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Mapping the drivers of within-host pathogen
evolution using massive data sets

Duncan S. Palmer® 23, Isaac Turner® 2, Sarah Fidler®, John Frater®>®, Dominique Goedhals’,

Philip Goulder®?, Kuan-Hsiang Gary Huang® >0, Annette Oxenius® ', Rodney Phillips3°612,
Roger Shapiro'', Cloete van Vuuren’, Angela R. McLean3" & Gil McVean® 210

Differences among hosts, resulting from genetic variation in the immune system or het-
erogeneity in drug treatment, can impact within-host pathogen evolution. Genetic association
studies can potentially identify such interactions. However, extensive and correlated genetic
population structure in hosts and pathogens presents a substantial risk of confounding
analyses. Moreover, the multiple testing burden of interaction scanning can potentially limit
power. We present a Bayesian approach for detecting host influences on pathogen evolution
that exploits vast existing data sets of pathogen diversity to improve power and control for
stratification. The approach models key processes, including recombination and selection,
and identifies regions of the pathogen genome affected by host factors. Our simulations and
empirical analysis of drug-induced selection on the HIV-1 genome show that the method
recovers known associations and has superior precision-recall characteristics compared to
other approaches. We build a high-resolution map of HLA-induced selection in the HIV-1
genome, identifying novel epitope-allele combinations.
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ARTICLE

ariation in multiple host factors, both genetic and non-

genetic, can influence the genetic composition of infecting

pathogens and their subsequent evolutionary trajectory
within a host. Examples, include human leukocyte antigen (HLA)
restriction of epitopes and subsequent escape in HIV-1 and
other viruses! =%, drug-induced selection pressure and appearance
of drug-resistance mutations in viruses, bacteria and
eukaryotic pathogens’~13 and interactions between polymorphic
red-blood cell types and malarial disease!®1°. Consequently, the
molecular mechanisms underlying diverse pathogen-related
processes including infection, invasion, immune-response and
drug resistance, can potentially be uncovered by studying the
association between host factors and the genetic composition of
pathogens!0-22,

However, while it is now feasible to collect large-scale data on
pathogen genomic variation and host parameters, reliable
hypothesis-free detection of biologically meaningful associations
between host factors and pathogen diversity is challenging for
several reasons; the greatest of which is population structure.
Host genetic variation often has a strong spatial structure arising
from historical patterns of isolation and gene flow. Because of
their commensal nature and mode of transmission, most patho-
gens are likely to share some of this structure, leading to non-
causal association between host and pathogen genetic variation.
For the same reason, geographical heterogeneity among host
factors that influence pathogens causally (e.g., local variation in
treatment protocols) may also lead to indirect correlation between
host and pathogen genetics.

A second major challenge is statistical power. Consider
searching genome-wide for associations between host genomic
factors and pathogen genomic factors, in which the number of
tests carried out could be in the billions. Naive correction for
multiple testing is likely to eliminate power for anything except
the strongest associations. Consequently, there is a need for
approaches to association testing that enable prior information
about the likely structure of association to be used in the search
for signal.

To date, various approaches to testing for association between
pathogen genetic variation and host factors, both genetic, as in
the case of classical HLA loci, and non-genetic, as in the case of
drug resistance, have been developed!0-182324  Standard asso-
ciation tests, which suffered the problems of stratification
described above, were superseded by methods that utilise an
inferred phylogeny of pathogen samples to correct for related-
ness!72225-28 Moreover, additional power can be obtained by
explicit modelling of the processes of escape and reversion in the

context of HLA restriction of HIV-1172223 However, such
approaches have a number of limitations. For example, they do
not consider recombination in pathogen genomes, they do not
make use of all the data available, they typically do not infer the
strength of host-induced selection or combine information across
nearby sites in the context of epitope mapping and the more
sophisticated approaches are often computationally prohibitive
for very large samples.

To address these limitations we have developed a model-based
approach to inferring the effect of host factors on pathogen
genomic variation. The approach is motivated by the presence of
extremely large databases of pathogen genomic data. Given the
size of the databases (e.g., the Los Alamos database on HIV-1 has
over 150,000 sequences encoding a portion of reverse tran-
scriptase), it is likely that there are sequences closely related to
those that infected the individuals within a particular study in
question. Our approach aims to infer the most likely ancestral
infecting sequence (which may be a mosaic of those in
the database) for each individual and therefore to identify the
pathogen evolution that has resulted directly from exposure to the
current host. Moreover, we model correlations in evolution
among adjacent sites within the pathogen that arise through being
a shared target of selection (e.g., within a restricted HLA epitope
or within a region of a protein where drug resistance and con-
sequent compensatory mutations can evolve). A diagram of the
underlying process and our modelling framework is shown in
Fig. 1. Our methods and inference regime are detailed in the
Methods and Supplementary Methods. We show that the
approach has substantially improved power to detect sites under
selection and, through applications to the evolution of drug
resistance and escape from HLA-drive immune-restriction in
HIV-1, how the method can deliver new insight into important
biological processes.

Results

Simulations and methods comparison. To validate the method
and compare its performance to alternative approaches for
detecting host-induced selection we carried out three simulation
studies. First, we simulated data under the fitted model to eval-
uate power and accuracy. We used HIV-1 protease sequence data
from three major public databases as a reference (Table 1;
n =162,901), and simulated 100 replicates of a data set of
460 study sequences with six different HLA-induced selection
profiles, four of which were common (n = 100 each) and two of
which were rare (n =30 each); Supplementary Fig. 1. We
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Fig. 1 The underlying process and our approximation. a The underlying process: infected hosts are circles, coloured by host factor information. Coloured
strips represent the consensus pathogen sequence within infected hosts, and arrows indicate the direction of infection. Sampled hosts with pathogen
sequence information are outlined. A red outline indicates that host factor information is also available. b Our approximation: pathogen sequences in D are
generated from Dg, modulated by host factors of D. As [Dg| > O, we assume Dy is the set of all possible sequences an individual can be infected with.
Members of D arise from Dg through recombination and mutation. We assume all selection along a lineage connecting each member of D to its closest
neighbour in Dy (subject to recombination) occurred within the host that the member of D was isolated from. Thus only host factor information for D is
required. In b, there is one green host factor, h. Recombination, shown by the arrow, results in the colouring of the sequence. Three mutations have
occurred: one due to h-associated selection (red star), one reversion (green circle), and one synonymous transition (black cross)
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Table 1 Data used in this study: public databases

Database Cohort size

Details

Protease n=119,878
Reverse transcriptase n = 148,866

Los Alamos HIV Sequence
Database>4

Stanford Drug Resistance Protease n= 81,533

Database® Reverse transcriptase n = 88,780
HIV positive selection Protease n = 45,161
database>6 Reverse transcriptase n = 45,161

Fed by biweekly downloads of new HIV sequence data submitted to GenBank.
Metadata is extracted from GenBank submissions and manually annotated with
additional information taken from the corresponding publications and through
direct interaction with authors®>.

Collection of protease and reverse transcriptase sequences with associated patient
drug prescription data.

Protease and reverse transcriptase sequence data taken from HIV-1 patient plasma
samples by Specialty Laboratories from 1999 to 200256, The database was created
in order to identify regions of drug selection using estimates of non-synonymous/
synonymous base changes along the viral genome.

performed simulations with recombination ranging between 0
and 0.01 (a rate of 0.01 meaning that on average the ancestor of
each study sample copies 100 contiguous codons from a reference
sample before recombination). We performed joint inference on
the HLA-associated selection parameters across the viral sequence
and examined how the size of the sample-specific reference panel
(range: 10-100) affects estimates. Motivation behind the use of
sample-specific reference panel and our approach is given in the
Methods subsection: Restricting Dp: sample-specific reference
data sets. In the absence of recombination, parameter estimates
are largely unbiased and accurate, although the rate of reversion
has high variance (Fig. 2; Supplementary Fig. 2). Estimates for
rare alleles perform similarly to those for common alleles
(Fig. 2b). We find little impact of the size of the sample-specific
reference data set and the posterior distributions are well cali-
brated (Supplementary Fig. 3). Recombination leads to a down-
ward bias in estimates of recombination and selection intensity
and upward bias in the rate of reversion (Fig. 2¢; Supplementary
Fig. 4) and consequently poorer posterior calibration at sites
under selection (Supplementary Fig. 4). Nevertheless, the inferred
profiles of host-dependent and host-independent selection pres-
sures remain strongly correlated to the truth. We also considered
the impact of error in choosing the sample-specific reference
panel by forcing inclusion of the sequences actually copied. We
find that forcing the true ancestors to be included improves
accuracy by only a small margin (Supplementary Fig. 5) indi-
cating that 100 potential ancestors chosen through Hamming
distance is typically sufficient.

In the second set of simulations we assessed robustness by
simulating data under a birth-death model (without recombina-
tion), setting the current infected population size at 1,000,000 and
sampling proportion at 10% to define Dy and sample 1,460 query
sequences with associated host HLA information (see Methods
subsection: Simulation study 2: simulating a sampled birth-death
process for details). We find some attenuation of the selection
signal (and over-estimation of the reversion parameter) but
strong correlation between the inferred and estimated strengths of
host-dependent and host-independent selection (Fig. 2¢; Supple-
mentary Fig. 6).

The birth-death simulations also enable comparison of our
approach with five alternative methods for identifying sites under
host factor specific selection (Supplementary Methods subsection:
Simulation study 2: methods comparison): Fisher’s exact test (as
in Moore et al.1%); a phylogenetically corrected Fisher’s exact test
(as in Bhattacharya et al.2%); an approximate escape rate estimate
(as in Fryer et all8); a ‘Phylogenetic dependency networks’
approach—PhyloD (as in Carlson et al.25); and PhyloD OR (as in
Carlson et al.?!). In each case, we assume that the wild-type
consensus strain is correctly defined and set any non-
synonymous difference from consensus as a candidate for escape.
For each method, we obtained p values or parameter estimates

that provide a metric for the strength of selection conditional on
each HLA type and generated receiver operating characteristic
curves for each simulation (Fig. 2e). We find that our approach
dramatically increases sensitivity for a given false-positive rate
(FPR). For example, at FPR=0.01, our sensitivity is 0.61,
compared to the second best-performing method, PhyloD, at
0.13. To assess whether the difference between methods decreases
with sample size, we repeated the analysis with 3000 query
sequences. Our method achieves a sensitivity of 0.81 (at an FPR of
0.01), compared to the next best-performing method, PhyloD, at
0.22 (Supplementary Fig. 7). We conclude that augmenting study
data with a large reference data set and modelling the escape
process explicitly provides a substantial gain in the ability to
identify sites under host factor specific selection.

