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SIGNIFICANCE STATEMENT

Despite the widely-accepted hypothesis that infectious disease drives HLA diversity, specific
examples are rare. We show, in an antenatal cohort in KwaZulu-Natal, South Africa, that maternal
HLA-B genotype significantly impacts HIV-1 survival and vertical transmission in the absence of
antiretroviral therapy (ART). The introduction of ART in 2004, however, substantially slowed this
process of natural selection. Modelling the HIV-1 epidemic in KwaZulu-Natal over a 45-year
period between 1990-2035 in the absence of ART, we estimate HIV-1 driving a 38% decline in
population frequency of disease-susceptible HLA-B alleles and doubling the frequency of
protective HLA-B alleles. Such changes are consistent with previous work describing selective
sweeps of MHC-I in HIV-1/SIVcpz-infected chimpanzees, resulting ultimately in persistence of
chimpanzee MHC-I protective against AIDS. However, ART has prevented changes of this

magnitude occurring over decades in humans.



85 ABSTRACT
86  MHC polymorphism is explained by natural selection driven by the MHC-dependent impact of
87 certain infections, inflammatory conditions, autoimmune diseases and cancers. However,
88 examples of human disease driving this process are rare. We evaluated the impact of HIV-1 in
89  altering HLA-I frequencies in KwaZulu-Natal, South Africa, and the influence of antiretroviral
90 therapy (ART) on this process. In a historical mother-child cohort in the pre-ART era (1998-
91 200%5), HIV-1 survival and vertical transmission were both strongly HLA-B dependent:
92 ‘disease-susceptible’ HLA-B alleles (HLA-B*18/B*45:01/B*58:02) increased adult AIDS
93 progression and vertical transmission (OR 1.6, p=0.01), whereas ‘protective’ HLA-B alleles
94 (HLA-B*57/B*58:01/B*81:01) slowed AIDS progression, and decreased vertical
95 transmission (OR 0.57, p=0.002). By contrast, in contemporary antenatal KwaZulu-Natal
96 cohorts in the ART era (2015-2025) the impact of HLA-B on HIV-1 disease outcome and
97 vertical transmission is dramatically reduced. Using these and reported data, we
98 constructed a model to estimate the impact of HIV-1 on HLA-B frequencies in KwaZulu-
99 Natal, both in the prevailing setting of ART and in a hypothetical counterfactual scenario
100 where ART was never rolled out. Over the 45-year period 1990-2035, in the absence of
101  ART, the proportion of the population possessing any ‘protective’ HLA-B allele was
102  projected to increase from 23% to 42% (allele frequencies increasing from 0.12 to 0.24),
103  and the proportion of the population possessing any ‘disease-susceptible’ HLA-B allele
104 was projected to decrease from 28% to 18% (allele frequencies declining from 0.15 to
105 0.092). The introduction of ART radically slows HLA-B frequency change. These data
106 therefore demonstrate the potential for natural selection from an infectious disease to alter
107 human population genetics within decades, and for the successful roll-out of therapy to
108 halt this process.
109
110
111
112
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INTRODUCTION

The HLA class | region is the most polymorphic in the human genome (1). The association of
particular HLA types with outcome from a range of human diseases, especially infectious and
autoimmune diseases, but also other inflammatory conditions and cancers (2), is consistent with
the notion that HLA-associated human disease drives HLA polymorphism. However, specific
examples of selection pressure mediated by human pathogens operating to alter gene

frequencies are rare.

The HIV-1 epidemic provides a unique opportunity to investigate the potential impact of a human
infection in driving altered HLA frequencies, since HLA-I associations with differential HIV-1
disease progression are well-documented (3-5), and with just over 80 million people infected with
HIV-1 since the initial cases were described in 1981 (6), the numbers affected could be sufficient
to observe population-level impact on HLA-I frequencies. In particular, this applies to the countries
in sub-Saharan Africa that have been the worst-affected, accounting for two-thirds of people living
with HIV-1 (PLWH). South Africa alone accounts for >20% of PLWH worldwide, and, within this
country, KwaZulu-Natal has been the most severely affected province, with antenatal
seroprevalence rates maintained at a relatively stable level of ~40% since antiretroviral therapy
roll-out 20 years ago (7). For these reasons, the studies described below focus on cohorts we
have studied both pre-ART (1998-2005) and subsequent to ART roll-out (2015-2025) in KwaZulu-

Natal, South Africa.

Studies in KwaZulu-Natal have shown that, in ART-naive infection, the HLA-I molecules most
strongly associated with low plasma viral loads, high absolute CD4 counts and therefore slow
progression to AIDS are HLA-B*57, HLA-B*58:01 and HLA-B*81:01 (8, 9). The HLA-I molecules
associated with high plasma viral loads, low absolute CD4 counts and rapid progression to AIDS
are HLA-B*18, HLA-B*45:01 and HLA-B*58:02. The mechanism underlying these HLA-I
associations with HIV-1 disease outcome has been related to the ability of HLA class | molecules

such as HLA-B*57 to present multiple epitopes within the abundant and highly conserved Gag
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capsid protein that enable HIV-specific CD8+ T-cells to recognise and kill virus-infected target
cells effectively (10-17). At the same time, the selection of viral escape mutations is severely
limited by the cost to viral replicative capacity (‘fitness’) of variation within the highly conserved
regions of the HIV-1 proteome (12, 18-23). By contrast, ‘disease-susceptible’ HLA such as HLA-
B*58:02 present no Gag-specific CD8+ T-cell epitopes (10, 24) and therefore exert little or no

selection pressure on this critical region of the virus (25).

Thus, time to AIDS and death in the pre-ART era was strongly associated with the specific HLA-I
molecules expressed. In addition, the risk of adult HIV-1 transmission is strongly related to viral
load (26—28), and in children born to mothers LWH in the pre-ART era, the risk of vertical
transmission was also linked with maternal plasma viral load (29). We therefore hypothesised
that, in the pre-ART era, mothers expressing ‘disease-susceptible’ HLA would have higher plasma
viral loads and therefore would be more likely to transmit vertically than mothers expressing
‘protective’ HLA-I. In the pre-ART era, the prognosis for children following vertical transmission
was especially poor, with a 60% 2-year mortality (30). The prognosis for even HIV-exposed,
uninfected children whose mothers had AIDS was also poor (30). Thus, we hypothesised that the
ability of mothers expressing ‘disease-susceptible’ HLA-I to have children who themselves would
survive to reproductive age would be substantially reduced in the pre-ART era, both because of

reduced survival of the mothers and of their children.

