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Inferring the multiplicity of founder variants initiating HIV-1
infection: a systematic review and individual patient data
meta-analysis

James Baxter, Sarah Langhorne, Ting Shi, Damien C Tully, Ch Julidn Villabona-Arenas, Stéphane Hué, Jan Albert, Andrew Leigh Brown,
Katherine E Atkins

Summary

Background HIV-1 infections initiated by multiple founder variants are characterised by a higher viral load and a
worse clinical prognosis than those initiated with single founder variants, yet little is known about the routes of
exposure through which transmission of multiple founder variants is most probable. Here we used individual patient
data to calculate the probability of multiple founders stratified by route of HIV exposure and study methodology.

Methods We conducted a systematic review and meta-analysis of studies that estimated founder variant multiplicity in
HIV-1infection, searching MEDLINE, Embase, and Global Health databases for papers published between Jan 1, 1990,
and Sept 14, 2020. Eligible studies must have reported original estimates of founder variant multiplicity in people
with acute or early HIV-1 infections, have clearly detailed the methods used, and reported the route of exposure.
Studies were excluded if they reported data concerning people living with HIV-1 who had known or suspected
superinfection, who were documented as having received pre-exposure prophylaxis, or if the transmitting partner was
known to be receiving antiretroviral treatment. Individual patient data were collated from all studies, with authors
contacted if these data were not publicly available. We applied logistic meta-regression to these data to estimate the
probability that an HIV infection is initiated by multiple founder variants. We calculated a pooled estimate using a
random effects model, subsequently stratifying this estimate across exposure routes in a univariable analysis. We
then extended our model to adjust for different study methods in a multivariable analysis, recalculating estimates
across the exposure routes. This study is registered with PROSPERO, CRD42020202672.

Findings We included 70 publications in our analysis, comprising 1657 individual patients. Our pooled estimate of the
probability that an infection is initiated by multiple founder variants was 0-25 (95% CI 0-21-0-29), with moderate
heterogeneity (Q=132-3, p<0-0001, 2=64-2%). Our multivariable analysis uncovered differences in the probability of
multiple variant infection by exposure route. Relative to a baseline of male-to-female transmission, the predicted
probability for female-to-male multiple variant transmission was significantly lower at 0-13 (95% CI 0-08-0-20), and
the probabilities were significantly higher for transmissions in people who inject drugs (0-37 [0-24-0-53]) and men
who have sex with men (0-30 [0-33-0-40]). There was no significant difference in the probability of multiple variant
transmission between male-to-female transmission (0-21 [0-14-0-31]), post-partum transmission (0-18 [0-03-0-57]),
pre-partum transmission (0-17 [0-08—0-33]), and intra-partum transmission (0-27 [0-14-0-45]).

Interpretation We identified that transmissions in people who inject drugs and men who have sex with men are
significantly more likely to result in an infection initiated by multiple founder variants, and female-to-male
infections are significantly less probable. Quantifying how the routes of HIV infection affect the transmission of
multiple variants allows us to better understand how the evolution and epidemiology of HIV-1 determine clinical
outcomes.

Funding Medical Research Council Precision Medicine Doctoral Training Programme and a European Research
Council Starting Grant.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction

Transmission of HIV-1 results in a dramatic reduction
in genetic diversity, with a large proportion of infections
initiated by a single founder variant.”> An appreciable
minority of infections, however, appear to be the result
of multiple founder variants simultaneously initiating
infection after a single exposure.’ Importantly, these
infections caused by multiple founder variants are

associated with elevated set point viral load and faster
CD4-positive T lymphocyte decline.*”

HIV-1 infections initiated via different routes of
exposure are subject to different virological, cellular, and
physiological environments, which probably influence
the probability of acquiring infection.*™ For example, the
per-act probability of transmission upon exposure is
six times higher for transmission between people who
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Research in context

Evidence before this study

Most HIV-1 infections are initiated by a single, genetically
homogeneous founder variant. Infections initiated by multiple
founders, however, are associated with a significantly faster
decline of CD4-positive T cells in untreated individuals,
ultimately leading to an earlier onset of AIDS. Through our
systematic search of MEDLINE, Embase, and Global Health
databases for papers published between Jan 1, 1990,

and Sept 14, 2020, we identified 82 studies that classify the
founder variant multiplicity of early HIV infections. Estimates of
the probability that infection was initiated by multiple founders
vary widely across these studies, and present inconsistent
conclusions as to the risk of multiple founder infection across
routes of exposure. To better understand the relationship
between the probability of infection and the probability of
multiple founders, it is important to clarify the extent to which
route of exposure determines the probability that infection is
initiated by multiple founders.