To examine the impact of a reduced reference sequence data
set, we randomly subsampled 10 and 1% of Dy from Simulation
study 2. We also considered a leave-one-out (LOO) strategy,
where the reference data are augmented with study sequences,
with the exception of the sample under consideration. We find
that larger reference panels achieve greater accuracy. For example,
at FPR = 0.01, sensitivity ranges from 0.61 with the full reference
to 0.49 with 10% and 0.32 with 1%. The LOO strategy only boosts
power if the reference panel is of the order of the sample size.
However, in the absence of any reference panel, our method with
a LOO strategy still achieves considerably greater power
(sensitivity of 0.34 at FPR =0.01) than any competing method
(Supplementary Fig. 8).

In the third simulation study (Methods subsection: Simulation
study 3: the effect of population differentiation), we used an
empirical bootstrap approach to assess robustness to population
structure and the impact of both differentiation between D and
Dy and relatedness within D, taking the parameters estimated
from empirical data (see Results: HLA-associated selection). We
used viral sequence data from Botswana (n = 343, protease only)
to simulate ancestors and the empirical distribution of HLA
genotype frequencies from this sample. We measured the
accuracy of estimates (both in terms of bias and calibration of
posteriors) for different protease reference panels, ranging from
the ideal panel (i.e., the ancestors used in the simulation), to that
used in this study, to one that considered only the
57,969 sequences known not to come from Botswana. The latter
panel maximises differentiation and also introduces the potential
problem of sequences within D typically being more closely
related to each other than to members of Dg. Results are
summarised in Supplementary Figs. 9-11. In terms of bias
(summarised by the frequency-weighted root mean square error
(RMSE) between true and inferred HLA-associated selection
profiles) we find relatively little differences between panels, with
the most diverged reference panel being only 3% worse than the
best. The estimator was well calibrated for each reference panel
used: 95% and 50% credible intervals contained the true value at
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Fig. 2 Simulation results summary. Inference results for Simulation studies 1 and 2 are shown in a-d. a Simulation study 1; r = 0. y for a common HLA
(n=100), ‘;—’;’ ratio, recombination probability between adjacent sites (r), and reversion scaling ({). b Simulation study 1, r = 0. y for a rare HLA (n = 30).
¢ Simulation study 1; r = 0.01, y for a common HLA (n = 100). d Simulation study 2, y for a common HLA (n = 100). In a-d, (except w in a), averages are
taken over 100 independent MCMC runs on independent simulated data with the same underlying parameters. The true value is shown in blue, mean and
median estimates are in black and red, respectively. White bands enclose 50% credible intervals, in turn enclosed by grey 95% credible intervals. In ¢, the
truth is rescaled by the average number of individuals between a randomly chosen pair of leaves in the sampled birth-death tree. For w in a, averages are
taken over a single-MCMC run, chosen at random as w differs across simulation runs (sampled from the prior). See Supplementary Figs. 2-5 for full results
summaries. @ ROC curves for existing method. Six methods used to identify HLA-associated selection on viral sequence are applied to data simulated
under the birth-death process used in simulation study 2. The Inset zooms in to the region enclosed by the black box. ROC curves for 100 independent
birth-death simulations are lightly coloured, and averaged to generate the heavier lines. ROC curves for Fryer Approx, PhyloD and PhyloD OR do not
extend to (1, 1). For Fryer Approx this is because we stop our threshold for estimated rates at 0. For PhyloD and PhyloD OR, it is because many sites will not
be included in leaf distribution or logistic regression respectively. Source data are provided as a Source Data file

between 91-98% and 45-57% of sites across bootstrap replicates,
respectively. Typically, the LOO strategy had little effect on
estimator performance. We conclude that the approach gives
substantial robustness to population structure and within-sample
relatedness, enabling the integration of highly diverse data sets,
though note that very highly diverged reference data sets (for
example, consisting of a separate subtype) will perform poorly.

Drug-associated selection. To provide empirical validation of
our approach for detecting host factor dependent selection we
analysed HIV-1 data from the Stanford drug resistance database’
in which viral sequences are linked to antiretroviral drug treat-
ment history of the patient. We therefore aim to learn drug-
treatment specific evolution, while other selective factors (e.g.,
selection due to cytotoxic-T-lymphocyte (CTL) pressure, the
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Fig. 3 Drug-associated selection analysis. a Protease results summary. Grey bars highlight the region analysed. Codon position is measured relative to the
HXB2 from the start of protease. Rows summarise drug-associated selection—drugs are shown to the left. Purple bars show the number of individuals

prescribed the drug at viral sampling. Red and orange indicate our median estimate is >2 and >1.5, respectively. Sites are outlined in Black and grey if in
addition the 2.5% and 10% quantile is >1, respectively. Green and blue lines at the top of the plots highlight differences between subtype B/C at the amino-
acid level, and sites of DRMs®, respectively. Classes of DRM are displayed: solid white lines tag sites of DRMs which confer the highest levels of resistance
for that drug, dashed white lines tag major DRMs®, and dotted white lines tag DRMs when combined with other mutations®. Drugs highlighted red do not
have major DRMs in the Stanford drug resistance database. Median w is displayed at the foot of the figure according to the colour bar. APV Amprenavir,
ATV Atazanavir, IDV Indinavir, LPV Lopinavir, NFV Nelfinavir, RTV Ritonavir, SQV Saquinavir. b Sensitivity of inference. Proportions of the strongest major
DRMs and major DRMs we identify when using our top-tier and second-tier candidate sites are provided, with associated p values and odds-ratios shown

in parentheses. Source data are provided as a Source Data file

antibody response, or the APOBEC3G response) will be captured
by w. We analysed protease and reverse transcriptase indepen-
dently and excluded integrase due to lack of data®. Priors on
parameters are given in Supplementary Table 1. We defined the
collection of sequences in hosts not receiving any therapy at the
time of sequencing as Dp, and viral sequences in hosts receiving
any treatment (coupled with their drug regime data) as D. To
guarantee the presence of variation in drug selection we introduce
a null class by randomly assigning 2,000 sequences from Dy to D.
Details of data preparation are given in the Supplementary
Methods subsection: Query and reference data set preparation.
We estimated y,; for protease and reverse transcriptase
inhibitors prescribed to at least 10 individuals in D (Fig. 3a;
Supplementary Fig. 12), and identified sites with very strong
evidence for drug-induced escape (median estimate of selection
factor >2 and at least 97.5% of the posterior >1; top-tier) and
moderate evidence (median estimate of selection factor >1.5 and
at least 90% of the posterior >1; second-tier). We compared the
enrichment of sites identified to known (experimentally vali-
dated) major drug resistance mutations (DRMs)® (Fig. 3b). For
some drugs, DRM data was lacking because the drug is no longer
commonly used (DDC and DLV), was an experimental drug that
failed (¢APA, and ADV) or is now used in small amounts with
other drugs (RTV). We observed strong, statistically significant
and consistent enrichment of DRMs at sites identified as selected;
with elevated enrichment (as measured by odds ratio) in the
strongest DRMs and sites with strongest evidence for selection.
For example, of the 31 strongest DRMs in reverse transcriptase,
11 are found in the top-tier selected sites and a further 6 in the
second-tier. Of the 41 apparent false positive sites, 17 are
described as being selected for in the literature (but not classified
as a major DRM in the Stanford database); for example mutation
at codon 11 of reverse transcriptase is known to be associated with
minor reductions in APV susceptibility??, but is not classified as a
major DRM®. A further three apparent false positive are
DRMs for treatment cocktails including the drug, nine are sites
of DRMs for drugs in the same class but where more specific

information is not provided, seven are DRM:s for different drugs
in the same class and only five appear to have no support in the
literature (Supplementary Table 2). False negatives are caused by
sites where the selected codon is more than one nucleotide change
away from the consensus (five mutations), one is an insertion,
eight have in vitro support for drug resistance but are not
documented as being selected for in vivo, seven have no
compelling evidence in the literature and three are genuinely
missed (Supplementary Table 3)°. Further evidence for the
biological validity of the inferred profiles is given by the co-
clustering of related drugs in trees constructed from the selection
intensity profiles (Supplementary Fig. 13). In summary, we find
that the method can identify sites selected by specific drug
treatments in vivo, either directly through resistance or indirectly
through compensation for resistance mutations that reduce
fitness.