To address these hypotheses, we investigated two antenatal cohorts in KwaZulu-Natal, one prior
to the ART era (31) (1998-2005), and one subsequent to it (32, 33) (2015-2025). To simulate the
impact of HIV-1 on frequencies of ‘disease-susceptible’ and ‘protective’ HLA-I in this population,
we developed an evolutionary-epidemiological model of HLA-B frequencies based on KwaZulu-
Natal. We fitted this model to observations from both the pre-ART and post-ART era, to estimate
the changes in HLA-B frequencies that could have occurred in KZN throughout this period. We

also conducted a hypothetical counterfactual simulation where ART was never rolled out.

RESULTS
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Natural selection on protective and disease-susceptible HLA-B alleles in the pre-ART era
Antiretroviral therapy (ART) was introduced in South Africa in 2004, but access was limited
initially, with less than 1% of the 5.3m people living with HIV-1 in South Africa in 2004 receiving
treatment in that year (34, 35). We studied antenatal cohorts (8, 31) in KwaZulu-Natal, South
Africa, in the pre-ART era (1998-2005), at a time when HIV-1 prevalence was increasing from
35% to plateau at a relatively stable ~40% (Fig 1A). Mothers testing seropositive for HIV-1
infection were enrolled during pregnancy and, as expected (29), plasma viral loads (pVL) were
higher in vertically transmitting mothers compared to non-transmitting mothers (87,400 median
versus 20,100, p<0.0001, Fig 1B). We had previously shown in the Zulu-Xhosa population in
KwaZulu-Natal (8, 9) that HLA-B*57, HLA-B*58:01 and HLA-B*81:01 were ‘protective’ against
HIV-1 disease progression, being associated with low pVL and high absolute CD4 counts, and
that HLA-B*18, HLA-B*45:01 and HLA-B*58:02 are ‘disease-susceptible’, being associated with
high pVL and low absolute CD4 counts. Not unexpectedly, therefore, these same associations
were observed in the cohort of mothers enrolled antenatally here (Fig 1CD, FG). Furthermore, as
we had hypothesised, the frequencies of disease-susceptible HLA-I were significantly higher in
the transmitting mothers and their infants than in the non-transmitting mothers (p=0.01 (odds ratio
1.6) and p=0.006 (odds ratio 1.7)), respectively; these were also higher than in a cohort of HIV-
uninfected adults in KwaZulu-Natal (p=0.003 and p=0.003, respectively, Fig 2A). Similarly, the
frequencies of protective HLA-I were significantly lower in the transmitting mothers and their
infants than in the non-transmitting mothers (p=0.002 (odds ratio 0.47) and p=0.004 (odds ratio
0.5), Fig 2B) and somewhat lower than in the control cohort of uninfected adults, although this
latter difference did not reach statistical significance. Thus, in ART-naive infection, ‘protective’
HLA-B are associated with slow HIV-1 disease progression to AIDS and death, whereas ‘disease-
susceptible’ HLA-B alleles are associated with rapid progression to AIDS and death in the
mothers, as well as an increased risk of vertical transmission and subsequently reduced infant
survival. This process of natural selection, if continued without intervention, would therefore tend
to increase the frequencies of ‘protective’ HLA-B and reduce the population frequencies of the

disease-susceptible HLA-B alleles.
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Weakened natural selection on HLA-B alleles in the ART era

By 2023, an estimated 5.9m (77%) of the 7.7m PLWH in South Africa were receiving ART (36).
Long-term survival is now the expected outcome in PLWH receiving ART. Similarly, ART has
dramatically reduced HIV-1 transmission rates, since HIV-1 transmission is effectively completely
prevented when viraemia is suppressed by ART (37). Accordingly, the intra-uterine vertical
transmission rate is 0.4% in the current ART era (32), compared to the vertical transmission rate
for in utero infection of 7.5% in the pre-ART era (31, 38). Most of the vertical transmissions in the
current era arise when, for social reasons, the mothers have not been able to access ART, or
have not been aware of their HIV-1 status, either having become infected themselves during
pregnancy or testing seropositive for the first time during the pregnancy (32). Thus, we
hypothesised that, in the current ART era, both long-term survival in PLWH and vertical
transmission are no longer related to HLA-I-mediated immune control of HIV-1 viraemia, but are

now more strongly affected by HLA-independent factors that determine whether ART is accessed.

To test this hypothesis with respect to vertical transmission, we studied a second mother-child
cohort enrolled in KwaZulu-Natal during the ART era (2015-2025) (32). We compared the
frequencies of protective and disease-susceptible HLA-B molecules in transmitter mother-child
pairs with those of a contemporaneous HIV-uninfected cohort of age-matched women in
KwaZulu-Natal (39, 40) and observed that there are no significant differences between the
frequencies of either of these HLA-B alleles between HIV-uninfected women and transmitter
mothers and their infants (Fig 2C-D). The numbers of study participants studied in the ART era
were sufficient to provide >98% power (<2% type Il error rate) to detect a significant difference
between the groups had the difference between transmitter mothers and HIV-ve adults in the ART
era been the same as that which we observed in the pre-ART era. Comparing HLA-B frequencies
in the transmitter pairs in the pre-ART era versus the transmitter pairs in current ART era, as
hypothesised, we observed that the frequencies of ‘disease-susceptible’ HLA-B alleles were
significantly lower in the ART era compared to the pre-ART era, whereas these do not differ

between the respective HIV-uninfected cohorts (Fig 2E, Table S1). As anticipated, ‘protective’
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HLA-B alleles were somewhat increased in frequency in the transmitter mother-child pairs in the

ART era compared to the pre-ART era, albeit not significantly so (Fig 2F).

These analyses were also undertaken individually for the three ‘disease-susceptible’ and for the
three ‘protective’ HLA-B alleles (Fig 3A-F). The most prevalent of these six alleles is the disease-
susceptible HLA-B*58:02. This allele was enriched in the transmitter mother-child pairs in the pre-
ART era (phenotypic frequency 33%) but not so in the current ART era (phenotypic frequency

22%) (Fig 3C).