Added value of this study

Comparing the probability of multiple founder infection across
routes of exposure has been challenging due to generational
changes in methodology across studies and underlying
heterogeneity in the populations studied. By adjusting for
sources of study-level and patient-level heterogeneity in our

inject drugs and up to 18 times higher for transmission
between men who have sex with men than for
heterosexual transmission."”

Despite these differences in the probability of HIV-1
acquisition by route of exposure, there is currently no
consensus about whether the route of exposure
determines the probability that infection is initiated by
multiple founder variants. Differences in selection
pressure during transmission have been observed
between sexual exposure routes, with less selection
occurring during sexual transmission from males to
females than vice versa, and less selection during
transmission in men who have sex with men relative to
heterosexual exposure overall.”?” Less selection should
lead to more opportunities for infections initiated with
more founder variants. Studies quantifying the number
of founder variants are, however, inconsistent with
these findings, which might be due to differences in
methodology and study population.**** Moreover,
although acquisition risk during sexual transmission is
known to be elevated during conditions that increase
mucosal inflammation and compromise mucosal
integrity, there is no consistent evidence that
transmissions in people who inject drugs, which bypass
mucosal barriers altogether, are associated with a
higher probability of founder variant initiation."” To
estimate the role of exposure route on the acquisition of
multiple HIV-1 founder variants, we conducted a

multivariable meta-regression fitted to individual patient data
from 70 studies, we were able to estimate the probability that
infection is initiated by multiple founders by route of HIV
exposure. We uncovered differences in the probability that an
infection is initiated by multiple founder variants by exposure
route, with people who inject drugs and men who have sex
with men at greater risk of infections founded by multiple
variants. Further, by systematically collating all available data,
we were able to adjust our estimates of founder variant
multiplicity for methodological differences between studies
that have made previous comparisons difficult.

Implications of all the available evidence

Because HIV-1 infections initiated by multiple founders are
associated with a poorer prognosis, determining whether the
route of exposure affects the probability with which infections
are initiated by multiple variants facilitates an improved
understanding of how the evolution and epidemiology of HIV-1
determine clinical progression. Our results identify that
transmissions in people who inject drugs and men who have
sex with men are significantly more likely to result in an
infection initiated by multiple founder variants compared with
male-to-female transmissions. This finding reiterates the need
for focused public health programmes that reduce the burden
of HIV-1 in these at-risk groups.

meta-regression of all available individual patient data,
accounting for heterogeneity across methodology and
study population.

Methods

Search strategy and eligibility criteria

In this systematic review and meta-analysis we searched
MEDLINE, Embase, and Global Health databases for
papers published between Jan 1, 1990, and Sept 14, 2020;
a full list of search terms is listed in the appendix (pp 2-6).
To be included, studies must have reported original
estimates of founder variant multiplicity in people with
acute or early HIV-1 infections, be written in English, and
document ethical approval. No restrictions were placed
on study design, geographical location, or age of
participants. Studies were excluded if they did not
distinguish between single and multiple founder
variants, if they did not detail the methods used, or if the
study was conditional on having identified multiple
founders. Additionally, studies were excluded if they
solely reported data concerning people living with HIV-1
who had known or suspected superinfection, who were
documented as having received pre-exposure prophylaxis,
or if the transmitting partner was known to be receiving
antiretroviral ~ treatment. Studies were screened
independently by SL and JB. Reviewers were blinded to
study authorship during the title and abstract screens,
and full-text reviews were conducted independently
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before a consensus was reached, consulting other co-
authors when necessary. This review conforms to
PRISMA guidelines (appendix pp 7-10).