HLA-associated selection. While the extent to which host HLA
alleles can influence patterns of escape and reversion in HIV-1
has been studied extensively, the methods developed here provide
additional power and accuracy as well as provide control against
factors such as population stratification and recombination.
Moreover, the methody also provides a framework in which to
combine data from multiple previous studies. We have assembled
nearly 3000 HIV-1 sequences from patients with known HLA
class I genotypes from six studies, of European and African
ancestry representing a mixture of subtype B and C sequences
(Table 2). We augmented the data with HIV-1 genome data taken
from three sources, representing 250,000-280,000 sequences
depending on the gene (Table 1). We analysed the data in two
ways, first by considering escape as deviation from subtype B and
also by considering escape from subtype C. We expect these
analyses to yield similar results, except at sites where subtypes
differ systematically. We analysed data from protease and reverse
transcriptase and inferred the impact of alleles at HLA class I loci
(at 2-digit resolution) jointly. We restricted analysis to HLA
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Table 2 Data used in this study: viral sequence data with associated host HLA information
Data set Cohort size Sampling date Geographic region Treatment Study requirements
SSITT>758 (Swiss n=79 2000 Various cities across HAART Undetectable VL for >6 months, CD4+
portion) Switzerland count >300 pl=1. No history of non-
nucleoside reverse transcriptase inhibitors.
SPARTAC®® (UK n=258 Aug UK ART naive on Primary infection, though definition of this is
portion) 2003-July 2007 recruitment complex, see>® for details.
Bloemfontein4860 n =278 Feb Bloemfontein, ART naive Chronic infection, low and high CD4* count
2006-Sept 2006 South Africa favoured: 96 high (>500 pl~1), 18 medium
(200-400 pl=1) and 164 low (<100 pl=").
Durban®'.62 n=1218 1999-2006 Durban, South Africa  ART naive Recruited following voluntary counselling
and testing in antenatal or outpatient clinics.
Mma Bana®3 n=>514 July Gaborone, Botswana  ART naive Pregnant women.
2006-May 2008
Los Alamos Protease n= 432 Many Many Many Many
Reverse transcriptase
n=2334
All remaining sequences with associated host HLA data available in the Los Alamos HIV sequence database®4, which were not present in the above studies constitute those data in the final row
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Fig. 4 Selected results summaries. a B*51 associated selection away from C = C across the analysed region of reverse transcriptase. Site numbering is
relative to the HXB2, starting from beginning of reverse transcriptase. Plotting is as in Fig. 2a-d. The B*51 epitope TAFTIPSI is highlighted by the blue box—
the site of the known escape variant is highlighted red. The black rectangle is zoomed in on in b. ¢ Epitopes predicted by Motif Scan and A-list/B-list
epitopes for two example HLA types are displayed. Corresponding results from our inference are shown on the grey strips—colouring is summarised by the

key. Source data are provided as a Source Data file

alleles with at least 10 representatives in the data. We truncated to
2-digit HLA resolution to boost power as the majority of alleles
are rare (61% of 4-digit HLA alleles have <10 copies, compared to
30% at 2-digit resolution). Further, 27.3% of the individuals for
whom we have HLA information were typed to the 2-digit level.
Full details of data preparation are given in the Supplementary
Methods subsection: Query and reference data set preparation.
We define ‘top-tier’ HLA-associated candidate sites as those
where the median y, ; > 2 and the lower 2.5% quantile > 1, and
‘second-tier’ candidate sites as those where the 10% quantile of
Yni > 1.

To illustrate the value of our approach, we first considered
the B*51 restricted epitope TAFTIPSI in reverse transcriptase

(Fig. 4). We find a strong signal of selection within the epitope,
with the escape site (position 135) experiencing the strongest
rate elevation. Interestingly, a variant at site 129 which is
known to abrogate CTL recognition in vitro39, is highly
conserved in vivo and shows no signal for selection, presumably
due to other fitness consequences. In contrast, we also see
strong evidence for B*51 associated escape around codons
173 and 195, which have not been reported previously.
Other known allele-epitope combinations that we recover
include, for example, B*18 associated selection around
codon 13831-33,

To compare to experimental and previous work on epitope
restriction we classify documented epitopes into an A-list, which
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Fig. 5 HLA-B-associated selection in reverse transcriptase. a Motif scan compared to our inference. Inference of HLA-associated selection from C = C is
summarised on the grey strips: sites with median y,, ;>2 and 1.5 are coloured red and orange respectively, sites with 2.5% and 10% quantile > 1 are outlined
in black and white, respectively. Blue and green vertical lines tag sites of drug resistance mutations and sites that differentiate subtype B/C viruses at the
amino-acid level. We scan reverse transcriptase for putative epitopes matching to known binding motifs in the literature; see key. Anchor residues are
highlighted in red. b A-list/B-list compared to our inference. Inference results on the grey strips are coloured as in a. Two grey strips per HLA show
selection away from C = B and C = C respectively. Bar plots to the right show HLA frequencies. The two lowest strips summarise median w according to
the colour bar. A-list34 and B-list3> epitopes above the grey are coloured purple and pink respectively. Sites of known escape variants within the A-list
epitopes are highlighted yellow. Source data are provided as a Source Data file.

represents the best-defined experimentally determined HIV-1
CTL epitopes, updated yearly** and a B-list, which refers to the
entire collection of epitopes reported in the literature3>. Among
the A-list epitopes, some have documented CTL escape variants,
either in vivo or in vitro. See Supplementary Tables 4 and 5 for
details and Supplementary Notes. We also consider an in silico set
of predictions for strongly-binding anchor residues generated by
Motif-Scan3¢. We compare these sites to our estimates of HLA-
associated selection across protease and reverse transcriptase
(Fig. 5, Supplementary Figs. 9-13).

To assess overlap between sites identified we measured the
enrichment of sites identified as under selection and used a
permutation strategy to assess significance (Methods subsection:
Testing overlap with A-list and B-list epitopes). Across protease and
reverse transcriptase we find strong enrichment of top-tier signals of
selection at A-list epitopes for HLA-B (Table 3). For example, top-
tier sites have an odds ratio of 63 for enrichment in A-list epitopes
(p = 0.003). As the confidence in the epitope collection or the
strength of selection decreases, so does the enrichment. We find no
evidence for enrichment of selection at computationally predicted
epitopes and little evidence for overlap of HLA-A associated sites,
though in general we note that HLA-A alleles show much weaker
evidence for selection in general (Supplementary Figs. 14 and 17).

We also find very little evidence for HLA-C driven selection at all
(Supplementary Figs. 16 and 18).

Comparing our results to those in Carlson et al.”, focusing on
the well-studied HLA-B associations, we find that 100% of the
sites that are both in our top-tier and g < 0.2 in Carlson et al.”
reside in A-list or B-list epitopes (Supplementary Tables 6 and 7).
Subsets of method specific HLA associations also lie in A-list and
B-list epitopes, which, given the overlap in subtype C viral
samples (100% of subtype C viral sequence data with associated
host HLA information was present in Carlson et al.3”) suggest
that the approaches are complementary, each likely detecting
distinct portions of the true underlying signal. For example, our
notion of escape means that we cannot detect HLA-associated
selection to the consensus codon.

Overall, only a small number of sites identified here as being
HLA-associated have been described and experimentally
validated previously; four in reverse transcriptase (Table 4),
and one in protease (Table 5). Conversely, not all previously
reported escape mutation sites are identified here. In some cases
this may be due to low-sample size in this study. However, it is
also possible that earlier studies failed to account adequately for
linkage disequilibrium between HLA alleles. We also identified
potentially novel signals of HLA-driven epitope escape. For
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Table 3 Overlap between sites under selection and known HLA epitopes

Region HLA Selected sites Motif scan? B-list A-list
Protease A Top-tier 0.693 (0.43) 1(0) 1(0)
Second-tier 0.0855 (2.52) 0.160 (4.12) 0.166 (9.00)
B Top-tier 1(0) 0.0420 (48.8) 0.0499 (c0)
Second-tier 0.964 (0.20) 0.213 (3.50) 0.0335 (14.0)
Reverse transcriptase A Top-tier 0.953 (0.28) 0.404 (1.28) 1(0)
Second-tier 0.935 (0.67) 0.122 (1.57) 0.499 (1.61)
B Top-tier 0.137 (3.26) 0.0000290 (55.2) 0.00278 (63.3)
Second-tier 0.303 (1.50) 0.000250 (19.4) 0.00278 (37.7)

Permutation p values for overlap are displayed for each collection of putative epitopes, with odds ratios displayed in parentheses. “Putative epitopes were generated using the subtype C consensus;
results using the subtype B consensus were similar. Source data are provided as a Source Data file

example, B*45 shows multiple signals of selection around codon
200 of reverse transcriptase (Fig. 5), yet there are no reported
epitopes. This may reflect a historical bias towards studies being
carried out in European-ancestry populations with subtype B
viruses where some HLA alleles and viral epitopes are rare.
However, we also note that results between the subtype B and
subtype C consensus analyses are highly concordant, with a few
interesting exceptions. For example, B*58 shows evidence for
inducing strong selection away from the subtype B consensus
around codon 122-123 of reverse transcriptase but not away
from the subtype C consensus. Interestingly, this is a position of
divergence between subtype B and subtype C viruses and B*58
is typically more common in populations with HIV-1 subtype C
viruses, suggesting that B*58-induced selection pressure may
have driven the fixation of the difference between subtypes.
More generally, we found that average selection intensity away
from the subtype C consensus in individuals carrying subtype B
virus is significantly stronger than the average selection
intensity away from the subtype B consensus (Supplementary
Fig. 20: protease p=12.8x10">, reverse transcriptase
p =2.0x107% see Methods subsection: The impact of HLA
on HIV-1 sequence evolution for details), though only reverse
transcriptase was significant in the inverse setting (p = 0.0058,
protease p = 0.70). Moreover, we estimate that the combined
contribution of HLA-associated diversifying selection to non-

Table 4 Codons in reverse transcriptase showing evidence Table 5 Codons in protease showing evidence for HLA-
for HLA-associated selection associated selection
HLA C=B c=C HLA C=B c=C
A*03 135, 166" 135, 136 A*31 57, 61, 62, 64
AN 126 A*66 35, 36%, 37
A*43 18, 135, 139, 140, 18, 122*, 123*, 135 B*13 62, 63*, 64
141,142 B*44 35t, 37, 38, 39 351, 36, 37, 38, 39, 41*
A*66 135 135, 138 B*49 64, 65, 66, 67, 68 61, 62, 63*, 64, 65, 67, 68
B*07 159, 1621, 163, 164, 165 159, 1627, 163, 164, 165 B*51 37
B*18 138% C*08 14
B*27 142 142 C*18 35 15%, 35
oy 122, 123 Sites defined b 2 and lower 2.5% le > 1. Underline: Site of known d
B*44 204' 207* ites de ine* by y,i > and lower 2. % quantile >. - Under ine: Site o B nown drug re.sistance
B*45 123, 21 196, 203, 204, 207%, 211 | | Tesotstion. Source dots e provides 2o o Source Datm e oo o A
B*51 1357 1357, 173*
B*53 123*
B*58 122*%,123*
B*81 118 118 synonymous viral sequence change represents 59 and 77% of
C*04 210, 21 selection from subtype B and C consensus in protease, and 61
— and 78% in reverse transcriptase (Methods subsection: Testing
stione. e Miicrenimes acbiype 8 and € sminovacts concensce, oun Hesre | the impact of HLA on HIV-1 subtype differentiation, and
association. Source data are provided as a Source Data file Supplementary Table 8) In summary, we estimate that HLA-

driven selection accounts for more than half of all HIV-1
coding changes and has contributed to diversification between
subtypes.