With respect to the relationship between HLA-B expression and survival in adult LWH in the
current ART era, as described above, in the antenatal clinic in KZN we studied, 90% of mothers
LWH have undetectable plasma viral loads at delivery and 95.7% had plasma viral loads of <1000
c/ml (Fig S1A). These findings are in close agreement with published data for all antenatal clinics
in KZN, reporting >80% of mothers with undetectable plasma viral loads, and 94.1% of mothers
with plasma viral loads <1000 c/ml (7). In the 0.4% of mothers LWH in KZN who transmit the virus
in the ART era, there is no significant effect of HLA-B on plasma viral load. However, it is
noteworthy that, even though absolute CD4 counts are relatively high among transmitter mothers
in the ART era (mean 487 versus 320 cells/ul in the pre-ART era), an HLA-B effect on absolute
CD4 counts and CD4% remains (Fig S1CD). Thus, although ART is weakening natural selection
on HLA-B alleles, the fact that in adults ART is not initiated immediately following acquisition of
HIV, and in a subset of people, illustrated by transmitter mothers, ART adherence is suboptimal,
demonstrates that the selection pressure imposed by HIV-1 on HLA-B has not completely halted

even in the ART era.

ART weakens selection of disease-susceptible, high-expressing HLA-A alleles during
vertical transmission

Having observed evidence of the HIV-1 epidemic driving changes in HLA-B frequencies, we next
considered the possibility that the same selection pressures might be operating on the HLA-A
locus. Although differences between HLA-A molecules have substantially less impact on HIV-1

8



257  pVL in ART-naive individuals than differences in HLA-B molecules (8, 9), high HLA-A expressing
258 alleles are associated with high pVL and low absolute CD4 counts in ART-naive adult and

259  paediatric infection, mediated through inhibition of NKG2A+ NK cell responses by high-expressing
260 HLA-Aalleles (41, 42). In the pre-ART and ART era cohorts studied here, surprisingly, we

261 observed no difference overall in HLA-A expression levels between the different groups (Fig S2A).
262  However, individuals with disease-susceptible, high-expressing HLA-A alleles (z-score >0.5) were
263  significantly increased in frequency amongst the transmitter mother-child pairs in the pre-ART era
264  compared to the ART era (p<0.0001, Fig S2B). Similarly, children with protective, low-expressing
265 HLA-A alleles (z-score <-0.5) were somewhat more frequent among the transmitter mother-child
266  pairs in the ART era compared to the pre-ART era (p=0.007, Fig S2C). In analyses of individual
267 HLA-A alleles, the lowest-expressed and therefore most protective HLA-A allele is HLA-A*74:01,
268 and children expressing HLA-A*74:01 were present at a higher frequency in the ART era versus
269 the pre-ART era (p=0.005 pre-Bonferroni-Holm correction for multiple tests; p=0.085 post-

270  correction, Fig S3D). Taking into account the fact that HLA-A*74:01 is in linkage disequilibrium
271  with the strongly protective HLA-B*57:03, we reanalysed these data removing individuals

272  expressing HLA-B*57:03. There remained a somewhat increased frequency of the protective
273  HLA-A*74:01 in the ART era children versus the pre-ART era children (p=0.017, uncorrected for
274  multiple tests).

275

276  Simulating the KZN HIV-1 epidemic: ART radically slows allele frequency changes

277  To evaluate the impact of ART on HLA-B population genetics in the KwaZulu-Natal HIV-1

278 epidemic, we developed an evolutionary-epidemiological model of HIV-1 transmission and

279 treatment (Fig 4) in a population containing 3 possible types of HLA-B allele: protective, disease-
280  susceptible and indifferent. We began our simulation in the year 1990, using allele frequencies
281 inferred from the HIV-negative HLA-typed dataset from the year 2000, since this was the earliest
282 time point for which we had genetic data. We assumed that genotype frequencies were at Hardy
283  Weinberg equilibrium, and started our simulation with an HIV-1 prevalence of 0.016 (the

284  proportion of HIV-infected women in KZN reported in the National HIV Surveillance Programme
285 1990 antenatal survey (44)). We assumed, based on behavioural observations (48), that the

9
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parameter determining the horizontal transmissibility of HIV-1 could take 3 different values in 3
different time periods (1990-1998; 1999-2008 and 2009 onwards), and that ART treatment rates,
when non-zero, took 2 different values (2004-2016 and 2017 onwards) (see Supporting
Information). We obtained suitable values of these transmission and treatment parameters by
fitting the model to antenatal HIV survey data reported for KZN province (7, 43—-45), and to ART
treatment data from Conan et al (46) and the Sentinel Survey (7), using Bayesian MCMC (full

details in Supporting Information). The datapoints used for fitting are visualised in figure 4A.

Amornkul et al (47) report times to AIDS for HIV-1 C (the clade of virus that predominates in
Southern Africa) and also reports the impact of having protective or disease susceptible HLA-B
alleles on times to AIDS in sub Saharan African populations. Our pre-ART data allows us to
estimate the odds ratios for disease susceptible or protected HLA-B genotypes vertically
transmitting HIV relative to genotypes containing neither such allele (Table S2). We brought
together this information to generate three different HLA-B evolutionary scenarios: (i) a best
estimate scenario, in which HLA-B specific times to AIDS and risks of vertical transmission are
taken from the relevant hazard ratio or odds ratio calculated directly from the aforementioned data
sources; (ii) a conservative scenario, in which the impact of HLA-B on times to AIDS and risks of
vertical transmission are the minimal values implied by the data (e.g. the lower bound of the 95%
confidence interval of a hazard ratio or odds ratio if the ratio is greater than 1 or the upper bound
of that interval if the ratio is less than 1), and (iii) an extreme scenario, in which the impact of
HLA-B on times to AIDS and risks of vertical transmission are the maximum values implied by the
data (e.g. the upper bound of the 95% confidence interval of a hazard ratio or odds ratio if the
ratio is greater than 1 or the lower bound of that interval if the ratio is less than 1). Full details of

these scenarios are provided in the Supporting Information and Table S3.

Despite the devastating impact of the HIV-1 epidemic on KZN throughout the 1990s and early
2000s, frequencies of protective and disease-susceptible alleles only shifted from 0.12 to 0.14
(protective) and 0.15 to 0.14 (susceptible) between 1990 and 2004 in our best-estimate HLA-B
properties scenario (Fig 4). This equates to 28% of the population possessing any susceptible

10
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allele in 1990 decreasing to 25% of the population possessing any susceptible allele in 2004 (and
23% of the population possessing a protective allele in 1990 increasing to 27% of the population
possessing a protective allele in 2004). Within 15 years of ART becoming available, allele
frequencies start to stabilise, with the protective allele at a frequency of 0.17 and the susceptible
allele at a frequency of 0.12 in 2019 in our best estimate scenario. These frequencies only shift
slightly more by 2035 (0.18 protective; 0.12 susceptible), resulting in the 2035 population having
22% with any susceptible allele and 32% with any protective allele. The extreme HLA properties
scenario and the conservative HLA properties scenario result in greater and smaller overall allele

frequency changes respectively but show the same stabilising effect of ART (Fig 4A).