Data extraction

Individual patient data (IPD) were collated from all
studies, with authors contacted if these data were not
readily available. Studies were excluded from further
analysis if IPD could not be obtained. Only individuals
for whom a route of exposure was known were included.
Additionally, we removed any entries for individuals with
known or suspected superinfection, who were receiving
pre-exposure prophylaxis or for whom the transmitting
partner was known to be receiving antiretroviral therapy.
For the base case dataset, we recorded whether an
infection was initiated by one or multiple variants and
eight predetermined covariates to be considered in the
multivariable meta-regression.

The first covariate was the route of exposure: female to
male, male to female, men who have sex with men,
pre-partum transmission, intra-partum transmission, and
post-partum transmission, or people who inject drugs.
Two further categories were included for heterosexual and
mother-to-child exposures whereby the direction or timing
respectively were not disclosed (heterosexual undisclosed
or mother-to-child undisclosed).

The second covariate was the quantification method
whereby methodological groupings were defined by the
properties of each approach, resulting in six levels:
phylogenetic (using source and recipient sequences),
phylogenetic (using recipient sequences only), haplotype,
distance, model, or molecular (appendix p 4).

The third covariate was the HIV subtype: infecting
subtypes were classed as either a canonical geographically
delimited subtype (A-D, F-H, ], and K), a circulating
recombinant form (CRF), or recombinant (when a putative
recombinant was identified but not designated a CRF).**

The fourth covariate was delay between infection and
sampling. For sexual exposure or people-who-inject-
drugs exposure, the delay was classified as either less
than or equal to 21 days if the patient was seronegative at
time of sampling (Fiebig stages I-II) or more than 21 days
if the patient was seropositive (Fiebig stages III-VI). For
mother-to-child infections, if infection was confirmed at
birth, or within 21 days of birth, the delay was classified as
either less than or equal to 21 days. A positive mRNA or
antibody test reported after this period was classified as a
delay of greater than 21 days.

The fifth covariate was the number of genomes
analysed per participant. For studies that use single
genome amplification (SGA), this was the number of
consensus genomes obtained.

The sixth covariate was the genomic region analysed.
The region was classified as envelope (env), pol, gag, or
near full length genome (NFLG).

The seventh covariate was the alignment length
analysed. The length was measured in base pairs,

discretised to the nearest 250 bp, 500 bp, 1000 bp,
2000 bp, 4000 bp, 8000 bp, and NFLG intervals (around
9000 bp).

Finally, the eighth covariate was the use of SGA to
generate viral sequences. A binary classification was
used to characterise whether the viral genomic data were
generated using SGA. SGA mitigates the risk of
Taq-polymerase mediated template switching, nucleotide
misincorporation, or unequal amplicons resampling
encountered in regular bulk or near endpoint PCR
amplification.”*

If information from covariates three to eight was
missing or could not be inferred from the study, we
classified its value as unknown. We excluded covariate
levels for which there were fewer than six data points.
For our main analysis, we removed repeat measurements
for the same individual, and used only those from the
earliest study or, where the results of different methods
were reported by the same study, the conclusive method
used for each individual. Further details on covariate
selection are in the appendix (pp 2—4).

Statistical analysis
We calculated a pooled estimate of the probability of
multiple founder variant infection using a one-step
generalised linear mixed model, assuming an exact
binomial distribution with a normally distributed
random effect on the intercept for within-study clustering
and fitted by approximate maximum likelihood.”
Heterogeneity was measured in terms of 12, the between-
study variance; I2, the percentage of variance attributable
to study heterogeneity; and Cochran’s Q, an indicator of
larger variation between studies than of participants
within studies. Publication bias was assessed using
funnel plots and Egger’s regression test.” All analyses
were conducted in R 4.1.2 using packages metafor 3.0-2
for pooling and Ime4 1.1-271 for the meta-regression.”
Pooled estimates obtained through a one-step approach
are usually congruent with the canonical two-step meta-
analysis model; however discrepancies might arise due to
differences in weighting schemes, specification of the
intercept, or estimation of residual variances.” We
compared the results from our one-step model with a
two-step binomial-normal model to confirm our estimates
were consistent. We also performed seven sensitivity
analyses to test the robustness of our pooled estimate:
(1) iteratively excluding single studies, (2) excluding
studies that contained fewer than ten participants,
(3) setting variable thresholds of the number of genomes
per participant, (4) excluding studies that consisted solely
of single founder infections, (5) excluding IPD that did
not use SGA, (6) including only those data that matched a
gold-standard methodology of haplotype-based methods
and envelope genomic region analysis, and (7) an
assessment of the effect of vaccine breakthrough and
sequencing technologies. To validate our down-sampling
method that used only the most recent study for repeated
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12281 records identified
3182 MEDLINE
2771 Global Health
6328 Embase

