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Abstract

Leprosy is a chronic infection of the skin and peripheral nerves caused by Mycobacterium
leprae. Despite recent improvements in disease control, leprosy remains an important
cause of infectious disability globally. Large-scale genetic association studies in Chinese,
Vietnamese and Indian populations have identified over 30 susceptibility loci for leprosy.
There is a significant burden of leprosy in Africa, however it is uncertain whether the findings
of published genetic association studies are generalizable to African populations. To
address this, we conducted a genome-wide association study (GWAS) of leprosy in Mala-
wian (327 cases, 436 controls) and Malian (247 cases, 368 controls) individuals. In that
analysis, we replicated four risk loci previously reported in China, Vietnam and India; MHC
Class land Il, LACC1 and SLC29A3. We further identified a novel leprosy susceptibility
locus at 10924 (rs2015583; combined p=8.81 x 10~% OR=0.51 [95% CI| 0.40 - 0.64]).
Using publicly-available data we characterise regulatory activity at this locus, identifying
ACTR1A as a candidate mediator of leprosy risk. This locus shows evidence of recent posi-
tive selection and demonstrates pleiotropy with established risk loci for inflammatory bowel
disease and childhood-onset asthma. A shared genetic architecture for leprosy and inflam-
matory bowel disease has been previously described. We expand on this, strengthening the
hypothesis that selection pressure driven by leprosy has shaped the evolution of autoim-
mune and atopic disease in modern populations. More broadly, our data highlights the
importance of defining the genetic architecture of disease across genetically diverse popula-
tions, and that disease insights derived from GWAS in one population may not translate to
all affected populations.
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Author summary

Leprosy remains a leading cause of infectious disability globally. Human genetic variation
is a major determinant of susceptibility to infection, including leprosy. Large-scale genetic
association studies have been pivotal in advancing our understanding of leprosy biology.
These studies have been performed in Chinese, Vietnamese and Indian populations, and
it remains unclear whether these insights are informative of leprosy susceptibility in Afri-
can populations. To address this, we performed a genome-wide association study of lep-
rosy susceptibility in Malawi and Mali. In doing so we replicate known leprosy
susceptibility loci at MHC class I and IT, LACCI and SLC29A3. Furthermore, we identify a
novel leprosy susceptibility locus, which has been under recent selection pressure, which
demonstrates pleiotropy with inflammatory bowel disease and atopic disease. We identify
expression of ACTRIA in CD4" T cells as candidate effector of leprosy risk at this locus.
These data deepen our understanding of leprosy biology and further implicate this ancient
pathogen in the evolution of immune-mediated diseases in modern populations.

Introduction

Leprosy is a chronic infectious disease affecting the skin and peripheral nerves caused by
Mycobacterium leprae. It is a leading infectious cause of disability [1]. The introduction of mul-
tidrug therapy [2], widespread use of BCG vaccination [3], and the 1991 World Health Assem-
bly resolution to eliminate leprosy by the year 2000 have all contributed to a decline in disease
burden; nevertheless, over 200,000 new cases continue to be reported annually (https://www.
who.int/gho/neglected_diseases/leprosy/en/), numbers which are likely to represent a consid-
erable underestimate of the true disease burden [4].

Large-scale, unbiased genetic association studies in Chinese [5-10], Indian [11] and Viet-
namese [12] populations have identified and validated 34 genetic loci independently associated
with leprosy outside the HLA region, as well as independent HLA class I and class II associa-
tions. A key feature of these studies has been the demonstration of considerable genetic hetero-
geneity in leprosy susceptibility between populations. For instance, while genetic variation at
TLRI associates with leprosy risk in Indian and Turkish populations, this finding has not been
replicated in Chinese and Vietnamese populations. To date, there are no published genome-
wide association studies (GWAS) of leprosy in African populations. This is important as there
remains a significant burden of leprosy in Africa and the observed inter-population heteroge-
neity reported in the Chinese, Vietnamese and Indian studies suggest that the published
GWAS findings may not be generalizable to African populations. To address this, we have per-
formed a GWAS of leprosy susceptibility in Malawian and Malian individuals.