In the absence of ART, in our best estimate scenario, the susceptible allele is at a frequency of
0.092 in 2035 (a decline of 38% compared to its initial allele frequency in 1990), and the
protective allele has reached an allele frequency of 0.24 (double its allele frequency in 1990). This
equates to just 18% of the population possessing any susceptible allele and 42% of the

population possessing any protective allele in 2035, had there been no introduction of ART.

Figure 4B displays the allele frequency changes that occur by 2035 in the absence of ART, with
four different values for the baseline probability of vertical transmission. The baseline probability
of vertical transmission is the probability of vertical transmission of HIV from infected mothers who
are homozygous for indifferent HLA-B alleles. The protective or disease susceptibility effects of
other genotypes are included in the model by changing their risks of vertical transmission relative
to this baseline. When the baseline probability is 0%, the only mechanism driving HLA-B
frequency changes is the impact of HIV on lifespan. As the baseline probability of vertical
transmission is increased, we can see that vertical transmission does have an effect on allele

frequencies, but that this effect is small compared to that driven by the impact of HIV on lifespan.

In our best-estimate and extreme HLA-B evolutionary scenarios, protective and disease
susceptible HLA-B genotypes affect both times to AIDS and vertical transmission of HIV, and the
greater the level of vertical transmission, the greater the increase in protective allele (or decrease
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in susceptible allele) frequencies by 2035 (Fig 4B). In our conservative scenario, HLA-B has a
relatively small effect on times to AIDS and does not affect the probability of vertical transmission
(see Supporting Information and tables S2 and S3). Figure 4B thus illustrates the counter intuitive
fact that if HLA-B genotype affects time to AIDS but not vertical transmission, higher rates of
vertical transmission of HIV reduce the rate of allele frequency change. If vertical transmission is
experienced to the same extent by all HLA-B genotypes, the relative advantage of having a

longer time to AIDS is lessened.

DISCUSSION

We have shown here, within a maternal cohort in KwaZulu-Natal, South Africa in the pre-ART era
(1998-2005), HIV-1 survival and vertical transmission are both HLA-B dependent. AIDS-free
survival and non-transmission are favoured by the expression of ‘protective’ HLA-B (HLA-
B*57/58:01/81:01) whereas rapid progression to AIDS and vertical transmission are favoured by
the expression of ‘disease-susceptible’ HLA-B (HLA-B*18/45:01/58:02). Using data from this
cohort and other published studies to describe this process of natural selection, we developed a
model to estimate the impact of HIV-1 on HLA-B frequencies over time in KZN. Our best estimate
of the interaction between HIV and HLA-B suggests that, in the absence of ART, HIV selection
could have doubled the frequencies of protective HLA-B alleles and reduced the frequencies of
disease-susceptible HLA-B allele frequencies by 38% over a 45-year period. Even more extreme
allele frequency changes are within the bounds of possibility (Figure 4A). Evaluation of a
KwaZulu-Natal cohort in the ART era (2015-2025) showed that the HLA-B-dependent effects on
HIV-1 survival and vertical transmission are substantially weakened by ART, and our model

suggests this weakening is sufficient to radically slow HLA-B allele frequency change.

These studies are consistent with previous work on chimpanzees, proposing that, 2-3 million
years ago, a selective sweep of chimpanzee MHC-| occurred as a result of widespread HIV-
1/SIVcpz infection, removing animals expressing MHC-| associated with HIV-1/SIVcpz-associated
disease (49). The chimpanzees surviving today have a relatively small repertoire of MHC-I
molecules that are, however, associated with resistance to HIV-1/SIVcpz AIDS (50-52). Bonobos
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appear to have an even more diminished MHC class | repertoire compared to chimpanzees,
which suggests that the selective sweep may have predated the speciation of common
chimpanzees and bonobos (53). It is striking that the HIV-1-specific epitopes targeted by CD8+ T-
cells restricted by these protective chimpanzee MHC-I molecules, (Patr-03:01, Patr-
B*01:01/03:01/05:01) are virtually the identical Gag-specific epitopes that are presented by
protective HLA-B (HLA-B*27/57/58:01) molecules in humans (5, 51). Similarly, in rhesus
macaques (Macaca mulatta) and pig-tailed macaques (Macaca nemstrina), that are not naturally
infected with HIV-1 or SIV, immune control of experimental SIV infection is observed in
association with protective MHC-I molecules (Mamu-A*01, Mamu-B*08, Mamu-B*17, Mamu-
A1*065:01 (90-120-1a), Mane-A*10) that target virtually the identical epitopes presented by
protective HLA in humans, HLA-B*27/57/58:01/81:01 (5, 54-58). These findings support the
hypothesis that immune control of immunodeficiency virus infection is mediated by MHC-|
molecules that can present Gag epitopes for recognition by virus-specific CD8+ T-cells. These
epitopes are highly abundant and conserved, with the result that virus-infected target cells are
recognised and killed early in the viral life cycle (14), and immune escape is limited by purifying

selection against low fitness variants (22, 23).

The impact of HIV-1 described here in driving increases in protective HLA-B allele frequencies
and decreases in disease-susceptible HLA-B allele frequencies over the course of the epidemic in
the absence of ART is also broadly consistent with previous studies that have estimated changes
in gene frequencies as a result of HIV-1 -mediated natural selection (59, 60). The analysis by
Cromer et al, based on a hypothetical population where the HIV prevalence plateaus at 30%,
focused on the disease-susceptible HLA-B allele combination, HLA-B*35-Px/B53, in people living
with HIV-1 B clade infection, the clade of virus that predominates in the Western world. In this
study, the authors estimate a 50% decrease in frequency of this ‘frail’ HLA-B allele combination
over 50 years. These estimates are similar to the 38% reduction over 45 years of the disease-
susceptible HLA-B allele combination HLA-B*18/45:01/58:02 calculated here for the KwaZulu-

Natal population affected by C clade HIV-1.
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What is distinct about the current study is, first, that it is focused on a population in Sub-Saharan
Africa, where two-thirds of the global HIV-1 pandemic is centred; second, the HIV-1
seroprevalence figures here of 30-40% corresponds to the specific situation for antenatal
populations in KZN (Fig 1A); likewise, survival times in people living with C clade infections are
derived from data in people living in Sub-Saharan Africa, and these differ from the survival figures
in the PLWH in North America (the average time to AIDS when infected with clade C is 4.5 years
(47), as opposed to the average time to AIDS of ~10 years seen in North America (61)); third, we
have taken into account the impact of HLA on vertical transmission and child survival, again using
actual data; fourth, we have included analysis of ‘protective’ HLA-B, where the increase over time
(doubling over 45yrs in our best estimate scenario) is faster than the decrease in disease-
susceptible HLA-B; and, finally, we have incorporated the impact of ART roll-out in the current

analysis.