—>| 4865 duplicate records removed

A 4

7416 unique records screened |

7036 records excluded
6393 non-relevance
| 332 review paper
276 publication language
35 publication from before 1990

A

380 abstracts screened |

—b| 207 reports excluded for non-relevance

A

173 full-text reports assessed for
eligibility

91 reports excluded
73 no original estimate of founder multiplicity
6 focused on superinfection
5 focused on intra-host evolution
3 all transmitting people receiving
antiretroviraltherapy
1 focused on chronic infection
3 conditioned on founder multiplicity

A

82 studies remained for IPD
extraction

—PI 2 studies excluded because IPD were not available

A 4

80 studies with 3251 IPD
extracted

10 studies and 1594 IPD excluded
1484 IPD were repeat data
98 IPD had unknown exposure
12 IPD had covariate level <6

A

70 studies and 1657 IPD included
in analysis

Figure 1: PRISMA flowchart for the systematic literature search and the
application of exclusion criteria for the IPD meta-analysis
IPD=individual patient data.

individual data, we calculated a distribution of pooled
estimates by refitting the pooling models to 1000 datasets,
each containing one data point per individual sampled at
random from an individual’s possible measurements.
We extended our one-step model by conducting a
univariable meta-regression with each covariate
contributing a fixed effect and assuming normally

distributed random effects of publication. We extended
this model to a multivariable analysis. Fixed effects were
selected according to a keep-it-maximal principle, in
which covariates were only removed to facilitate a
non-singular fit and to prevent multicolinearity.* For both
univariable and multivariable analyses, we defined our
reference case as male-to-female transmission and
evaluated through a gold-standard methodology of
haplotype-based methods, analysis of the envelope
genomic region, and a sampling delay of less than or
equal to 21 days. We report odds ratios (ORs) and stratified
model estimates of the proportion of infections initiated
by multiple founders across each route of exposure with
all other covariates held at their reference case values.
Bootstrapped 95% Cls were calculated for both ORs and
stratified model estimates. We performed four sensitivity
analyses to test the robustness of the selected multivariable
meta-regression model: (1) iteratively excluding single
studies, (2) excluding studies that contained fewer than
ten participants, (3) excluding studies that consisted solely
of single founder infections, and (4) excluding IPD that
did not use SGA. The resampling sensitivity analysis was
repeated on our selected multivariable model as described
earlier. Further details are in the appendix (pp 4-6). The
protocol for this study was registered with PROSPERO
(CRD42020202672).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results
Our search found 7416 unique papers, of which 7334 were
excluded, leaving 82 studies remaining

(figure 1).>s7121# 723104 Of these studies, we extracted IPD
from 80 studies, comprising 3251 data points. The
80 selected studies from which IPD were collated, were
published between 1992 and 2020. Of the 3251 data
points extracted, 1484 were excluded from our base case
dataset to avoid repeated measurements arising either
between different studies that analysed the same
individuals (resulting in the exclusion of five studies), or
from repeat analysis of individuals within the same
study. After excluding 98 participants for whom the route
of exposure was unknown and 12 participants for whom
one or more of the covariate values pertained to a
covariate level that did not meet the minimum number
(six) of observations across all participants, the base case
dataset for our analysis comprised estimates from
1657 unique patients across 70 studies.