Results
Leprosy genome-wide association study

Individuals with leprosy were recruited to the study following clinical and microbiological
evaluation within the Karonga Prevention Study (KPS), Karonga, Malawi. Healthy controls
were recruited from the same population. Following quality control and genome-wide imputa-
tion, genotypes at 10,511,695 loci from 612 samples (284 cases, 328 controls) were included in
the association analysis (Table 1). Inspection of the QQ plot (S1 Fig) and the genomic inflation
parameter (4 = 1.0333) demonstrates that inclusion of the six major principal components as
covariates in the model adequately controls for confounding variation. In that analysis, we
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Table 1. Demographics & clinical characteristics of study samples.

Malawi cases

Malawi controls

Mali cases

Mali controls (Set 1)
Mali controls (Set 2)

Numbers (% total) Sex (female) Age (months) | Genotyping platform
284 172 (61%) 45 (15-83) | Illumina ADPC
242 (88%) 153 (63%) 57 (32-72)
34 (12%) 15 (44%) 42 (15-83)
328 206 (63%) 42 (15-82) | Illumina ADPC
208 62 (30%) 46 (13-85) | Illumina ADPC
67 (32%) 45 (67%) 45 (13-80)
141 (68%) 39 (28%) 47 (17-85)
107 (38%)*
42 (15%)*
142 91 (64%) 30 (14-67) | Illumina ADPC
169 84 (50%) 3 (0-15) | Hlumina Omni 2.5M

*These numbers represent cases recruited to the original study, n = 279, of which the current study samples are a subset. Leprosy reaction data is not available for

Malawi case samples.

PB, paucibacillary; MB, multibacillary; ENL, erythema nodosum leprosum; RR, reversal reaction; ADPC, African Diaspora Power Chip.

https://doi.org/10.1371/journal.ppat.1010312.t001

identified 142 loci, representing 38 independent genomic loci, with suggestive evidence of
association (p < 1 x 107°) with leprosy in Malawian populations (S2 Fig, S1 Table).

GWAS replication and meta-analysis

We sought to replicate evidence for leprosy association observed in Malawi among leprosy
cases and healthy controls in Mali. Individuals with leprosy were recruited to the study at
Mali’s former national leprology centre, Institut Marchoux, (now Hopital Dermatologique de
Bamako), Bamako. Healthy controls were recruited from the same population. Among the
Malian samples, 10,514,676 loci and 519 individuals (208 cases, 311 controls) passed QC filters
(Table 1). The QQ plot (S1 Fig) and genomic inflation parameter (4 = 1.0498) of genome-wide
association analysis in the Malian samples demonstrates control of confounding variation with
inclusion of the major six major principal components and genotyping platform as covariates
in the model. We combined evidence for leprosy association in Malawi and Mali using a fixed-
effects meta-analysis (Fig 1). Of the 142 leprosy-associated loci identified in the discovery anal-
ysis, 18 SNPs, at a single genomic locus at 10q24.32 (Fig 2A), showed evidence of replication in
Mali (p < 0.05) and overall evidence of association with leprosy exceeding genome-wide sig-
nificance (p < 5 x 10~°). The variant with the strongest evidence for leprosy association at that
locus is rs2015583 (Table 2): p = 8.81 x 10~°, OR = 0.51 (95% CI 0.40—0.64). There is no evi-
dence for heterogeneity of effect between populations at rs2015583 (heterogeneity p = 0.871,
Fig 2B), and the data best supports a model in which rs2015583 modifies risk of both pauciba-
cillary and multibacillary leprosy (log10 Bayes factor = 6.01, Fig 2B). Fine-mapping of the lep-
rosy association at chr10q24.32 identifies a credible set of 32 SNPs with a 99% probability of
containing the causal variant, spanning a 53kb region: chr10:104,225,316-104,278,276 (S3
Table). Genetic variation at this locus has not been previously described as a determinant of
leprosy risk.