The current study is also broadly consistent with a study of the impact of CCR5 variants (59), the
coreceptor that facilitates entry of HIV-1 into target CD4+ T-cells via binding to CCR5 in addition
to CD4. That HLA has strongest genetic effect on HIV-1 outcome is abundantly clear from several
genome-wide association studies (3, 62—65). The HIV-resistant CCR5 variants most prevalent in
Africa populations affect HIV-1 survival by approximately 2yrs (66), and these effects are
therefore weaker than those of protective HLA-B (see Table S3). Correspondingly, the estimates
are that the CCRS5 variants affecting HIV-1 survival would alter more slowly than HLA-B alleles
affecting HIV-1 survival, with HIV-resistant CCR5 variants increasing by 33% over 100 years and

HIV-susceptible variants decreasing by 50% over 100 years.

Although the major HLA effects on HIV-1 outcome are through HLA-B (3, 62—65), differences in
HLA-A genes also affect HIV-1 disease outcome, high-expressed HLA-A being associated with
high viraemia and rapid progression to AIDS (41, 42). We did not observe evidence of an impact
of HLA-A on AIDS progression and HIV-1 survival in the adult cohorts we studied here. However,
we did observe a striking significant enrichment of individuals with high expressing HLA-A alleles
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(z-score >0.5) in the transmitter mother-child pairs during the pre-ART era compared to non-
transmitters and seronegative individuals (p<0.0001). This enrichment had disappeared in the
ART era transmitter pairs (p<0.0001, comparing high expressing HLA-A frequencies of transmitter
pairs in the pre-ART versus ART era). These data are therefore consistent with the HLA-B data in
showing that disease-susceptible HLA-I alleles were enriched in transmitter pairs in the pre-ART
era, and that following the advent of ART, they are no longer significantly different from uninfected
cohorts. Overall, however, the part played by HLA-A in affecting survival of children born to
mothers living with HIV-1 is quite small relative to the impact of HLA-B on adult survival, and,
given that any HLA-A effect on adult survival is only evident after removal of the HLA-B effect, it is
unlikely that significant changes in HLA-A frequencies would result over the course of an ART-free

HIV-1 epidemic.

It is important to highlight limitations of this study. One limitation is the size of our cohorts, and the
time points at which populations were sampled. We do not show a change in frequency of
protective and disease-susceptible HLA-I resulting from the differential impact of HIV-1 on survival
and reproductive rate described above. The reason is, first, that HLA data from the same Zulu
ethnic group being studied here are not available pre-1990. Second, HLA typing at this time
depended on serological methods (67) and HLA types were 2-digit only. As a result, detailed,
large cohort (>1000 individuals) studies during this period were unable to distinguish, for example,
between HLA-B*58:01 (protective) and HLA-B*58:02 (disease-susceptible), and HLA-B*81 did not
feature at all, being difficult to distinguish from HLA-B*07 or HLA-B*42. Up to 10% of individuals
were not successfully typed owing to limitations in the class | antisera available. Third, although
HIV-1 seroprevalence in antenatal mothers increases exponentially during the period 1990-2000,
>80% of antenatal mothers were seronegative for most of this decade, and at the population level
HIV-1 seroprevalence would be lower still, especially among males who account for <40% of
infections (68). Thus, changes in HLA frequencies resulting from the differential impact of HIV on
disease outcomes would take some time to become evident at the population level. This is
reflected in the data generated by the model here and is consistent also with the model of Cromer
et al (60).
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We do observe the phenotypic frequency of protective HLA-B alleles increasing marginally from
22.7% in the uninfected pre-ART cohort from the year 2000 to 23.6% in the uninfected ART era
cohort from 2015-2025 (Fig 2F); but this difference is not statistically significant. Nevertheless, the
magnitude of the change is consistent with the behaviour of the model (specifically, between 2000
and 2020 in the model, the proportion of the population with any protective allele at all changes
from 25% to 30%). We do not observe an equivalent change in the phenotypic frequency of

disease-susceptible HLA-B alleles between the two uninfected cohorts (Fig 2F).

It is important also to note that, whereas in the analyses of HLA frequencies in the pre-ART era, a
cohort of non-transmitter mothers were available to compare against the transmitter mother-child
pairs, such a cohort was not available in the ART era. In the pre-ART era HIV-uninfected adults
served as an additional comparator group, and while the HLA frequencies in this group did not
differ significantly from those in the non-transmitter mothers, the disease-susceptible HLA-B
frequency in HIV-uninfected adults was significantly lower than in the transmitter mother-child
pairs. In the ART era, ART coverage is high and, specifically, ~95% of antenatal mothers have low
or undetectable viral loads (<1000 c/ml; (7) & our data, Fig S1). With these levels of viral
suppression, it is not surprising that birth transmission rates in the ART era are <1% (32). Non-
transmitter mothers in the ART era therefore represent >99% of mothers LWH. Given this strong
evidence of very effective control of HIV among non-transmitter mothers in the ART era, it is
reasonable to argue that HIV-uninfected adults in the ART era represent an appropriate contrast
transmitting mother-child pairs. Of note, the risk of adults (or mothers) themselves becoming HIV
infected is independent of their HLA-I type. This has been shown both in GWAS studies (69, 70)

and in studies that have focused specifically on HLA-I susceptibility to infection (71, 72).

A further point to note in relation to the finding of no significant difference in disease-susceptible
HLA-B frequencies in the ART era between HIV-uninfected adults and transmitter mother-child
pairs is the possibility that sample sizes were insufficient to detect the difference of the magnitude
that was observed in the pre-ART era. The sample sizes of n=524 in the HIV-ve adults and n=317
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in the transmitter mothers in the ART era provide >98% power (<2% type Il error rate) to detect a

significant difference of this magnitude between these two groups in the ART era.

Whilst the analyses presented here indicate that the process of natural selection driven by HIV in
the pre-ART era has been substantially slowed by ART, it is not possible to say that this process
has been halted altogether. The reason for this is that ART coverage is not 100% from the time of
acquisition of infection, and, as highlighted in the paper, disease progression to AIDS in Sub-
Saharan Africa for people who express disease-susceptible HLA-B may only take 3-4 years (see
supporting information and Table S3).This is well illustrated by the analysis of the 0.4% of mothers
LWH who are transmitters: although viral load is rapidly suppressed by ART, the differential
impact of HIV on CD4 counts according to HLA-B type shows that this process of natural
selection is not completely halted (Fig S1). Indeed, were ART to be interrupted for any sustained
period at the population level for whatever reason, it is clear that the HLA-dependent effects

observed in the pre-ART era would be activated very rapidly once again.

