antiretroviral therapy

ART coverage of eligible individuals

CD4 threshold for treatment eligibility
HIV testing interval

Viral load after ART initiation

20

Value

10,000
2,000
18-55
50 days
0.7
0.2
0.5
0.85"'

1.0x10™

7.7x10° copies/mL®
21 days®*®!

90 days®’

0.14 per year®
2.4x10° copies/mL°®

0 863
0.36%
0.01

2.89°7
2.9%

17.3%
0.22%
0.53"’

40%
<350 cells/mm’
365 days™

13 copies/mL”"
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Table S3. Proportion of cumulative HIV infections averted by vaccination. Proportion of
cumulative infections averted, for the heterosexual model with 30% ART coverage (median
(minimum - maximum)) and two scenarios of initial frequency of resistant virus (25% or 50%)
and vaccine efficacy against the sensitive virus (75% and 90%).

Overall vaccination coverage

50% 70% 90%

No resistant viral genotypes (overall VE = 0.5625)

5 years 0.19 (0.15 - 0.23) 0.31(0.29 - 0.35) 0.49 (0.47 - 0.51)
10 years 0.25(0.22 - 0.28) 0.39(0.36 - 0.42) 0.56 (0.54 - 0.59)
15 years 0.29 (0.26 - 0.33) 0.44 (0.42 - 0.47) 0.62 (0.60 - 0.64)
25% resistant viruses at start (overall VE at vaccine rollout = 0.5625)*

5 years 0.20 (0.16 - 0.23) 0.32(0.27 - 0.36) 0.47 (0.40 - 0.54)
10 years 0.24 (0.21 - 0.30) 0.37(0.31-0.41) 0.49 (0.42 - 0.55)
15 years 0.26 (0.24 - 0.33) 0.38 (0.32 - 0.46) 0.47 (0.39 - 0.56)

*Vaccine efficacy for sensitive allele = 75%

Overall vaccination coverage

50% 70% 90%

No resistant viral genotypes (overall VE = 0.45)

5 years 0.15(0.12-0.18) 0.25(0.23-0.29) 0.39(0.36 - 0.41)
10 years 0.20 (0.17 - 0.23) 0.32 (0.30 - 0.36) 0.45(0.43 -0.47)
15 years 0.23 (0.20 - 0.26) 0.36 (0.34 - 0.39) 0.50 (0.47 - 0.53)
50% resistant viruses at start (overall VE at vaccine rollout = 0.45)*

5 years 0.15(0.09 - 0.21) 0.23 (0.18-0.29) 0.34 (0.27 - 0.42)
10 years 0.17 (0.14 - 0.23) 0.26 (0.20 - 0.32) 0.32 (0.26 - 0.40)
15 years 0.18 (0.15-0.24) 0.24 (0.19 - 0.32) 0.28 (0.21 - 0.35)

*Vaccine efficacy for sensitive allele = 90%
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Table S4. Proportion of cumulative HIV infections averted by vaccination. Proportion of
cumulative infections averted, for the MSM model with 40% ART coverage (median (minimum
- maximum)) and two scenarios of initial frequency of resistant virus (25% or 50%) and vaccine
efficacy against the sensitive virus (75% and 90%).

Overall vaccination coverage

50% 70% 90%

No resistant viral genotypes (overall VE = 0.5625)

5 years 0.20 (0.14 - 0.28) 0.31(0.25- 0.37) 0.47 (0.41 - 0.53)
10 years 0.27 (0.21 - 0.32) 0.39(0.33 - 0.44) 0.53(0.49 - 0.57)
15 years 0.31(0.26 - 0.37) 0.45(0.38 - 0.48) 0.58 (0.55 - 0.63)
25% resistant viruses at start (overall VE at vaccine rollout = 0.5625)*

5 years 0.19 (0.14 - 0.28) 0.33(0.24 - 0.38) 0.45(0.41 - 0.53)
10 years 0.25 (0.19 - 0.36) 0.38 (0.29 - 0.46) 0.49 (0.45 - 0.57)
15 years 0.28 (0.23 - 0.40) 0.42 (0.32 - 0.48) 0.51 (0.44 - 0.56)