To understand whether genotype at rs2015583 could act as a determinant of mycobacterial
disease in Africa more broadly, we examined the role of rs2015583 in genetic association stud-
ies of tuberculosis in Ghana (1,359 cases, 1,952 controls) and The Gambia (1,316 cases, 1,382
controls). In that analysis, genotype at rs2015583 is not associated with tuberculosis in Ghana
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Fig 1. Genome-wide association study of leprosy in Malawi and Mali. (A) Study sites in Mali (blue) and Malawi (red). (B) Evidence for association
with leprosy at genotyped and imputed autosomal SNPs and indels (n = 9, 616, 523) in Malawi and Mali (492 cases, 639 controls). Association statistics
represent a fixed-effects meta-analysis of additive association with disease in Malawi and Mali. The red, dashed line denotes genome-wide significance
(p=5x107%). Suggestive loci (p = 1 x 10~°) identified in the meta-analysis are detailed in S2 Table. The map is based on public domain Natural Earth
data; the base layer is available for download at https://www.naturalearthdata.com/.

https://doi.org/10.1371/journal.ppat.1010312.9001

(p=0.746, OR = 1.02 (95% CI 0.92 — 1.03)) or The Gambia (p = 0.112, OR = 0.91 (95% CI
0.81 — 1.02)).

Leprosy risk at rs2015583 in non-African populations

To explore whether genetic variation at chromosome 10q24.32 is a determinant of leprosy sus-
ceptibility in other settings, we examined evidence for leprosy association at rs2015583 in Chi-
nese and Indian populations using previously-published datasets describing the genetics of
leprosy risk [5, 8, 9, 11]. We obtained summary statistics of leprosy association at rs2015583
generated as part of six genetic association studies in four Chinese populations [5, 8, 9]. There
is no evidence for leprosy association in any individual Chinese population tested (54 Table,
minimum p = 0.171) or in a fixed-effects meta-analysis of all six genotyping experiments
(2,743 cases, 3,573 controls) at rs2015583 (Fig 2C, p = 0.587, OR = 0.98 (95% CI 0.90 — 1.06)).
To explore the role of genotype at rs2015583 in leprosy risk in India, we used previously-
published genotyping data from a leprosy case-control collection of Indian-ancestry individu-
als recruited in New Delhi [11]. In 448 individuals (209 cases and 239 controls), genotype at
rs2015583 is not associated with risk of leprosy overall (p = 0.299, OR = 0.80 (95% CI 0.52
— 1.22)). However, in a multinomial regression model, in which cases are stratified by disease
subtype, genotype at rs2015583 is associated with risk of multibacillary disease (Fig 2C,
p =0.044, OR = 0.56 (95% CI 0.32 — 0.98)) but not paucibacillary disease (p = 0.692, OR = 1.11
(95% CI 0.66 — 1.86)).

The leprosy risk locus has pleiotropic effects on risk of immune-mediated
disease

A key of feature of genetic determinants of leprosy described to date has been the identification
of pleiotropy at leprosy risk loci with other immune-mediated diseases, in particular inflam-
matory bowel disease [13, 14]. To explore whether leprosy-associated genetic variation identi-
fied in our study is a determinant of other immune-mediated diseases in human populations,
we assessed evidence for colocalization of the leprosy association at chr10q24.32 with
immune-mediated diseases (n = 29) and haematological traits (n = 26). In that analysis (Fig

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010312  September 19, 2022 4/27


https://www.naturalearthdata.com/
https://doi.org/10.1371/journal.ppat.1010312.g001
https://doi.org/10.1371/journal.ppat.1010312

PLOS PATHOGENS

Host genetics of leprosy susceptibility in Africa

B

rs2015583:G
8- Malawi Mali ‘ i
® 0710 o _ .
® 0507 * 1 Malawi+ —
® 03-05 o ~ !
" 0.55%8 e Mali —— !
@® 1
o o &g Meta ————
R 1
s . . . : .
d 4 ° 15 -1.0 05 00 0.
S log(OR
| - PN sOR
® & ) o e ) %"
2 : A s .:- % +? o 1
. . o MB1 |
+ + S !
01 T s : A PB- !
Overall; —— i
FBXL1>5 Tﬁﬁwso \Tﬁﬁs 15 -10 05 0?0 0.
psH- cidorfos SUFU = log(OR)
NFkBZ>  “CUEDC2 ACTRIA
1.00
o :;‘ 0.751
= S 0.50-
o 10 re)
5 0.251
0 ~r—~— N
104.1Mb 104.2Mb 104.3Mb 104.4Mb 0.001__, ; —
chromosome 10 Null MB PB Both
C D
: : PP4 =0.91 PP4 =0.92 | |PP4 =0.9 PP4=0.94 | |[PP4=0.92
| IBD ! L
. i J Asthma (Child)- : S - v |
40 0 10 ! z i §
log(OR) 550 ¢
= ®
! 7]
. | ¢ 5
MEB. : WCC : %25 r
PB- 1 ! 1
¥ Neut |
Overall- :?: : B
10 O 1.0 0.1 0 01 0246802468024680246802468
log(OR) beta/log(OR) GWAS Leprosy (-logP)