An important limitation of our modelling analysis is the relative lack of information about how
different HLA-B alleles combine to impact HIV-1 progression. The classification of HLA-B alleles
as being relatively protective or risky for HIV-1 is well-supported by multiple lines of evidence, but
the existence and completeness of any dominance effects is less clear. Furthermore, relatively
few data are available for HIV-1 subtype C, the type which predominates in KZN. We used the
average time-to-AlDS data reported by Amornkul et al (47) for subtype C in our model. We used
Amornkul’'s hazard ratios for the presence/absence of B*57 and B*45 to adjust this time to AIDS
up or down for “protective” and “risky” genotypes, since these are the only available estimates of
the impact of HLA-B on time to AIDS that are specific to sub Saharan African populations.
However, Amornkul et al's HLA-B results are based on their entire dataset (which is not
exclusively subtype C). We had to treat results for the presence/absence of B*57 and B*45 as
indicative of all protective and disease susceptible allele containing genotypes for the purposes of
our model, which was an extrapolation. We further assumed that a compound heterozygote for a
protective and a disease susceptible HLA-B allele would experience the population average time
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to AIDS (i.e. we assumed the protective and risky effects cancelled each other out) — see Table
S3. Such heterozygotes are relatively rare in the model, but it would still have been far better if
estimates of the relative risk of HIV-1 C progression for all possible genotypic combinations were

available to parametrise the model.

We made the simplifying assumption that the onset of AIDS meant an individual no longer
contributed to HIV-1 transmission and would no longer successfully reproduce. Fertility rates and
rates of sexual contact are much lower after the onset of AIDS in women (73), but it would have
been more realistic to model a continuous decline according to WHO disease stages, especially if

it were possible to stratify the rate of progression between these stages by HLA genotype.

In addition to the HIV/AIDS specific limitations detailed above, our model makes multiple
simplifying assumptions in representing a population within an evolutionary-epidemiological
framework (which attempts to account for rapid infectious disease dynamics and long-term
population genetic trends within the same model). We assumed a constant birth rate over time,
and assumed there was no difference in the fertility of women LWH versus women without HIV.
We modelled only the female population, implicitly assuming that the impact of HIV on women
and their HLA frequencies would be mirrored in the male population. In fact, HIV rates in KZN
show sex specific patterns, with incidence rates peaking at lower ages in women than in men,
and with shifts in this pattern over time (74); to account for this would require extensive data not
only on those age specific patterns but also on how sexual contact between different age groups
has changed, or not, over time. Despite these challenges, it would be extremely interesting to
incorporate greater population stratification in future models and explore which mechanisms

accelerate or decelerate HLA allele frequency changes.

As noted in the Introduction, it is widely accepted that MHC/HLA polymorphism is driven by
natural selection from infectious diseases. Superficially, our results appear to contradict this, since
the model would indicate that selection from HIV-1 reduces HLA diversity (indeed, the long-term
outcome of our model is that disadvantageous alleles are driven to extinction within a few
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hundred years in the extreme and best-estimate scenarios, and are at extremely low levels within
600 years even in the conservative scenario, Fig S3). However, we do not predict this would be
the long-term outcome in any population, even in the absence of ART. Two processes not
captured by our model are (i) co-evolution, whereby the pathogen evolves alongside the host, as
previously described for HIV in relation to protective HLA-B (75); and (ii) selection from multiple
antigenically diverse pathogens. We have shown the impact of a single pathogen over a short
time. Over evolutionary time, processes similar to those shown here would play out repeatedly,
driven by different pathogens and favouring different MHC/HLA types. Even if lost from a sub-
population, MHC/HLA types can be re-introduced via migration or even introgression between
species. Selection from a HIV/SIV like pathogen may have skewed MHC frequencies in the
ancestors of chimpanzees and bonobos as proposed by de Groot et al (49, 53), but apes, like
humans, also have to contend with completely different pathogens such as Laverania malaria
parasites, whose evolutionary impact on bonobo MHC frequencies has also recently been
demonstrated (76). It would not be realistic to expect any primate to have solely adapted to

HIV/SIV.

In summary, here we demonstrate that HLA-B genotype impacts not only HIV-1 survival rates but
also the vertical transmission of HIV-1, in the absence of ART. We also demonstrate the potential
for an infectious disease to rapidly alter HLA frequencies. The HIV-1 pandemic in KZN, if left
untreated, could have doubled protective HLA-B allele frequencies and decreased disease
susceptible HLA-B alleles by 38% within 45 years. The introduction of ART, together with high
levels of adherence and successful suppression of viraemia, is substantially weakening this

process of natural selection.

MATERIALS AND METHODS
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Study populations

The non-transmitting mothers and transmitter pairs from the pre-ART era were part of a historical
cohort of early-treated infants living with HIV-1 followed in 2002—2005 in Durban, KwaZulu-Natal,
South Africa (PEHSS cohort, Paediatric Early HAART and Structured Treatment Interruption
Study) (31). Antenatal mothers were recruited from October 2002, and paediatric study subjects
were enrolled between July 2003 and September 2005. At this time, single dose nevirapine (sd-
NVP) was the only intervention available for prevention of mother-to-child transmission. Mothers
were given sd-NVP (200 mg) at the onset of labour and infants were given sd-NVP (2mg/kg)
within 72h of birth. Plasma viral loads were determined from 662 mothers and 71 infants using
Roche Amplicor assay version 1.5 (Roche Molecular Systems, Branchburg, New Jersey, USA).
The HIV-uninfected control cohort from the pre-ART era was a cohort of 110 blood donor adults
enrolled by the Natal Blood Transfusion Service, Pinetown, Durban, KwaZulu-Natal, South Africa
in the year 2000. The PEHSS cohort was approved by the Biomedical Research Ethics
Committee of the University of KwaZulu-Natal, Durban and the Institutional Review Board of the

Massachusetts General Hospital, Boston, Massachusetts, USA.