Our base case dataset includes a median of
13 participants per study (IQR 7-35) and represents
infections associated with heterosexual transmission
(696 [42-0%)] of 1657), transmission in men who have sex
with men (621 [37-5%)]), mother-to-child transmission
(234 [14-1%]), and transmission in people who inject
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Figure 2: Individual patient data characteristics from the included studies that were tested for inclusion as fixed effects in the multivariable meta-regression model

SGA=single genome amplification.
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Male-to-female Female-to-male Heterosexual Men-who-have People-who- Pre-partum Intra-partum  Post-partum  Unknown
transmission transmission unknown sex-with-men  inject-drugs  transmission transmission transmission mother-to-
transmission transmission transmission child
transmission

Number of studies 32(39) 25 (30) 3(4) 28 (34) 12 (13) 7@7) 7(7) 1(1) 6 (6)

Number of participants 471(601) 208 (319) 17 (22) 621(812) 106 (116) 104 (104) 57 (57) 11(11) 62 (62)

Number of participants with 147 (188) 39 (61) 5(@7) 154 (205) 38 (45) 31(31) 25 (25) 2(2) 12 (12)

multiple founder variant

estimated

Quantification methods

Distance 65 (14%) 67 (32%) 2 (12%) 80 (13%) 1(1%) -
Haplotype 105 (22%) 73 (35%) 4(24%) 139 (22%) 63 (60%) 54 (87%)
Model 9(2%) 2 (1%) . 10 (2%) 14 (13%) 2.(2%) 2 (4%)

Molecular 161 (34%) 26 (13%) 27 (4%) 9 (8%) 92 (88%) 32 (56%)

Phylogenetic: recipient only 99 (21%) 25 (12%) - 305 (49%) 14 (13%) -
Phylogenetic: source and 32 (7%) 15 (7%) 11 (65%) 60 (10%) 5 (5%) 10 (10%) 23 (40%) 11 (100%) 8 (13%)
recipient

Genomic regions analysed

Env 437 (93%) 179 (86%) 15 (88%) 351 (57%) 101 (95%) 103 (99%) 57 (100%) 11 (100%) 61 (98%)
Gag 14 (3%) 8 (4%) 1(1%) 1(2%)
Pol 1(<0-5%) 3 (1%) 13 (2%) 1(1%)

Near full length genome 19 (4%) 18 (9%) 2 (12%) 257 (41%) 4 (4%)

Median sequences per participant 21 (12-36) 21(12-38) 19 (11-56) 16 (4-40) 23 (20-23) 32(19-39)  20(6-25) 38 (34-42)
Data are n (N) where N are quantities before removal of repeat participants, n (%), or median (IQR). The denominator for percentages is the number of participants. Percentages are rounded to nearest whole
number.

Table 1: Summary of individual and study characteristics in our base case dataset by transmission route

drugs (106 [6-4%)]; figure 2; table 1; appendix pp 11-17).
Our dataset spans all major subtypes and captures the
diversity of the HIV epidemic (figure 2; appendix p 18).
Across the base case dataset, 618 (37-3%) estimates were
inferred using phylogenetic methods, 438 (26-4%) using
haplotype-based methods, 347 (20-9%) using molecular
methods, 215 (13-0%) using distance-based methods,
and 39 (2-4%) using model-based methods (figure 2).
Data from 1315 (79-4%) participants were analysed from
the env genomic region, 300 (18-1%) from NFLG,
24 (1-4%) from the gag region, and 18 (1-1%) from the pol
region.

Our binomial generalised linear mixed model pooled
estimated the probability that an infection is initiated by
multiple founder variants as 0-25 (95% CI 0-21-0-29),
identifying moderate heterogeneity (Q=132-3, p<0-0001,
12=64-2%). Visual inspection of a funnel plot and a
non-significant Egger’s test (t=—0-7495, df=55, p=0-46)
were consistent with an absence of publication bias
(appendix p 25). Sensitivity analyses revealed the pooled
estimate was robust to the choice of model, the inclusion
of estimates from repeat participants, and to the
exclusion of studies that contained fewer than
ten participants or did not report any participants with
multiple founder infections (appendix p 19). Although
restricting the analysis to participants for whom a large
(>28) number of sequences were analysed did not change
the pooled estimate (0-26 [95% CI 0-20-0-34)),
restricting the analysis to those individuals with fewer