To assess the relationship between sequence similarity between
HLA alleles and the inferred HLA-induced selection profiles,
we measured the concordance between dendrograms
inferred from pairwise differences of classical HLA alleles
protein sequences and dendrograms inferred from the estimated
selection profiles (Supplementary Methods; Dendrograms of
selection profiles and comparing topologies). We find that closely
related HLA alleles have closely related selection profiles
for HLA-A (odds ratio = 2.1; permutation p value =0.017) and
HLA-B (odds-ratio = 3.1; permutation p value = 0.014), but not
HLA-C (odds ratio =0.71; permutation p value=0.71). How-
ever, deeper structure within the inferred trees shows little
concordance. These findings provide biological validation for our
results and suggest that future work to incorporate relationships
between HLA allele would be valuable.

Finally, as noted recently3®, a number of sites both show
evidence of HLA-driven selection as well as being associated
with evolution in response to drug treatment (for example,
around codon 70 in reverse transcriptase for B*45). Depending
on whether the two types of selection act in the same or
different directions, such pressures could either speed up or
delay the origin of drug resistance. These results suggest that
HLA genotype could be a predictor of the response to drug
treatment.
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Discussion

Differences between hosts, such as in their immune system, or
treatment received, can lead to host-specific selection regimes and
subsequent adaptation by the pathogen. If within-host adaptation
is at a cost to intrinsic fitness, then, on further transmission,
selection may favour reversion to the fitter, ancestral state. To
learn about such forces, the ideal experiment is to compare the
genetic composition of the original infecting pathogen strain and
that present sometime after successful infection across a large
number of hosts that differ only in the factors of interest. While
only strictly possible in experimental systems, observational
approaches aim to learn about the same processes, but, to do so,
have to make assumptions about the (unobserved) pool of
pathogens to which infected individuals were exposed and the
distribution of potential confounding factors. If assumptions are
not met, power to detect true associations will be reduced and
there is a risk of false positive results. The introduction of phy-
logenetic methods for association testing in pathogen geno-
mics!7-20-2225,2639 provided a partial solution to many issues, by
using genome-wide relatedness between pathogens as a proxy for
correlation in unobserved confounding (such as population
structure), similar to the use of principal components in the
analysis of human genetic association?. Moreover, by developing
explicit models of molecular evolution in response to host factors,
it is possible to learn relative or even actual rates of escape and
reversion!”. However, phylogenetic methods have limitations. For
example, they can be computationally expensive, meaning they
are hard to apply to huge data sets; assumptions of homogeneity
in rates over time and space typically are necessary; and, more
fundamentally, recombination is widespread among pathogens.

To address these shortcomings, we have developed a model-
based approach to association testing that exploits the availability
of extremely large reference data sets on pathogen variation (but
where there is no relevant metadata concerning the factors of
interest), which are likely to contain genomes closely related to
the samples of interest (with relevant metadata). Moreover, we
argue that when identifying host-driven selection, most of the
information lies near the tips of the trees as deeper comparisons
have to integrate over many transmission events. By utilising the
Li and Stephens*! haplotype model, combined with previous
work on modelling adaptive evolution and reversion!”-18:42 we
have developed an approach that both dramatically increases
power to detect associations and scales to huge data sets. Further,
the framework can be extended in many ways, for example, to
model the effects of covariates on recombination profile or
intensity, or to incorporate hierarchical correlation structure
between the selective effects of HLA types to boost power.
Importantly, within the data analysed here, we estimate that
between 7% (protease) and 17% (reverse transcriptase) of viral
samples having undergone recombination at least once since their
common ancestor with sequences in the reference data set.

The analysis of in vivo patterns of evolution provides a com-
plementary approach to the in vitro study of drug resistance and
immune evasion. The evolutionary response reflects the combi-
nation of fitness gains of escape and the fitness loss through
modification. Hence, sites with strong resistance may have too
strong a fitness cost to be typically selected for and weak resis-
tance changes that have little fitness impact may be strongly
selected for. Moreover, compensatory changes in the pathogen
genome can potentially counteract fitness loss and hence appear
as part of the resistance response. Our analysis of drug-associated
evolution using data from the Los Alamos database identifies the
majority of major DRMs; sites not identified typically result from
failings of the model (variants that are more than one change
away from the consensus codon, insertions and deletions).
However, we also identify novel sites with compelling evidence

for drug-associated selection, likely reflecting minor DRMs with
small fitness loss and compensatory changes.

The analysis of HLA-associated selection presented here
combines data from across six studies and nearly 3,000 HIV-1
sequences with linked patient HLA class I data. We show the
method can recover well-known epitopes and associated escape
mutations and that there is strong overlap between curated lists of
epitopes and those identified here. However, we also found that
simple in silico epitope prediction fails to provide a good pre-
dictor of the HIV-1 evolutionary response and multiple cases
where curated epitopes do not appear to lead to a substantial
selective pressure. We also showed a preponderance of signals of
escape associated with HLA-B alleles, as opposed to HLA-A and
HLA-C and identified a number of sites where differences
between subtype consensus sequences collocate with sites selected
by particular HLA alleles. Furthermore, by contrasting the
aggregate HLA-associated selection in hosts of subtype B viruses
with hosts of subtype C viruses, we observed differential signals of
selection at sites distinguishing subtype B and C, supporting the
hypothesis that differences in HLA allele frequency between
populations could have contributed to the differentiation of HIV-
1 subtypes®3. As field-based sequencing of pathogens becomes
feasible, so does the potential to accumulate vast data sets that can
track spatial and temporal shifts in selection pressures affecting
pathogens and their responses. Such studies will require new
approaches to studying genetic association. While the method
developed here is aimed at detecting within-host evolutionary
responses, future extensions could include adaptation at a
population level, for example through exploiting longitudinal
sampling and/or spatial heterogeneity in treatment.

Methods

Motivation, justification and overview. Our goal is to estimate the location and
nature of host-associated selection upon the pathogen genome sequence through
statistical analysis of association between host factor and pathogen genomic var-
iation. We desire our method to have four properties: the ability to use all available
pathogen sequence data, irrespective of whether host factors have been measured;
the ability to measure the evidence for selection across the genome analysed in a
hypothesis-free manner; the ability to combine information across neighbouring
positions where appropriate; and the ability to account for confounding factors
such as recombination and population structure. To meet these requirements we
have developed a Bayesian model-based approach in which we use an approx-
imation to the coalescent with recombination and codon-level selection®2. In
extension to the earlier work, we enable host-specific factors to influence patterns
of variation and consider the case of two data sets. The first, D, represents the
collection of pathogen sequences for which host factor data (e.g., HLA genotype or
drug treatment) is also available. The second, Dy, represents a much larger data sets
of pathogen sequences for which host factor data is not available. We use Dg to
model the set of potential pathogen sequences that a host can be infected with
(allowing for recombination) and assume that genetic differences between this
reference panel and D largely reflects evolution within the host. Thus host-induced
selection will result in an association between host factors and the evolutionary
changes observed in D. A cartoon of the underlying process and our model is
shown in Fig. 1.

The justification of the approach is that if [Dg| < |D| then members of D will
typically coalesce very recently and approximately independently with members of
Djg. Thus the prior on D can be modelled with the Li and Stephens imperfect
mosaic hidden Markov model (HMM), utilising a modified NY98 codon model#4.
To incorporate host-induced selection, we define a consensus codon C; at site i and
model selection as a scaled increase in the rate of non-synonymous change away
from C;. Conversely, we model reversion as a scaled increase in the codon
substitution rate towards C;. To obtain emission probabilities we integrate over the
distribution of coalescent time between a member of D and Dy assuming a
coalescent model.

The HMM formulation enables efficient computation of the probability of
observing a given sequence in D given current parameter values. The product over
all members of D is used to approximate the joint probability P(D|Dg, H, ®),
where H is host factor data for members of D and © represents the parameters of
recombination and codon substitution. To speed up computation, we a priori
identify a subset of Dy for each member of D that is used to model its ancestor. The
model parameters we aim to infer are: the synonymous transition rate, y, the ‘%
ratio at each site, w;, the recombination probabilities between neighbouring sites, r;,
the rate of reversion {;, and the host factor dependent scaling of escape rate at each
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site, y, ;. We impose a piecewise constant prior on y;, to enable rapid exploration of
¥y; and regularisation of the inference. While motivated by the size distribution of
epitopes, the piecewise constant prior is extremely flexible, for example
encompassing a small number of discrete sites with high selection parameters.
Other parameters (transition-transversion rate and fraction of codon substitutions
more than one nucleotide change away) are estimated from external data. We use
Markov chain Monte Carlo (MCMC) to sample from the posterior distribution for
all parameters (See Supplementary Methods for details and MCMC moves). To
guard against overfitting, we use shrinkage priors on the 'fi_{\e] ratio and host factor
associated selection coefficients. Similarly, the window structure on y, borrows
information across neighbouring sites, further guarding against overfitting in the
absence of signal®2.

Statistical and computational details. In order to calculate the likelihood of the
collection of parameters, ®, governing an evolutionary model, given a collection of
sequence data D, it is important to account for the non-independence of samples
by considering the underlying genealogy G. For our purposes, we are not interested
in estimating G. We, therefore, treat the genealogy as a nuisance parameter and
integrate over it

P(D|®) = ./c P(D|®, G)P(G)dG. 1)

Here, P(G) is our prior on the genealogy G. P(D|®, G) is the probability of the
data under some parameter values ® and genealogy G, which can be evaluated
using Felsenstein’s peeling algorithm*>. Since the space of genealogies is very large,
evaluating this integral is problematic. However, without recombination it is
possible to estimate using a numerical summation approximation, as employed by
BEAST*6 and MrBayes?/, for example. However, analysis is limited to hundreds or
thousands of sequences depending on the properties of the analysed sequences. In
the presence of recombination, G becomes an ancestral recombination graph and
so the state space of G becomes far larger, making it impossible to use this
approach in all but the simplest of models, and only for very small sequence
data sets.