Fig 2. Leprosy association and pleiotropy at chromosome 10q24.32. (A) Regional association plot of leprosy association at chr10q24.32. Association
statistics represent a fixed-effects meta-analysis of additive association with disease in Malawi and Mali. SNPs are coloured according to linkage
disequilibrium to rs2015583, and genotyped SNPs marked with black plusses. (B) Log-transformed odds ratios and 95% confidence intervals of
rs2015583 association with leprosy in Malawi and Mali (top) and stratified by multibacillary and paucibacillary disease (middle). Posterior probabilities
of models of rs2015583 association with leprosy: “Null”, no association with leprosy; “MB”, non-zero effect in multibacillary leprosy alone; “PB”, non-
zero effect in paucibacillary leprosy alone; “Both”, the same non-zero effect is shared by individuals with multibacillary and paucibacillary leprosy. (C)
Log-transformed odds ratios and 95% confidence intervals of rs2015583 association with leprosy in China (top) and in India (bottom). Effect estimates
in China represent risk of leprosy overall. Effect estimates in India are stratified by multibacillary and paucibacillary disease. (D) Log-transformed odds
ratios and 95% confidence intervals (left) of rs2015583 association with immune-mediated diseases (IBD, inflammatory bowel disease; UC, ulcerative
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colitis; childhood-onset asthma) and hematological indices (WCC, white cell count; Neut, neutrophil count). The leprosy association signal colocalizes
with the GWAS locus for each trait at chr10q24.32 (right). SNPs are coloured according to linkage disequilibrium to rs2015583 as above.

https://doi.org/10.1371/journal.ppat.1010312.9002

2D, S5 Table), the leprosy association colocalizes with three immune-mediated diseases
(inflammatory bowel disease, ulcerative colitis and childhood-onset asthma), and two haema-
tological traits (white cell count and neutrophil count). Carriage of the G allele at rs2015583 is
associated with decreased risk of leprosy and childhood-onset asthma, but increased risk of
inflammatory bowel disease and increased neutrophil and white cell counts.

Signatures of selection at the leprosy-associated locus

The identification of a pleiotropic locus for leprosy, autoimmune and atopic disease risk sug-
gests a hypothesis in which selection pressure imposed by leprosy has shaped the evolution of
immune-mediated disease in modern populations. To further explore this we evaluated evi-
dence for recent positive selection at the identified locus, examining integrated haplotype
scores (iHS) [15] in 1000 Genome Project populations. In that analysis, we find evidence of
positive selection (rank p < 0.05) at a genomic region (chr10:104270877-104280877), which
overlaps with the leprosy-associated locus, in 16 of 25 1000 Genome Project populations (S6
Table), with the strongest evidence of selection (iHS>2) observed in 4 African ancestry popu-
lations (ASW, LWK, GWD and MSL).

Regulatory function at the leprosy risk locus

Trait-associated genetic variation identified by GWAS are highly enriched for regulatory varia-
tion. To understand whether the identified leprosy-associated variation at chromosome
10q24.32 was likely to operate through regulation of gene expression we explored overlap
between SNPs in the 99% credible set (n = 32) and functional chromatin states in nine cell
types using ENCODE annotations (S7 Table) [16]. Overlap of credible set SNPs with regula-
tory chromatin states is most marked in K562 cells (a myeloid leukaemia cell line), with 11 of
32 credible set SNPs overlapping with chromatin states suggestive of regulatory function; 7
with strong enhancers, 3 with weak enhancers and one with an active promoter. One 99%
credible set SNP, rs2274351:T, lies within an active promoter in all nine cell types
(chr10:104,260,000-104,265,601), which is located at the 5" end of two genes; ACTRIA and
SUFU. Moreover, rs2274351 is located within the binding motifs of two transcription factors;
CNOT3 and TRIM28.

To further explore whether leprosy-associated genetic variation at chr10q24.32 modifies
leprosy risk through its effect on gene expression, we investigated whether the leprosy risk
locus colocalises with expression quantitative trait loci (¢QTL) in skin, peripheral nerves and a

Table 2. Effect of rs2015583 genotype on risk of leprosy in Malawi & Mali.