than 11 sequences reduced the estimate to 0-21
(0-17-0-25; appendix p 20). Analysing only data that
matched our gold-standard study methodology slightly
increases the pooled estimate (0-28 [0-22-0-35];
appendix p 20). We did not identify any studies or risk
groups that individually influenced the pooled estimate
significantly (appendix pp 21-22). A pooled estimate
subgroup analysis of placebo and vaccine participants
from studies for which vaccination status was available
revealed no discernible influence of trial group
(appendix p 23). Likewise, no discernible difference was
identified between sequencing technologies on the
pooled estimate (appendix p 24).

We first extended our binomial generalised linear
mixed model with univariable fixed effects. Relative to a
reference exposure route of male-to-female transmission,
we found significantly lower odds of female-to-male
transmission being initiated by multiple founder variants
(OR0-53[95% CI 0-33-0-85]), but other exposure routes
were not significantly different (table 2). The univariable
analyses also indicate significantly lower odds of
identifying multiple founder variants when the NFLG
was analysed (0-38 [0-19-0-68]) relative to the envelope
genomic region, and molecular methods resulted in
significantly greater odds (1-93 [1-02-3-45]) relative to
haplotype methods.

Next, we used a multivariable model to calculate the
probability of multiple founder variants across the seven
routes of exposure controlling for method, genomic
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region, and sampling delay (appendix p 27; table 2). A
satisfactory fit was confirmed by inspection of binned
residuals superimposed over 95% Cls (appendix p 28).
Model estimated probabilities were calculated with
respect to our gold-standard methodology (figure 3;
appendix p 26). Compared with a male-to-female
transmission probability of 0-21 (95% CI 0-14-0-31), we
found that female-to-male transmissions were less likely
to be initiated by multiple founders, with a probability
of 0-13 (0-08-0-21; OR 0-55 [95% CI 0-34-0-88];
figure 3; appendix p 26). Conversely, transmissions were
more likely to be initiated by multiple founders for
people who inject drugs (probability 0-37 [0-24-0-53];
OR 2-18 [1-11-3-89]) and men who have sex with men
(probability 0-30 [0-22-0-40]; OR 1-61 [1-00-2-34]),
compared with male-to-female transmission. Stratifying
mother-to-child transmissions by the putative timing of
infection, we calculated pre-partum transmissions were
initiated by multiple founders with a probability of 0-17
(0-08-0-33), post-partum transmissions with a
probability of 0-18 (0-03-0-57), and intra-partum
transmissions with a probability of 0-27 (0-14-0-45). No
mother-to-child transmission group was significantly
different from the estimated probability that infection is
initiated by multiple founders in male-to-female
transmissions (table 2).

We inferred the accuracy of different methods by
comparing their estimated probability of multiple
founder variants to a gold-standard methodological
reference scenario of haplotype-based methods on the
envelope genomic region with individuals with less than
or equal to 21 days between infection and sampling
(table 2). Our analysis indicates using model-based
methods underestimates the chance of multiple founder
variants (OR 0-36 [95% CI 0-09-0-87]), and using
molecular methods results in an overestimation (2-05
[1-09-3-53]). Compared with the envelope genomic
region, analysis of NFLG fragments probably under-
estimates the proportion of multiple founder infections
(0-31 [0-13-0-62]). No significant difference was
revealed between the odds of multiple founder infections
sampled less than or on 21 days and at least 21 days after
the estimated date of infection (1-16 [0-78-1-65]). Our
sensitivity analyses revealed the ORs calculated using
the univariable and multivariable models are robust to
inclusion of data from repeated participants, to the
exclusion of studies that contained fewer than ten
participants, of studies that consisted solely of single
founder infections, and of individual data that did not
use SGA (appendix p 29).