The solution that we use is to estimate the integral using an approximation to
the coalescent with recombination?!. The model we present has two components:

1. An approximation of the coalescent with recombination.
2. A model of codon substitution.

By combining these two components, we are able to approximate the
probability of observing a given sequence in the presence of host factor dependent
selection, and recombination. We make the assumption that each pathogen
sequence is from a distinct individual. In practice, when applying the model to real
data, we perform a number of data filtering steps to ensure this assumption is
reasonable. We use the Li and Stephens imperfect mosaic HMM to approximate
the coalescent with recombination. In the Supplementary Methods we describe the
Li and Stephens model and the use of the forwards and backwards algorithms in
evaluating likelihoods under this approximation.

In our inference problem we have two data sets. One query data set; D for
which we have associated host factor information and another larger reference data
set; D without host factor information. Recall from our model summary that we
make two important assumptions:

1. All selection along the lineages connecting a member of D to Dy occurred
within the host of the member of D.

2. The reference data set Dy is a good approximation of the distribution of
pathogens an individual can be infected with (which is reasonable when
[Dg| > 0).

These two assumptions allow us to apply the Li and Stephens approximation. In
the Li and Stephen’s HMM we require emission probabilities. For our model these
will be probabilities of codon substitutions in the presence of some host factor.
Making assumption 1 allows us to approximate P(D|Dy, ®). This is because we
have host factor information for the members of D = {D,,D,, ... ,D,} which we
can use to determine the relevant emission probabilities. Le., The first assumption
allows us to use the sequence data in Dp:

P(D|Dy, ®) = P(D,|Dg, ®)P(D,|Dy, Dy, ©)

2
~-'P(Dn|DB~,D1-,Dz~-'7Dn—17®)- @
Using assumption 2, we may write
P(D|Dy, ®) ~ P(D;|Dy, ®)P(D,|Dy, ©)... P(D,|Dy, ©) ®3)
~ ﬁ(DIIDBve))ﬁ(DZ‘DBﬂ@)“' f[(Dn‘DBa@)' (4)

Here, 7 is the function describing the Li and Stephens approximation (described
in the Supplementary Methods) with our model of recombination and codon
evolution. In other words, assumption 2 results in the approximation that D is
generated by independent realisations of recombination and mutation through Dg.
This avoids any need for averaging over orderings of D, allowing rapid evaluation
of the approximate likelihood.

Throughout the remainder of the Methods section we will refer to HLA-
associated selection, but note that the method is general and extends to any host
factor associated selection on pathogen sequence.

Codon model of substitution. We use a codon model of substitution model to
describe sequence change. Importantly for our purposes, a codon model allows us
to detect selection through non-synonymous nucleotide changes. At each site we
are interested in detecting if these types of nucleotide changes away from some
wild-type consensus sequence are enriched in a particular HLA background. We
first write down the Nielsen and Yang (NY98) codon model (without HLA-
associated selection)** and then extend it to incorporate the HLA types of the host
transmitted to (a given member of D). This will allow us to infer HLA-dependent
selection along the pathogen sequence. Note that in Eqgs. (5)-(24) we consider
codon substitutions at a single site (and drop any site subscript). However, when
we perform inference we will allow our codon model to be parameterised by
distinct collections of parameters at each site.

In the NY98 codon model*4, the substitution rate from codon i to codon j is

«  if iandjdiffer by a synonymous transition

1 if iandj differ by a synonymous transversion
9ij = Hy @

«w if iand j differ by a non-synonymous transition

if i and j differ by a non-synonymous transversion (5)

0  otherwise,

where « is the relative rate of transitions to transversions and w is the ratio of non-
synonymous base changes to synonymous base changes assuming equal codon
usage. The original model** weighted by the frequency of the codon switched to at
that position to ensure reversibility. This is not a requirement for us. In fact, the
process we want to model is not reversible, as we will include a boost in movement
away from the consensus codon in the presence of a given HLA, and assume a
distinct boost towards consensus independent of HLA (to model reversion). Finally
u is the scaled mutation rate parameter for the rate of synonymous transversions
measured in units of N generations (where N is the effective population size). We
note that while the original model was used to model fixed substitutions within
species, here (as in many cases) the model is actually of how sequence diversity is
generated within a population sample.

The exact probability of a substitution from codon i to codon j in time ¢ cannot
be solved analytically, though we may estimate it by numerically evaluating the
matrix exponential of the 64 x 64 instantaneous rate matrix described by Eq. (5) 42.
This is computationally expensive so we look for an approximation.

If the expected time until the first coalescence of a given lineage with all other
sampled lineages t, is small (reasonable if the number of sampled sequences in Dy
is very large), we can assume that the vast majority of codon changes occur through
single-base changes (as the probability of observing more than one nucleotide
change in a codon is low). This allows us to avoid matrix exponentiation and
reduce computational cost. Consider a switch from codon C; to codon C,. The
total rate of substitution out of codon C; is

(1Bs + By + w(xes + ) )i =2 A, (6)

where s, v, as and ay are the counts of the number of synonymous transitions,
synonymous transversions, non-synonymous transitions, and non-synonymous
transversions from Cj, respectively.

If the overall movement away from a particular codon C; is Ay, then the
probability a change has occurred in time ¢ is

P(leave C,|©, ) = /t Apexp(—Aut)dt = 1 — exp(—Aut). (7)
0

Here, @ is the collection of parameters governing codon substitution. We can
make an approximation by splitting up P(C, — C,|®, t). We consider two classes
of moves from C; — C,: those which result from a single nucleotide change in time
t (e.g, AAA — AAG) and those that result from multiple nucleotide changes in
time ¢ (e.g., AAA — ATA — AAA — AAG). For C, #C,,

P(C, — G,|@,t) = Y P(C, — GC,ichanges, t)P(i changes|®, t) (8)
=

= P(leave C,|0,t) > P(C; — C,|leave C,,ichanges, t)

=1 ©)
x P(ichanges|®, t)
~ (1 — exp(—Aut))(P(C, — C,|leave C,, 1 change, t)¢ (10)
+P(C, — GC,|leave C;, >1 change, t)(1 — ¢))
~ (1 — exp(—Aut))
(11)

x (¢P(C1 — G, |leave C;, 1 change, t) + (1 — ¢)rrcz) ’

where ¢ is the probability of undergoing a 1 step change from C, to C; and 7 is
the probability of observing codon C, at that position in the sequence.
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Thus, for each codon C;, we generate the following collection of probabilities
for state changes at each site

1 step non-synonymous transition

w (12)
P(C, = G,[®, 1) = (1 — exp(~Aut) (9% + (1 = §)c, )
1 step synonymous transition
. (13)
P(C, = G,[.1) = (1 — exp(~Aun) (95 + (1 = ¢)c, )
1 step non-synonymous transversion
© (14)
P(C, = G,[0,1) = (1 - exp(~Aun) (¢4 + (1 — ¢)c, )
1 step synonymous transversion
(15)

P(C, = G,[,1) = (1 - exp(~Aun) (¢ + (1 — ¢)c, )

> 2 step change
P(C, = G,[0,1) = (1~ exp(—ut)) (1~ )7, )
if C;#C,, and
No change in codon at thesite 1 — ((12) + ... + (16)) = (17)

P(C, — G|, 1) = exp(—Aut) + (1 — exp(—Aut) (1 — P, ” )

if C; = C,. We estimate 71¢ (for each codon C) and ¢ empirically using the Durban
data set#8-50,

Codon model of substitution: adding HLA-associated selection. In order to
account for HLA-associated selection we may choose to incorporate transmission
and HLA proportions in the same way as the existing models!718, Alternatively, we
can consider a simpler model in which we are only concerned with the HLA type
(h, say) of the sampled host in the smaller population. We explore the latter
approach. For movement away from the consensus codon C at a given site, A is
modified to A" in the presence of HLA type h

A = xBs + By + w(kas + &)y, (18)
So, as an example, for a non-synonymous transition from the consensus (which
is predefined, in practice, we set it as either the consensus subtype B, or subtype C
codon at the position) codon C to C,, explicitly writing down the HLA dependence
and using the approximation from Egs. (13)-(17)
kwyy

P(C = Gyl t) = (1~ exp(~Aut) (5% + (1= $)me).

yp is a scaling of the non-synonymous/synonymous substitution ratio w
associated with HLA type h, away from C. This weighting provides extra selection
away from the consensus codon C if y, > 1 and less if y, < 1 to create a new total
rate of movement out of the consensus codon C in the presence of HLA type h, A’.
Thus an association between a particular HLA type and non-synonymous change
from consensus at the site would result in y, > 1. Notice that no selection is
applied to synonymous codon changes.

(19)

Extending to an HLA profile of a host H = {h,,h,, ..., h,}
Kw
e = G0, = (1~ expl-nu) (0" - ), a0)

We also wish to incorporate reversion into our codon model. Given the state of
the codon under consideration, there is some set of nucleotide substitutions
resulting in C at that position. It is these substitutions which we wish to scale
through reversion parameters. We let { denote the scaling of selection due to
reversion at a particular site. We assume that each ( is independent of the host’s
HLA profile, H. By doing so, we are assuming that in the absence of HLA pressure
there is a selection towards the consensus codon C at each site. Note that reversion
only acts on non-synonymous changes that result in the consensus codon C.
Consequently, the parameterisation is identifiable and we are able to distinguish w;
and (; in the product w,(;.

Consider the case in which a non-synonymous transition results in the
consensus codon, C, from some codon C,;. Then A is modified to A”:

A =g+ By + @k + (a5 — 1)) + ay).

Reversion is therefore modelled by

(1)

P(C, — C|H,©,1) = (1 — exp(—A'ut)) (¢ K/‘\"F +(1- (/5)7rc>. (22)

{ is a scaling of the non-synonymous/synonymous substitution ratio w towards
C. This weighting provides extra selection towards the consensus codon C if { > 1
and less if { < 1. We assume that the same { scales all the potential 1 step non-
synonymous base changes to C.