*Vaccine efficacy for sensitive allele = 75%

Overall vaccination coverage

50% 70% 90%

No resistant viral genotypes (overall VE = 0.45)

5 years 0.15(0.05 - 0.27) 0.26 (0.18 - 0.33) 0.38 (0.30 - 0.48)
10 years 0.19 (0.12 - 0.28) 0.32(0.24 - 0.38) 0.44 (0.36 - 0.52)
15 years 0.23 (0.17 - 0.30) 0.37 (0.30 - 0.42) 0.48 (0.42 - 0.57)
50% resistant viruses at start (overall VE at vaccine rollout = 0.45)*

5 years 0.14 (0.07 - 0.28) 0.24 (0.13 - 0.32) 0.33 (0.23 - 0.46)
10 years 0.19 (0.14 - 0.30) 0.27 (0.20 - 0.36) 0.33 (0.22 - 0.42)
15 years 0.21 (0.17 - 0.29) 0.27 (0.19 - 0.38) 0.32(0.22 - 0.42)

*Vaccine efficacy for sensitive allele = 90%
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Table SS5. Proportion of cumulative HIV infections averted by targeted vaccination.
Targeted vaccination of a high-risk subgroup, for the heterosexual model with 30% ART
coverage (median (minimum - maximum)) and two scenarios of initial frequency of resistant
virus (25% or 50%) and vaccine efficacy against the sensitive virus (75% and 90%).

Vaccination coverage (high-risk subgroup; overall pop.)

50%; 29% 70%; 32% 90%; 35%
No resistant viral genotypes (overall VE = 0.5625)
5 years 0.14 (0.10 - 0.17) 0.20 (0.16 — 0.24) 0.29 (0.26 — 0.44)
10 years 0.19(0.15-0.22) 0.28 (0.24 - 0.30) 0.37(0.34-0.39)
15 years 0.23 (0.18 — 0.26) 0.33(0.30-0.35) 0.44 (0.41 - 0.46)
25% resistant viruses at start (overall VE at vaccine rollout = 0.5625)*
5 years 0.15 (0.08 — 0.18) 0.20 (0.15-0.24) 0.28 (0.23 - 0.32)
10 years 0.19 (0.13 - 0.23) 0.25(0.20 - 0.29) 0.32 (0.27-0.37)
15 years 0.21 (0.17-0.27) 0.28 (0.23 - 0.32) 0.33 (0.25-0.38)

*Vaccine efficacy for sensitive allele = 75%

Vaccination coverage (high-risk subgroup; overall pop.)

50%; 29% 70%; 32% 90%; 35%

No resistant viral genotypes (overall VE = 0.45)

5 years 0.11 (0.08 — 0.15) 0.17 (0.14-0.19) 0.23 (0.21 -0.26)
10 years 0.16 (0.14-0.19) 0.22 (0.19-0.24) 0.30(0.27-0.31)
15 years 0.18(0.16 - 0.21) 0.26 (0.24 -0.29) 0.35(0.33-0.38)
50% resistant viruses at start (overall VE at vaccine rollout = 0.45)*

5 years 0.12 (0.07-0.15) 0.14 (0.12-0.19) 0.20 (0.17-0.26)
10 years 0.14 (0.10-0.17) 0.18 (0.13-0.23) 0.21 (0.18-0.27)
15 years 0.14 (0.11-0.19) 0.18(0.12-0.23) 0.19 (0.16 - 0.25)

*Vaccine efficacy for sensitive allele = 90%
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Figure S1. Effects of targeted vaccination on a high-risk subgroup of the total population.
Trends in resistant allele frequency, overall vaccine efficacy, HIV incidence, and cumulative
infections averted, for epidemic scenarios in which a high-risk subgroup (representing ~15% of
the population) is preferentially targeted for vaccination. Vaccination coverage of the high-risk
subgroup is relatively high (>50%), but overall vaccination coverage is low (<50%); effects of
HIV adaptation in response to vaccination are similar to results (presented above) that include
relatively high overall vaccination coverage. All panels depict results from epidemic scenarios
with an initial resistant strain (VE = 0) proportion = 0.50 and a sensitive virus VE = 0.90; panel
D shows results from this scenario and also the scenario with initial resistant strain (VE = 0)
proportion = 0.25 and a sensitive virus VE = 0.75
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