Discussion

Using data from 70 published studies, we estimated that
a quarter of HIV-1 infections are initiated by multiple
founder variants. When controlling for different
methodologies across studies, the probability that an
infection is initiated by multiple founders decreased

Univariable meta-regression

Multivariable meta-regression

Intra-partum transmission 1.87(0-81-4-02) 0-15
073 (0-01-3-56

1.23(0-45-3-50

Post-partum transmission )
Unknown mother-to-child )
transmission

People who inject drugs 2:08 (0-91-4-15) ~ 0-051

Quantification method

Phylogenetic: source and recipient 0:90(0-49-1.57) 073

Genomic region

Near full length genome 0-38(0-19-0-63)  0-0026

OR=0dds ratio.

env 1 (ref) - 1 (ref)

0-31(0-13-0-62) 0-0003
214(0-45-6-80)  0-22
0-31(0-00-113) 016

gag 113(022-451)  0-86

pol 0-31(0-00-136) 017

Sampling delay

<21days 1 (ref) - 1 (ref)
>21 days 1.09 (0-74-161)  0-63

Unknown 1-42 (0-84-2-72) 0-20

model model

OR (95% Cl) p value OR (95% Cl) p value
Reported exposure
Male to female 1 (ref) - 1 (ref)
Female to male 0-53(033-0-85) 00063  0-55(0:34-0-90)  0-011
Heterosexual unknown 1.81(0-40-5-91) 0-34 172 (0-25-5-24) 0-36
Men who have sex with men 133 (0-83-2:03) 0-24 1.61(1-00-2-34) 0-023
Pre-partum transmission 126 (0-54-2-65) 0-59 0-76 (0:38-1-59) 0-48

134 (0-58-2-86)  0-46
077 0-79 (0-00-3-58
0-70 079 (0-29-2:23

079

)
) 064

218 (117-3-89)  0-018

Haplotype 1 (ref) - 1 (ref)

Distance 076 (0-35-1.58) 044 1.46 (076-2:86) 025
Model 053(0:09-1:39) 027 0-36 (0-09-0-87)  0-057
Molecular 1.93(1.02-3-45)  0.026 2.05(1-:09-353)  0-018
Phylogenetic: recipient only 0-72 (0-42-1-24) 023 0-83(0:48-1-54) 047

0-95(0-52-1.92)  0-85

116 (0-78-1-65) 043
139(0-81-243) 022

coefficients from the univariable and multivariable meta-regression model

Table 2: ORs that an HIV-1 infection is initiated by multiple founder variants, inferred from fixed effects

from 0-21 for male-to-female infections to 0-13 for
female-to-male infections, but increased to 0-30 for
infections in men who have sex with men and to
0-37 for infections in people who inject drugs. Further,
we found that model-based methods, representing a
group of approaches that determine founder multiplicity
by comparing the observed distribution of diversity with
that expected under neutral exponential outgrowth from
single variant transmission, were less likely to identify
multiple founder infections whereas molecular methods
overestimated. Together these results suggest that while
the exposure route probably influences the number of
founder variants, previous comparison has been difficult
due to different study methodologies.

Our pooled estimate is consistent with the seminal study
by Keele and colleagues,’ who found that 24 (23-5%) of
102 participants had infections initiated by multiple
founders. Our stratified predicted probabilities, however,
were marginally higher than those of previous studies. A
nine-study meta-analysis of 354 participants found the
probability of HIV infections being initiated by multiple
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Figure 3: Model estimated probabilities of an infection being initiated by multiple founder variants,
stratified by the route of exposure

founders to be 0- 34 in people who inject drugs versus 0- 37
(95% CI 0-24-0-53) in our study and 0-25 in men who
have sex with men versus 0-30 (0-22-0-40) in our study.”
An earlier meta-analysis of five studies and 235 participants
also found HIV infections in people who inject drugs were
at significantly greater odds than heterosexual infections
of being initiated by multiple founders, with the frequency
of founder variant multiplicity increasing 3-fold, while a
smaller, non-significant 1-5-fold increase was observed
with respect to transmissions in men who have sex with
men.” In both instances, these studies restricted
participants so that the methodology in estimating founder
variant multiplicity was consistent. Here, we were able to
leverage individual-level data to control for methodological
sources of heterogeneity across studies.

Between the conclusion of our analysis and publication,
one additional study presented novel estimations of
founder variant multiplicity."® Using diversity, haplotype,
and phylogenetic methods, Balinda and colleagues™
found 27% (seven of 26) of infections were initiated by
multiple founders, consistent with our pooled probability
estimate of 0-25 (95% CI 0-21-0-29).