Malawi Cases
Controls

Mali Cases
Controls

Meta-analysis Cases
Controls

Numbers Genotypes MAF OR (95% CI) p-value
284 11/90/183 0.196 0.52 (0.38-0.7) p =699 x 1076
328 27/137/164 0.292
208 12/71/125 0.229 0.50 (0.34-0.72) p=114x 107
311 55/151/105 0.418
492 23/137/308 0.21 0.51 (0.4-0.64) p=8381x 107°
639 82/288/269 0.354

MAF, minor allele frequency. CI, confidence interval.

https://doi.org/10.1371/journal.ppat.1010312.t002

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010312  September 19, 2022 6/27


https://doi.org/10.1371/journal.ppat.1010312.g002
https://doi.org/10.1371/journal.ppat.1010312.t002
https://doi.org/10.1371/journal.ppat.1010312

PLOS PATHOGENS Host genetics of leprosy susceptibility in Africa

range of primary immune cells; monocytes [17], B cells [18], NK cells [19], neutrophils [20],
CD4" T cells and CD8" T cells [21]. In keeping with the observation that a credible set SNP for
the leprosy association overlaps with an active promoter 5 to ACTRIA, among eQTL mapping
data in primary immune cells (Fig 3A), there is evidence for colocalisation between the leprosy
risk locus and an eQTL for ACTRIA expression in CD4" T cells (posterior probability of colo-
calisation, PP4 = 0.94). We observe no evidence for colocalisation between the leprosy risk
locus and gene expression in other primary immune cells (Fig 3A, S8 Table). The leprosy pro-
tective allele, rs2015583:G, is associated with reduced ACTRIA expression in CD4" T cells
(p=4.69 x 1077, B =-0.085). In skin and peripheral nervous tissue, however, there is evidence
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Fig 3. ACTR1A and TMEM180 are candidate mediators of leprosy susceptibility at chromosome 10q24.32. (A) Association of rs2015583:G
genotype with gene expression in primary immune cells. Associations for which there is evidence of a shared causal variant with the leprosy association
are highlighted (pink). (B) Association of rs2015583:G genotype with gene expression in skin (sun exposed and unexposed) and peripheral nervous
tissue (tibial nerve). Associations for which there is evidence of a shared causal variant with the leprosy association are highlighted (pink). (C) Evidence
for colocalisation of the leprosy association signal at chr10q24.32 with ACTRIA expression in CD4" T cells and TMEM 180 expression in skin (sun
unexposed) and peripheral nerves. SNPs are coloured according to linkage disequilibrium to rs2015583 as above. PP4, posterior probability of signal
colocalisation. (D) ACTRIA and TMEM180 expression in skin biopsy samples from healthy controls (HC, n = 9) and skin lesions from leprosy patients
(n = 67) from the Belone et al microarray data [22]. (E) ACTRIA expression in skin biopsy samples from healthy controls (HC, n = 9) and skin lesions
from leprosy patients with lepromatous (LL, n = 4), tuberculoid (TT, n = 10) and borderline (B, n = 30) disease from the Belone et al microarray data
[22]. (F) ACTRI1A expression in skin biopsy samples from leprosy patients with lepromatous (LL, n = 9) and tuberculoid (TT, n = 6) disease from the
Montoya et al dataset [23]. P-values for comparison of two groups were derived with t-tests (normally distributed data) or Mann-Whitney tests (non-
normally distributed data). Comparison of expression across multiple groups was performed by ANOVA, with subsequent pairwise testing with
Tukey’s HSD tests.

https://doi.org/10.1371/journal.ppat.1010312.9003
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for colocalisation between the leprosy risk locus and an eQTL for TMEM180 expression (Fig
3B, PP4 = 0.92 and PP4 = 0.95 respectively), with the leprosy protective allele being associated
with reduced expression of TMEM180 in both cell types (skin—sun unexposed,
p=1.84x10""°, B =—-0.174; tibial nerve, p = 1.07 x 10~>°, B = —0.596).