The uninfected cohort from the ART era (2015-2025) comprised 492 females from the Females
Rising through Education, Support and Health (FRESH) study (39) and 32 uninfected mothers
from the Ucwaningo Lwamawele cohort (meaning ‘Learning from Twins’) study, both of which are
ongoing studies being conducted in Durban, KwaZulu-Natal. The ART era transmitter pairs are
part of the Ucwaningo Lwabantwana (meaning ‘Learning from Children’) cohort which is a cohort
of >300 in utero-infected children enrolled and followed in KwaZulu-Natal, South Africa from
2015-2025 (32). At birth 92% of mothers are receiving combination antiretroviral therapy. The
Ucwaningo Lwabantwana cohort is an ongoing study which has been approved by the Biomedical
Research Ethics Committee of the University of KwaZulu-Natal (BF450/14) and the Oxfordshire
Research Ethics Committee (06/Q1604/12). Written informed consent for the infant’s and

mother’s participation in the study was obtained from the mother or the infant’s legal guardian.
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The FRESH study was approved by the Biomedical Research Ethics Committee of the University

of KwaZulu-Natal (BE699/18), where all study participants provided written informed consent.

All individuals from the cohorts included in this study were of African descent, from KwaZulu-

Natal, South Africa.

HLA typing

Samples from the PEHSS cohort (non-transmitting mothers and transmitter pairs from 2002-
2005) were HLA typed using a targeted next-generation sequencing (NGS) method. Briefly,
locus-specific primers are used to amplify HLA-A and B (exons 1 to 4) and C (exons 1 to 5) genes
with Fluidigm Access Array (Fluidigm Singapore PTE Ltd, Singapore). The Fluidigm polymerase
chain reaction (PCR) amplicons are pooled and subjected to sequencing on an Illlumina MiSeq
sequencer (lllumina, San Diego, CA 92122 USA). HLA alleles and genotypes are called using the
Omixon HLA Explore (version 2.0.0) software (Omixon, Budapest, Hungary). For the HIV-
negative KZN adults from 2000, genomic DNA samples were initially typed to an oligo-allelic level
using Dynal RELITM reverse Sequencing Specific Oligonucleotide (SSO) kits for the HLA-A, -B, -
C loci (Dynal Biotech). Refining the genotype to the allele level was performed using the Dynal
Biotech sequence-specific priming kits in conjunction with the previous SSO type. Where alleles
were still not defined to the allele level, bespoke sequence-specific priming primer mixes were
utilised. All HLA class | alleles in the IMGTallele release 2.4.0 were considered for typing (77). For
samples from the ART era transmitter pairs (2015-2025), FRESH cohort and Ucwaningo
Lwamawele cohort, HLA typing was done using in house locus-specific primers which were used
to amplify HLA-A/B and C (exons 2 and 3) genes. The products were purified and sequenced
using in-house designed primers on an AB3730 DNA analyser. Traces were analysed using

bespoke software and BioEdit.
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Statistics

For scatterplots, median values and IQRs are indicated. Comparisons were performed using
Fisher’s exact tests for categorical variables and Mann—Whitney U test for continuous variables. In
Figure 1C-G, those with both a ‘protective’ and a ‘disease-susceptible’ HLA-B allele were excluded
from the analyses. In the analyses shown in Fig 2-3, all individuals were included. P-value less than
0.05 was considered significant. More information regarding statistical tests for Figure 1 and 2 can
be found in Table S1. All calculations and graphs performed using GraphPad Prism v10.2.3

(GraphPad Software) except for the evolutionary-epidemiological modelling (see below).

Modelling

We used a system of linked ordinary differential equations to model a population in which individuals
belonged to one of 6 different HLA-B genotypes (homozygous for a disease-susceptible HLA-B;
homozygous for an indifferent HLA-B; homozygous for a protective HLA-B; heterozygous for
disease-susceptible and indifferent; heterozygous for protective and indifferent, or heterozygous for
protective and disease-susceptible). As well as being classified by genotype, individuals were either
susceptible to HIV-1, infected with HIV-1 or infected with HIV-1 and treated, and the rate of
becoming infected with HIV-1 depended upon the current prevalence of untreated HIV-1 in the
population. Untreated HIV-1 infection led to AIDS at genotype-specific rates, based on observations
of sub-Saharan African populations (47) — see Supporting Information for a full description. Vertical
transmission of HIV-1 occurred at maternal-genotype-specific rates, based on the data in this
manuscript, and we assumed that children who were infected vertically would not survive to
reproductive age. Since any estimate of the impact of HLA-B on HIV progression or on vertical
transmission is inherently uncertain, we devised three scenarios: a best estimate scenario, in which
HLA-B genotypes were assigned times to AIDS and probabilities of vertically transmitting HIV based
on reported hazard ratios and odds ratios (see Supporting Information); a conservative scenario, in

which HLA-B genotypes were assigned the least possible impact on times to AIDS and probabilities
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of vertically transmitting HIV implied by the data (using the upper bound of the confidence interval
for a hazard ratio or odds ratio if that ratio is below 1, and the lower bound if that ratio is above 1),
and an extreme scenario, in which HLA-B genotypes were assigned the greatest possible impact
on times to AIDS and probabilities of vertically transmitting HIV implied by the data (the lower bound
of a confidence interval for a hazard ratio or odds ratio if that ratio is below 1, and the upper bound
if that ratio is greater than 1). A full explanation of these scenarios, and the values used, are

provided in the Supporting Information.

We began our simulations in 1990, with realistic frequencies of the protective, disease-susceptible
and indifferent alleles (based on a HIV-negative HLA typed dataset from the year 2000), genotypes
at Hardy Weinberg equilibrium, and with HIV-1 prevalence at 0.016, (the proportion of HIV-infected
women in KZN reported in the National HIV Surveillance Programme 1990 antenatal survey (44)).
We intended the model to apply to antenatal populations, hence fitted it to antenatal survey data as
well as data on ART treatment levels specific to women in KZN (7)(see Supporting Information and

Table S6).

We chose a set of realistic demographic parameters (see Table S3) and set the baseline probability
of vertical transmission of HIV-1 at 35%, based on vertical transmission probabilities estimated by
de Cock et al (78) (whose maximum estimate is 45%, if mothers breastfeed for up to 2 years). We
fitted horizontal HIV-1 transmission parameters and ART treatment rate parameters using Bayesian
MCMC with a Binomial likelihood function, since the HIV prevalence data and ART treatment data
consist of proportions (see Supporting Information for full details of the fitting process). We fitted
different transmission parameters to the time periods 1990-1998, 1999-2008 and 2009-onwards to
account for known behavioural changes in South African populations, and different treatment rate
parameters for 2004-2016 and 2017- onwards to account for the introduction of Universal Test and
Treat in 2016. We performed this fitting process separately for each of our best estimate,
conservative and extreme HLA-B property scenarios, since different times to AIDS for a proportion

of the population require different transmission parameters to best fit the available data.
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To generate counterfactual (no ART) simulations, we took the transmission parameter fitted for

1999-2008 for the relevant scenario and allowed that level of transmission to continue indefinitely.