Across sexual transmission routes, the probability of
multiple founder variants is positively, albeit weakly,
associated with an increase in the risk of transmission
given exposure.” Nonetheless, the probability that
infection is initiated by multiple founders remains
remarkably consistent. For example, although male-to-
male exposures might be up to 18 times more likely to
result in transmission than male-to-female exposures, we
calculated a 1-6-fold increase in the risk of multiple

founders." Previously, Thompson and colleagues
reconciled the low probability of acquisition with the
relatively high probability of multiple founders by
assuming only a fraction of exposures occur in
environments conducive for transmission.” In sexual
transmission, for example, a conducive environment
could arise through epithelial damage after ulceration or
microtrauma that enhances translocation of viral particles
or drives inflammation that propagates recruitment of
permissive target cells* The relatively consistent
probability of multiple variant transmission across
different routes of exposure suggests the presence of
selection at transmission, which has been observed
previously.”

Our analysis has some limitations. First, our
classification of founder variant multiplicity is determined
by the individual studies, but explicitly defining a founder
variant remains challenging. Recent studies have
suggested a continuum of genotypic diversity exists,
rather than discrete variants, that gives rise to distinct
phylogenetic diversification trajectories and might not be
reflected by a binary classification.*” Although a threshold
is specified for distance-based methods, this often varies
between publications.”" For example, both Keele and
colleagues® and Li and colleagues” analysed the diversity
of the envelope protein, but Keele and colleagues classified
populations with less than 0-47% diversity as
homogeneous and Li and colleagues included samples up
to 0-75%. The distinction between single and multiple
founder variants might further be blurred by
recombination and hypermutation.”"™ Our finding that
the analysis of NFLGs was associated with a significant
decrease in the odds of multiple founders suggests earlier
studies that rely on smaller, highly variable, fragments of
envelope might have overestimated the frequency of
infections initiated by multiple founder variants. Similarly,
our sensitivity analyses revealed a subtle correlation
between the number of genomes analysed and the
probability of observing multiple founder variants,
pointing to the possibility that using too few genomes
could limit the chance of observing multiple founders.

Second, we acknowledge that some heterogeneity
associated with our estimates is encapsulated within the
classification of route of exposure. Relying on self-
reported route of exposure might bias our results if
misclassification occurs systematically across studies.
Similarly, insufficient data were available to properly
consider risk factors such as genital ulceration, early
stage of disease in the transmitting person, or receptive
anal intercourse. These risk factors might confound or
mediate any association between the exposure type and
the probability of multiple founder variants, potentially
hindering a deeper mechanistic understanding as to the
risk factors underpinning founder variant multiplicity."
Also, under the hypothesis that the proportion of
infections initiated by multiple founders varies by
transmission route, our point estimate will be influenced
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by their relative proportions in our dataset. Globally, it is
estimated that 70% of infections are transmitted
heterosexually, compared with 42-2% in our dataset.™
Our point estimate should be considered a summary of
the published data over the course of the HIV-1 epidemic,
and not a global estimate at any fixed point in time.

Finally, for several covariates, the bootstrapped Cls are
wide and might lead to some uncertainty. These Cls are a
product of small sample sizes for some observations,
combined with the random effect of publication used in
the meta-regression.

This systematic review and meta-analysis shows that
infections initiated by multiple founders account for a
quarter of HIV-1 infections across major routes of
transmission. We found that transmissions involving
people who inject drugs and men who have sex with men
are significantly more likely to be initiated by multiple
founder variants, than male-to-female infections, whereas
female-to-male infections are significantly less probable.
Given the positive association between multiple variant
infections and a faster decline in CD4-positive T cells in
untreated individuals, there is a clinical imperative to
improve our understanding of the risk factors influencing
both transmission and multiple founder infections. This
study, for the first time, consolidates the existing body of
research on the probability that HIV infection is initiated
by multiple variants. Providing these estimates might
precipitate further investigation to understand the
evolutionary epidemiology that governs the clinical picture
of HIV transmission.
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