We have now created a codon model which accounts for reversion and HLA-
associated selection within a host, and can now determine emission probabilities;
¢;. We define ¢;; as the probability of copying the codon at position i from

sequence j (see Supplementary Methods for background details). Therefore, by
evaluating
P(C, = C,|H,0) = [ P(C, — G[H,0,1)P(1)d, (23)

which is the probability that a change from codon C; to C, has occurred in the time
to coalescence with the reference set, we can substitute in the relevant codon
change (C; — G,) and determine ¢;;. We integrate out ¢ assuming the coalescent
with fixed population size. In the standard coalescent with a fixed population size,
the distribution of the divergence time between a sequence and its closest relative
from among k other sequences may be approximated by an exponential
distribution with rate ’5‘ (P(t) = ’%exp(—’i‘t))“ (see Supplementary Notes for a
derivation of the mean).

This is simply a case of substituting in and integrating. For example, for a non-
synonymous transition from the consensus,

P(C — C/H,0) = <¢%+ (- gb)nCz) (1 - ﬁ) (24)

Notice that in evaluating this integral we are focused on sequence evolution
between a member of D and its nearest neighbour in Dg. Only considering nearest
neighbours in the genealogy has two clear advantages:

1.  We only use the parts of the genealogy that contain the most information
about HLA-dependent selection within a sampled host: terminal branches.

2. The resulting reduction in computation time allows us to use far more
sequence data. Using more sequence data will shorten terminal branches and
so increase our power to detect HLA-associated selection.

Using very large data sets is important for our method. As terminal branches
shorten through increased sampling, assumption 1 (that selection occurs in the
member of D along the lineage connecting each member of D to its nearest
neighbour in Dg) becomes more reasonable as we may assume that no or very few
transmissions occur along the lineage connecting sequences in D to their nearest
neighbour in Dg.

In Egs. (18)-(24) we considered a single host with an HLA type h or collection
of HLA types H. We can trivially extend this to obtain the desired approximation
of the likelihood given in Eq. (3). Let H be the collection of HLA profiles of the
associated hosts for sequences in D. Let H; denote the HLA profile of host j. Then

P(D|Dy, H,©) ~ [ [ #(D;|Dy, H;, ©).
J
We have now created a model which accounts for recombination using the Li
and Stephens*! approximation and incorporates both reversion and HLA-
associated selection. We perform inference using MCMC.

(25)

Restricting Dg: sample-specific reference data sets D; . In order to determine
the posterior probability of a new state within the MCMC é]uickly, we keep track of
two large arrays for each query sequence (as well as other quantities required to
evaluate the likelihood). This requires storing two |codon sequence|x |D|x |Dg|
arrays of doubles. When evaluating the likelihood of observing ~2,000 query
sequences from a collection of ~60,000 reference protease sequences from the
Stanford drug resistance database, over 300 GB of RAM was required! We require a
method to reduce the memory required to perform inference.

We restrict Dy to a different subset DB/ for each D; € D. We make the

approximation
P(D|Dg, K, 0©) ~ H #(D;|Dy, H;, ©) ~ H ﬁ(Dj‘DB/!vae)-
J J
If the sequences we choose for each Dy are similar to the true ancestors of each

(26)

of the D, then this will be a good approximation.

The simple approach we use to restrict Dy is by considering the closest n
sequences to D; by Hamming distance (the Hamming distance between two strings
is the total number of differences between the strings, giving each difference equal
weighting). A drawback of using Hamming distance to restrict Dy is that in the
presence of high recombination rates, one can imagine sequences which should be
included in Dy, but are excluded on the basis this metric.

For the small amount of overhead, this sample-specific restriction reduce the
computational time and memory footprint required by the programme to the
extent that a run of 1,500,000 updates analysing ~1,000 query sequences over a
codon sequences of length ~100, considering the closest 100 reference sequences
according to some metric may be performed in ~24h on an Intel i7 desktop
machine using <1 GB of RAM.

MCMC inference regime. The structure of the model we have presented lends
itself to inference using MCMC to sample from the posterior. For our MCMC
implementation, we use the Metropolis Hastings algorithm. We fix «, ¢ and 7¢ for
each codon C at empirical estimates. We perform MCMC moves on the following
collection of parameters:

®  The recombination probability r; between neighbouring sites i and i+ 1.
® The non-synonymous/synonymous substitution ratio in the absence of
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reversion or HLA-associated selection at each site, w
®  Scaling of selection due to reversion at each site, {;.
® HLA-associated scalings of selection at each site, y,, ;.

In our sampling scheme we allow {; and y, ; to vary via piecewise constant
functions across the codon sequence, which we call selection windows. This is
analogous to the ‘block-like’ model used by Wilson and McVean*2. Imposing
this window structure allows information about HLA-dependent selection (and
reversion) to be combined across sites. This makes sense in a biological setting
where sites close together in the coding sequence may result in amino acids lying
in the same epitope or close together in the protein structure. The window model
will act to smooth across sites, but will be overwhelmed if a given site is subject
to strong HLA-dependent selection*2. How strict the window model is depends
on the expected number of windows, which is controlled by the parameter p,,
(see the merge and split moves in Supplementary Methods MCMC moves
subsection, and Wilson and McVean®?). If p,, = 1, the number of selection
windows is equal to the number of sites, if p,, = 0 then there is just one selection
window. The piecewise constant prior is extremely flexible. Using a piecewise
constant prior in combination with MCMC moves to shrink/expand and merge/
split these blocks allows us to explore the space of HLA-associated selection
rapidly while maintaining a far smaller number of parameters than considering
HLA-associated selection site by site. See Supplementary Methods for MCMC
move details.

Simulation study 2: simulating a sampled birth-death process. For a second
large simulation study, we consider a more realistic generative process for creating
our reference and query data sets. Rather than using an existing large reference data
set and simulating query sequences under our model, we generate an instance of a
sampled birth-death process. We then simulate sequence data down the resultant
sampled birth-death tree.

We simulate the sampled tree backwards in time together with unseen
transmission events using the following procedure:

Let birth rate be A and the death rate be . Thus, backwards in time A is a death
rate, and & a birth rate. Let N and M denote the total number of infected individuals
and sampled infected individuals respectively. Setting r as the sampling proportion
for extinct lineages, we consider a collection of competing Poisson processes.

Set t = 0, and let the total number of infected individuals and sampled infected
individuals at the present be N = N and M = M, respectively.

While M > 0, sample the time of the next event t — t + f where
t ~ Exp(N(A+ §)). First, we determine whether this event is a birth or a death.
Sample u ~ U[0, 1].

® Birth. If u < ﬁ, then N — N — 1 and there are three possibilities here with

the following probabilities.

An unseen lineage coalesces with unseen lineage with probability (1 — %)2
An unseen lineage coalesces with a seen lineage with probability (1 — 47) &,

and we record the time ¢.

A seen lineage coalesces with a seen lineage with probability (%)2,

M — M — 1, and we record the time .

®  Death. Else (u > ﬁ), and N — N + 1.

If & ~ U[0,1] < q then the death event is sampled M — M + 1, and we
store the time of the event t.

Given that birth and death events are lineage independent, we may just use the
time information to then generate the a tree. Code is available at https://github.
com/astheeggeggs/mcqueen. We note that this generative process is based on the
equations laid out in the Supplementary Materials of Palmer et al.!” and Frost and
Volz®!, and that it is similar to the backwards episodic birth-death process
algorithm outlined by Stadler®?, except that we have a fixed birth and death rate
over the entirety of the tree, store unseen transmissions, and do not have mass
extinction events.

We now have a sampled birth-death tree. Given our knowledge of all the
transmission events along the lineages of this sampled birth-death tree, we may
assign HLA types to each node by passing the information down the tree from the
root. Note that at each coalescence event, one of the daughter lineages will be in the
same host, whilst the other will represent the transmission to a new host and HLA
environment. All unseen transmission events which we count are transmissions to
a new host, so also coincide with a change in HLA environment.

We then simulate sequence change down this tree conditional on all the HLA
information, using the codon substitution model outlined in the methods
subsection: Codon model of substitution, again by passing a sequence at the root
and tracking changes down the tree. Finally, we sample m of these sequences at the
leaves to be our query sequence set with associated host HLA information, and the
remainder to define our reference sequence data set, after throwing away the host
HLA information. In this simulation study, we set N = 1,000,000, M = 100,000,
q=0.1, and m = 1,460, and use the same selection profiles, but increase the

number of flat selection profiles to 16, so that the total frequency of a given HLA
allele more closely resembles that seen in the data, which is important for this tree
based simulation of HLA-associated evolution.

Simulation study 3: the effect of population differentiation. Differentiation
between the query and reference data sets can potential lead to reduced perfor-
mance of estimators due to two factors: confounding between covariates that are
non causal (for example differences in both HLA allele frequency and viral genetic
diversity due to genetic drift) and relatedness within the query population leading
to poorly calibrated estimates. To assess the impact of population differentiation on
performance of our estimator we carried out a parametric bootstrap simulation,
using viral sequence data from the Botswana study (n = 343, protease only) to
simulate ancestors infecting a set of hosts with HLA allele frequencies drawn from
the Botswana population. We used the evolutionary parameters estimated within
this study (including the HLA-associated selection profiles, 'Z—AS’, and recombination
probabilities) and performed 100 independent simulations of 1,500 query
sequences with associated HLA information. For each simulation we then per-
formed inference using a range of reference data sets and also considered a leave-
one-out (LOO) strategy in which the reference data are augmented by all sequences
from the query data set except for the sequence under consideration. These will
typically be the most closely related to the query data. The reference data sets we
consider are:

a. Dp=The sequences actually simulated from, under the model (Botswana
sequence data). This represents a gold-standard reference data set.

b. Dp=All sequence data available in public databases for which no HLA
information is available (n = 162,901).

c.  Dg=The simulated sequences, using a LOO strategy for each query.

d. Dg=a)+b), using a LOO strategy.

We display plots of inference results for a common and rare HLA type for each
HLA class I molecule (A-C) in Supplementary Figs. 9-11.

To compare the impact of relatedness on our ability to perform inference, we
compare the mean RMSE of the median HLA-associated selection estimates across
sites, weighted by the frequency of the HLA types in our simulated data sets.
Results are displayed in Supplementary Table 9.

As expected, the gold standard Dy, a) is the most accurate. We find that the
reference data set that we have aggregated, b) performs almost as well, with the
addition of the simulated sequences to the reference data set performing worse.
This is likely due to the approximate nature of the model used to simulate the
sequence data, but nevertheless is encouraging to see that our current approach
recapitulates parameters almost as well as if we had access to the best possible
query data set, a).