To investigate the potential impact of differing levels of vertical transmission of HIV-1, we varied the
baseline probability of vertical transmission between 0 and 45% (figure 4B), keeping all other
aspects of each scenario the same (i.e. the “best estimate” scenario still used the relevant “best

estimate” parameters from tables S3 and S5, likewise the other HLA-B scenarios).

The full equations for the model are given in the Supporting Information, and the parameters of the
model are explained in detail in Tables S3-5. The model was implemented in Matlab, using the

oded45 solver.
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FIGURE LEGENDS

Figure 1. The HIV-1 epidemic curve among antenatal woman (1990-2022) and pVL and CD4
counts from pre-ART mothers (1998-2005). A. HIV-1 epidemic curve among antenatal woman in
KwaZulu Natal (1990-2022). This graph was adapted from the Antenatal HIV Sentinel Survey (7).
These data points were used to fit our model in Fig 4. B. Viral loads at pregnancy of non-transmitting
and transmitting mothers. C. Viral loads at pregnancy compared between mothers who had one
‘protective’ (HLA-B*57/58:01/81:01) or one ‘disease-susceptible’ (HLA-B*18/45:01/58:02) HLA-B
allele. D. Viral loads at pregnancy compared between mothers with either one ‘protective or
‘disease-susceptible’ HLA-B alleles in non-transmitting and transmitting mothers. E. CD4 counts at
pregnancy of non-transmitting and transmitting mothers. F. CD4 counts at pregnancy compared
between mothers with either one ‘protective’ or ‘disease-susceptible’ HLA-B alleles. G. CD4 counts
at pregnancy compared between mothers with either one ‘protective or ‘disease-susceptible’ HLA-
B alleles in non-transmitting and transmitting mothers. One-tailed Mann-Whitney tests were used
to determine the p values shown. All p values <0.025 shown remained significant after Bonferroni-
Holm correction for multiple tests (Table S1). Those mothers with both protective and disease-
susceptible HLA-B alleles were excluded. Numbers correspond to median values and error bars

indicate IQR.

Figure 2. Disease-associated HLA-B phenotypic frequencies in mother-child pairs in
KwaZulu-Natal, South Africa from the pre-ART era (1998-2005) and ART era (2015-2025). A.
Phenotypic frequencies of disease-susceptible HLA-B alleles from the pre-ART era. B. Phenotypic
frequencies of protective HLA-B alleles from the pre-ART era. C. Phenotypic frequencies of
disease-susceptible HLA-B alleles from the ART era. D. Phenotypic frequencies of protective HLA-
B alleles from the ART era. E. Phenotypic frequencies of disease-susceptible HLA-B alleles from

the pre- and ART era. F. Phenotypic frequencies of protective HLA-B alleles from the pre- and ART
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era. One-sided Fisher’s exact tests were used to determine the p values shown. All p values <0.025
shown remained significant after Bonferroni-Holm correction for multiple tests (Table S1) . Dark
grey; HIV negative adults from pre-ART era. Red; non-transmitting mothers from pre-ART era. Dark
blue; transmitting mothers from pre-ART era. Light blue; children from pre-ART era. Light grey; HIV
negative mothers from ART era. Dark green; transmitting mothers from ART era. Light green;

children from ART era.

Figure 3. Phenotypic frequencies of individual protective and disease-susceptible HLA-B
alleles across cohorts. A-C. Phenotypic frequencies of disease-susceptible HLA-B alleles; HLA-
B*18, 45:01 and 58:02, respectively. D-F. Phenotypic frequencies of protective HLA-B alleles; HLA-
B*57, 58:01 and 81:01, respectively. The p values shown are from Fisher’s exact tests uncorrected

for multiple comparisons.

Figure 4. Simulating a KZN-like HIV-1 epidemic and its consequences for HLA-B allele
frequencies. A. A time series of our evolutionary epidemiological model from 1990 to 2035. The
upper row of panel A displays HIV-1 prevalence in women, for our best estimate HLA-B properties
scenario (see figure S6 for the equivalent figures for the conservative and extreme scenarios). The
lower row displays frequencies of HLA-B alleles deemed disease-susceptible (blue) or protective
(red). The allele trajectories associated with our best estimate, conservative and extreme HLA-B
scenarios are indicated by different line styles, with the best estimate scenario a solid line, the
conservative scenario a dashed line and the extreme scenario a dotted-dashed line. In the panels
on the left, we have fitted the model to antenatal survey data on HIV-1 prevalence (squares) and
ART uptake (triangles). We assumed, based on behavioural observations, that the parameter
determining the transmissibility of HIV-1 could take 3 different values in 3 different time periods
(1990-1998; 1999-2008 and 2009 onwards), and that treatment rates could take 2 different values

(2004-2016 and 2017 onwards). Each of these transmission rates and treatment rates were fitted
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to the data. In addition to fitting the model to data between 1990 and 2022 we extrapolate to 2035.
Note that the trajectory of this extrapolation is a continuation of the trend seen in the final few years
of data, and any interpretation of the extrapolation depends on the strength of our belief in this
trend. Panels on the right illustrate a counterfactual simulation. Both left- and right-hand panels are
identical up until the year 2004. In the counterfactual simulation, ART is not rolled out, and we take
the transmission parameter that has been fitted for the period 1999-2008 and allow transmission at
that rate to continue in the absence of ART. The consequences for HIV-1 transmission and HLA-B
allele frequencies are shown. In all of panel A, vertical transmission of HIV-1 occurs at a probability
of 35% for mothers who are homozygous for the indifferent HLA-B allele (and is increased or
decreased from this baseline depending on maternal genotype, see Supporting Information for
further details). A vertical transmission probability of 35% is within the range of probabilities of
vertical transmission for HIV-1 positive breastfeeding mothers estimated by de Cock et al (78)
(whose maximum estimate is 45% in mothers breastfeeding for 2 years). In panel B. we explore
how changing the baseline level of vertical transmission impacts HLA-B allele frequencies, in the
absence of ART, to understand the potential changes in HLA-B allele frequencies that have been
averted by ART. Each bar chart displays allele frequency changes (from the starting conditions in
1990) that we predict could have occurred by 2035, for the indicated HLA-B properties scenario
and for the probability of vertical transmission in homozygotes for the indifferent allele given on the

X axis.
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