We also examined the effect of restricting the reference data set to the subset
Los Alamos reference data (where we had sampling country information). We then
checked to see if removal of all Botswana samples (n = 73) from this Los Alamos
reference set dramatically reduced our accuracy. We saw similar results for
inference using these two reference sets.

These results indicate that our method is robust to population differentiation
and relatedness within the query data set. Importantly, the effect of removing all
reference data from Botswana has only a marginal impact on accuracy. The LOO
strategy does not typically improve performance, though clearly enables use of the
method when no (or only very distantly related) reference data is available. Users of
our software (available at https://github.com/astheeggeggs/mcqueen) can set Dy to
be created using a LOO approach by using the -q or —separate_reference_fasta flags.

Testing overlap with A-list and B-list epitopes. We permute the labels of HLA
types for a class I gene 1,000,000 times, and count the number of overlaps with the
putative epitope sets for each permutation. This leads to an estimate of an alter-
native null distribution (by shuffling we account for possibility that parts of the
region may be epitope rich across HLA types). We then compare this distribution
of counts of overlapping sites to the observed number of epitope overlaps with our
putative selected sites to obtain p values, by determining the proportion of the
shuffled sets with at least as many overlaps as the real data.

The impact of HLA on HIV-1 sequence evolution. To investigate the contribution
of diversifying selection due to HLA pressure, we first evaluate the average HLA-
associated selection away from consensus at each site i, for each individual j in the
sample using the median estimates from the MCMC analysis

Aj_j = w,-(ms_,,ﬂ + vcw) H Vs (27)

heH;

where ag; and ay,; are the number of non-synonymous transitions and non-
synonymous transversions from the consensus codon at site i, respectively.
We then determine the collection of A;; for which there is increased selection

away from consensus due to HLA-associated selection: (HheH/ )/h,i) > 1. We then

evaluate the fraction of the total mutation rate away from consensus that this
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represented
2 4
i-ji(thHJ y}:.v) >1
)
2 (“’i (’“Xs,i + "‘v.i) [Then, yni + (Kﬁs,i +ﬁV.i>)
and the fraction of the mutation rate that resulted in an amino-acid substitution
z A
i'j:(HhEHJ Yh--) >1 !
Zi,j (wi (K“s,i + O‘V‘i) HhEH/ Vh.i)
We find that this represents 18 and 28% of all mutations (59% and 77% of non-
synonymous substitutions) away from subtype B and C consensus in protease,
respectively. In reverse transcriptase this represented 18% and 32% of all mutations

(61% and 78% of non-synonymous substitutions) away from subtype B and C
consensus, respectively.

(28)

(29)

Testing the impact of HLA on HIV-1 subtype differentiation. We wish to
examine whether amino-acid differences between HIV subtype B and C may have
been driven by differences in HLA frequency distributions. To do this, we first use
RIP33 to determine, for each query sample, the viral subtype within each of the
genomic regions analysed. At each site we then calculate (using the inferred evo-
lutionary parameters) the average selection away from each subtype consensus in
those hosts harbouring the subtype B and C viruses separately. In this way, we
obtain an approximation of the average HLA-associated selective pressure away
from the subtype B/C consensus in the geographic regions in which subtype B and
subtype C viral sequences predominantly reside. For example, letting Sc be the set
of subtype C viral samples, H; be the HLA profile of the host in which viral
sequence j resides, and y2 ; denote HLA h associated selection away from subtype B
at site i

w; (K“s,i + “V.i) H Yﬁ,i

heH,

(30)

1
AE L=
= e

Jj€Se

is the selective effect away from subtype B consensus at site i of HLA alleles
averaged over regions in which subtype C predominates. Results are shown in
Supplementary Fig. 20.

To determine if there is an elevated HLA-associated selective effect on sites that
differ between subtypes B and C, we performed permutation tests. For example,
consider selection away from subtype B consensus. We evaluate

Z (AfB - Afc>7

ieD

(1)

where D is the set of sites at which subtype B and subtype C differ at the amino-
acid level. We then randomly shuffled site labels and re-evaluated this quantity
1,000,000 times to obtain a p value. Resultant p values for protease and reverse
transcriptase are shown in Supplementary Table 8.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Host HLA data used in this study are available from the corresponding author upon
reasonable request. All reference data sets; D, and query data sets for drug-associated
selection inference are available in the mcqueen paper repository at www.github.com/
astheeggeggs/mcqueen_paper. Source data underlying Figs. 2-5, Supplementary Figs. 2-20,
Tables 3-5 and Supplementary Tables 4-6 and 9 are available in the source data file. Raw
MCMC output for simulation studies, HLA, and drug inference are available at www.github.
com/astheeggeggs/mcqueen_paper.

Code availability
Code implementing our methods is available at www.github.com/astheeggeggs/mcqueen
with no restriction to access, under the MIT licence.

Received: 11 August 2017 Accepted: 20 May 2019
Published online: 09 July 2019

References

1. Goulder, P. J. R. & Walker, B. D. HIV and HLA class I: an evolving
relationship. Immunity 37, 426-440 (2012).

2. Woolthuis, R. G., van Dorp, C. H., Kesmir, C., de Boer, R. J. & van Boven, M.
Long-term adaptation of the influenza A virus by escaping cytotoxic T-cell
recognition. Sci. Rep. 6, 33334+ (2016).

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yauch, L. E. et al. A protective role for dengue virus-specific CD8+ T cells. J.
Immunol. 182, 4865-4873 (2009).

Bowen, D. G. & Walker, C. M. Adaptive immune responses in acute and
chronic hepatitis C virus infection. Nature 436, 946-952 (2005).

Phillips, R. E. et al. Human immunodeficiency virus genetic variation that can
escape cytotoxic T cell recognition. Nature 354, 453-459 (1991).

Butler, N. S. et al. Structural and biological basis of CTL escape in coronavirus-
infected mice. J. Immunol. 180, 3926-3937 (2008).

Qing, M. et al. Characterization of dengue virus resistance to brequinar in cell
culture. Antimicrob. Agents Chemother. 54, 3686-3695 (2010).

Sandgren, A. et al. Tuberculosis drug resistance mutation database. PLOS Med.
6, €1000002+ (2009).

Shafer, R. W. Rationale and uses of a public HIV drug-resistance database. J.
Infect. Dis. 194 Suppl 1, http://view.ncbi.nlm.nih.gov/pubmed/16921473
(2006).

Shafer, R. W. & Schapiro, J. M. HIV-1 drug resistance mutations: an
updated framework for the second decade of HAART. AIDS Rev. 10, 67-84
(2008).

Chen, Z.-W. W., Li, H,, Ren, H. & Hu, P. Global prevalence of pre-existing
HCYV variants resistant to direct-acting antiviral agents (DAAs): mining the
GenBank HCV genome data. Sci. Rep. 6. http://view.ncbi.nlm.nih.gov/
pubmed/26842909 (2016).

Martinez, J. L. & Baquero, F. Mutation frequencies and antibiotic resistance.
Antimicrob. Agents Chemother. 44, 1771-1777 (2000).

Tanwar, J., Das, S., Fatima, Z. & Hameed, S. Multidrug resistance: an emerging
crisis. Interdiscip. Perspect. Infect. Dis. 2014, 1-7 (2014).

Zimmerman, P. A, Ferreira, M. U., Howes, R. E. & Mercereau-Puijalon, O.
Red blood cell polymorphism and susceptibility to Plasmodium vivax. Adv.
Parasitol. 81, 27-76 (2013).

Lell, B. et al. The role of red blood cell polymorphisms in resistance and
susceptibility to malaria. Clin. Infect. Dis. 28, 794-799 (1999).

Moore, C. B. et al. Evidence of HIV-1 adaptation to HLA-restricted immune
responses at a population level. Science 296, 1439-1443 (2002).

Palmer, D., Frater, J., Phillips, R,, McLean, A. R. & McVean, G. Integrating
genealogical and dynamical modelling to infer escape and reversion rates in
HIV epitopes. Proc. Biol. Sci. 280, 20130696+ (2013).

Fryer, H. R. et al. Modelling the evolution and spread of HIV immune escape
mutants. PLoS Pathog. 6, €1001196+ (2010).

Apps, R. et al. Influence of HLA-C expression level on HIV control. Science
340, 87-91 (2013).

Carlson, ., Kadie, C., Mallal, S. & Heckerman, D. Leveraging hierarchical
population structure in discrete association studies. PLoS One 2, €591+
(2007).

Carlson, J. M. et al. Widespread Impact of HLA restriction on immune control
and escape pathways of HIV-1. J. Virol. 86, 5230-5243 (2012).
Bhattacharya, T. et al. Founder effects in the assessment of HIV
polymorphisms and HLA allele associations. Science 315, 1583-1586 (2007).
Kessinger, T. A., Perelson, A. S. & Neher, R. A. Inferring HIV escape rates
from multi-locus genotype data. Front. Immunol. 4. https://doi.org/10.3389/
fimmu.2013.00252 (2013).

Beerenwinkel, N. et al. Diversity and complexity of HIV-1 drug resistance: a
bioinformatics approach to predicting phenotype from genotype. Proc. Natl
Acad. Sci. 99, 8271-8276 (2002).

Carlson, J. M. et al. Phylogenetic dependency networks: inferring patterns of
CTL escape and codon covariation in HIV-1 Gag. PLoS Comput. Biol. 4,
€1000225+ (2008).

Carlson, J. M., Le, A. Q., Shahid, A. & Brumme, Z. L. HIV-1 adaptation to
HLA: a window into virus-host immune interactions. Trends Microbiol. 23,
212-224 (2015).

Chen, L. & Lee, C. Distinguishing HIV-1 drug resistance, accessory, and viral
fitness mutations using conditional selection pressure analysis of treated
versus untreated patient samples. Biol. Direct 1, 14+ (2006).

Chen, L., Perlina, A. & Lee, C. J. Positive selection detection in 40,000 human
immunodeficiency virus (HIV) type 1 sequences automatically identifies drug
resistance and positive fitness mutations in HIV protease and reverse
transcriptase. J. Virol. 78, 3722-3732 (2004).

van Westen, G. J. et al. Significantly improved HIV inhibitor efficacy
prediction employing proteochemometric models generated from
antivirogram data. PLoS Comput. Biol. 9. http://view.ncbi.nlm.nih.gov/
pubmed/23436985 (2013).

Menéndez-Arias, L., Mas, A. & Domingo, E. Cytotoxic T-lymphocyte
responses to HIV-1 reverse transcriptase (review). Viral Immunol. 11,
167-181 (1998).

Liu, Y. et al. Selection on the human immunodeficiency virus type 1 proteome
following primary infection. J. Virol. 80, 9519-9529 (2006).

Liu, Y., McNevin, J. P., Holte, S., McElrath, M. J. & Mullins, J. I. Dynamics of
viral evolution and CTL responses in HIV-1 infection. PloS One 6. http://view.
ncbi.nlm.nih.gov/pubmed/21283794 (2011).

| (2019)10:3017 | https://doi.org/10.1038/s41467-019-10724-w | www.nature.com/naturecommunications 13


http://www.github.com/astheeggeggs/mcqueen_paper
http://www.github.com/astheeggeggs/mcqueen_paper
http://www.github.com/astheeggeggs/mcqueen_paper
http://www.github.com/astheeggeggs/mcqueen_paper
http://www.github.com/astheeggeggs/mcqueen
http://view.ncbi.nlm.nih.gov/pubmed/16921473
http://view.ncbi.nlm.nih.gov/pubmed/26842909
http://view.ncbi.nlm.nih.gov/pubmed/26842909
https://doi.org/10.3389/fimmu.2013.00252
https://doi.org/10.3389/fimmu.2013.00252
http://view.ncbi.nlm.nih.gov/pubmed/23436985
http://view.ncbi.nlm.nih.gov/pubmed/23436985
http://view.ncbi.nlm.nih.gov/pubmed/21283794
http://view.ncbi.nlm.nih.gov/pubmed/21283794
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.
56.

57.

58.

59.

Liu, Y. et al. Evolution of human immunodeficiency virus type 1 cytotoxic T-
lymphocyte epitopes: fitness-balanced escape. J. Virol 81, 12179-12188 (2007).
Llano, A., Williams, A., Olvera, A,, Silva-Arrieta, S. & Brander, C. Best-
Characterized HIV-1 CTL Epitopes: The 2013 Update. Tech. Rep. http://www.
hiv.lanl.gov/content/immunology/pdf/2013/optimal_ctl_article.pdf (2013).
Collection of B-list epitopes http://www.hiv.lanl.gov/content/immunology/
tables/ct]_summary.html (2018).

Yusim, K. et al. Enhanced Motif Scan: A tool to scan for HLA anchor residues in
proteins (HIV Immunology and HIV/SIV Vaccine Databases, 2003); https://
www.hiv.lanl.gov/content/immunology/pdf/2003/immuno2003.pdf

Carlson, J. M. et al. Impact of pre-adapted HIV transmission. Nat. Med. 22,
606-613 (2016).

Gatanaga, H. et al. Naturally selected rilpivirine-resistant HIV-1 variants by
host cellular immunity. Clin. Infect. Dis. 57, 1051-1055 (2013).

Ansari, M. A. et al. Genome-to-genome analysis highlights the effect of the
human innate and adaptive immune systems on the hepatitis C virus. Nat.
Genet. 49, 666-673 (2017).

Price, A. L. et al. Principal components analysis corrects for stratification in
genome-wide association studies. Nat. Genet. 38, 904-909 (2006).

Li, N. & Stephens, M. Modeling linkage disequilibrium and identifying
recombination hotspots using single-nucleotide polymorphism data. Genetics
165, 2213-2233 (2003).

Wilson, D. J. & McVean, G. Estimating diversifying selection and
functional constraint in the presence of recombination. Genetics 172,
1411-1425 (2006).

Tenzer, S. et al. HIV-1 adaptation to antigen processing results in population-
level immune evasion and affects subtype diversification. Cell Rep. 7, 448-463
(2014).

Nielsen, R. & Yang, Z. Likelihood models for detecting positively selected
amino acid sites and applications to the HIV-1 envelope gene. Genetics 148,
929-936 (1998).

Felsenstein, J. Evolutionary trees from DNA sequences: a maximum likelihood
approach. J. Mol. Evol. 17, 368-376 (1981).

Drummond, A. & Rambaut, A. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evolut. Biol. 7, 214+ (2007).

Ronquist, F. et al. MrBayes 3.2: efficient Bayesian phylogenetic inference
and model choice across a large model space. Syst. Biol. 61, 539-542 (2012).
Huang, K.-H. G. et al. Progression to AIDS in South Africa is associated with
both reverting and compensatory viral mutations. PLoS One 6, €19018+ (2011).
Kiepiela, P. et al. Dominant influence of HLA-B in mediating the potential co-
evolution of HIV and HLA. Nature 432, 769-775 (2004).

Kiepiela, P. et al. CD8+ T-cell responses to different HIV proteins have
discordant associations with viral load. Nat. Med. 13, 46-53 (2007).

Volz, E. M., Kosakovsky Pond, S. L., Ward, M. J., Leigh Brown, A. J. & Frost,
S. D. W. Phylodynamics of infectious disease epidemics. Genetics 183,
1421-1430 (2009).

Stadler, T. Simulating trees with a fixed number of extant species. Syst. Biol.
60, 676-684 (2011).

Recombinant identification program http://www.hiv.lanl.gov/content/
sequence/RIP/RIP.html (2016).

Los alamos HIV sequence database http://www.hiv.lanl.gov/ (2016).

Benson, D. A. et al. GenBank. Nucleic Acids Res. 42, D32-D37 (2014).

Pan, C,, Kim, J., Chen, L., Wang, Q. & Lee, C. The HIV positive selection
mutation database. Nucleic Acids Res. 35, D371-D375 (2007).

Fagard, C. et al. A prospective trial of structured treatment interruptions in
human immunodeficiency virus infection. Arch. Intern. Med. 163, 1220-1226
(2003).

Frater, A. J. et al. Effective T-cell responses select human immunodeficiency
virus mutants and slow disease progression. J. Virol. 81, 6742-6751 (2007).
Fidler, S. et al. Short-Course Antiretroviral Therapy in Primary HIV
Infection. N. Engl. ]. Med. 368, 207-217. https://doi.org/10.1056/
nejmoall10039 (2013).

60. Huang, K.-H. G. H. et al. Prevalence of HIV type-1 drug-associated mutations
in pre-therapy patients in the Free State, South Africa. Antivir. Ther. 14,
975-984 (2009).

61. Leslie, A. et al. Additive contribution of HLA Class I alleles in the immune
control of HIV-1 infection. J. Virol. 84, 9879-9888 (2010).

62. Matthews, P. C. et al. Central role of reverting mutations in HLA associations
with human immunodeficiency virus set point. J. Virol. 82, 8548-8559 (2008).

63. Shapiro, R. L. et al. Antiretroviral regimens in pregnancy and breast-feeding in
Botswana. N. Engl. J. Med 362, 2282-2294 (2010).

Acknowledgements

Acknowledgements Funded by an EPSRC studentship to D.P., the Li Ka Shing Foun-
dation, Wellcome Trust grant 100956/Z/13/Z to G.M., Wellcome Trust grant
WT104748MA to PJRG, National Institutes of Health grant RO1AI46995 to PJRG,
National Institute of Allergy and Infectious Diseases grant U01-AI066454 to RS, Eur-
opean Union grant SANTE/2007/147-790 to D.G. and C.V. J.F. funded by the MRC.
Computation used the Oxford Biomedical Research Computing (BMRC) facility, a joint
development between the Wellcome Centre for Human Genetics and the Big Data
Institute supported by Health Data Research UK and the NIHR Oxford Biomedical
Research Centre. The views expressed are those of the author(s) and not necessarily those
of the NHS, the NIHR or the Department of Health. We thank Hannah Roberts and
Jessica McGillen for thoughtful discussions.

Author contributions

G.M. and D.S.P. conceived the model, analysed and interpreted the results. S.F., J.E,,
D.G,P.G,KH.GH, AO,RP,RS. and C.V.V. generated and shared the viral sequence
data and host HLA information. D.S.P. and L.T. implemented the model. A.R.M. aided in
the interpretation of results. G.M. and A.R.M. supervised the research. D.S.P. and G.M.
wrote the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10724-w.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications thanks Jonathan Carlson and Daniel
Falush for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
= Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:3017 | https://doi.org/10.1038/s41467-019-10724-w | www.nature.com/naturecommunications


http://www.hiv.lanl.gov/content/immunology/pdf/2013/optimal_ctl_article.pdf
http://www.hiv.lanl.gov/content/immunology/pdf/2013/optimal_ctl_article.pdf
http://www.hiv.lanl.gov/content/immunology/tables/ctl_summary.html
http://www.hiv.lanl.gov/content/immunology/tables/ctl_summary.html
https://www.hiv.lanl.gov/content/immunology/pdf/2003/immuno2003.pdf
https://www.hiv.lanl.gov/content/immunology/pdf/2003/immuno2003.pdf
http://www.hiv.lanl.gov/content/sequence/RIP/RIP.html
http://www.hiv.lanl.gov/content/sequence/RIP/RIP.html
http://www.hiv.lanl.gov/
https://doi.org/10.1056/nejmoa1110039
https://doi.org/10.1056/nejmoa1110039
https://doi.org/10.1038/s41467-019-10724-w
https://doi.org/10.1038/s41467-019-10724-w
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Mapping the drivers of within-host pathogen evolution using massive data sets
	Results
	Simulations and methods comparison
	Drug-associated selection
	HLA-associated selection

	Discussion
	Methods
	Motivation, justification and overview
	Statistical and computational details
	Codon model of substitution
	Codon model of substitution: adding HLA-associated selection
	Restricting DB: sample-specific reference data sets DBjDBj
	MCMC inference regime
	Simulation study 2: simulating a sampled birth–nobreakdeath process
	Simulation study 3: the effect of population differentiation
	Testing overlap with A-list and B-list epitopes
	The impact of HLA on HIV-1 sequence evolution
	Testing the impact of HLA on HIV-1 subtype differentiation
	Reporting summary

	References
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