Candidate gene expression in leprosy

Having identified two distinct candidates in ACTRIA and TMEM180 for mediation of the lep-
rosy risk effect at chromosome 10q24.32, we sought to explore the expression of both genes in
the context of leprosy. To do this we downloaded publicly-available gene expression data in
whole blood and skin from patients with leprosy and healthy controls [22-25], exploring evi-
dence for differential expression of ACTRIA and TMEM180 in leprosy. There is no evidence
of differential gene expression of ACTRIA (p = 0.747) or TMEM180 (p = 0.069) in the whole
blood of household contacts of leprosy patients in Bangladesh who do not develop disease

(n =40) and those that do (n = 40), either before onset of disease or at diagnosis (S3 Fig) [25].
In keeping with this, genotype at rs2015583 is not associated (p < 0.05) with expression of any
gene in cis in the whole blood of Vietnamese borderline leprosy patients (n = 51) either unsti-
mulated or following stimulation with sonicated M. leprae (54 Fig) [24].

We then explored whether expression ACTRIA or TMEM180 was perturbed in leprosy
skin lesions. In comparison to healthy skin samples (n = 9), gene expression of ACTRIA is sig-
nificantly down-regulated in skin lesions (n = 67) from patients with leprosy in Brazil (Fig 3D,
p =0.0004) [22]. In these data there is no evidence for differential expression of TMEM180 in
leprosy skin lesions (Fig 3D, p = 0.822). To further explore the down-regulation of ACTRIA
expression in leprosy skin lesions, we investigated the effect of subtype of clinical leprosy on
ACTRIA expression in the same dataset [22]. In that analysis (Fig 3E) the down-regulation of
ACTRIA expression in leprosy skin lesions compared to healthy controls is seen in tuberculoid
(p = 0.0085) and borderline forms of leprosy (p = 0.0003), but not in lepromatous disease
(p = 0.218). We replicated this finding in a complementary RNA-Seq dataset of leprosy skin
lesions from individuals with lepromatous leprosy (n = 9) and tuberculoid disease (n = 6) [23].
In these data we again see significant down-regulation of ACTRIA expression in lesions of lep-
rosy patients with tuberculoid disease compared to lepromatous disease (Fig 3F, p = 0.0007).

Replication of leprosy HLA associations

The observation that class I and II HLA alleles are key determinants of leprosy risk has been
highly reproducible across diverse populations [8, 11, 12]. Motivated by this, and by evidence
of association in the HLA observed in our data (Fig 1), we explored evidence for leprosy associ-
ation in the HLA in Malawi and Mali at the level of SNPs and classical HLA alleles. In a fixed-
effects meta-analysis of leprosy association in Malawi and Mali (Fig 4A, S9 Table), the peak
classical allele association is a class II allele: HLA-DQB1*04:02 (p = 6.74 X 10>, FDR = 0.0063,
OR =2.195% CI 1.75 — 2.51). We also observed a leprosy association in the class I region, at
HLA-B*49:01 (p x 6.02 x 10~*, FDR = 0.0156), which is independent of HLA-DQB1*04:02 (S5
Fig). No significant residual associations were observed after conditioning on both
DQB1%04:02 and HLA-B*49:01 (S6 Fig). There is no evidence for heterogeneity of effect
between populations at HLA-DQB1*04:02 or HLA-B*49:01 (heterogeneity p = 0.8836 and

p =0.7049, Fig 4B), and the data best supports a model in which both HLA-DQB1*04:02 and
HLA-B*49:01 modify risk of both paucibacillary and multibacillary leprosy (log10 Bayes fac-
tors = 2.22 and 0.43 respectively, Fig 4C and 4D). HLA-DRB1*15:01 has been identified as a
dominant determinant of leprosy risk in Chinese populations [8], with confirmatory evidence
of association in Vietnamese [26] and Brazilian [27] populations. In our study samples
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Fig 4. MHC leprosy association in Malawi and Mali. (A) Regional association plot of leprosy association across the HLA region.
Association statistics represent a fixed-effects meta-analysis of additive association with disease in Malawi and Mali. SNPs are
coloured according to linkage disequilibrium to rs9270926, and genotyped SNPs marked with black plusses. Imputed classical HLA
alleles are plotted as diamonds, with significantly associated (FDR <0.05) alleles highlighted in blue. (B) Log-transformed odds ratios
and 95% confidence intervals of HLA-DBQ1*04:02 and HLA-B*49:01 associations with leprosy in Malawi and Mali. (C) Log-
transformed odds ratios and 95% confidence intervals of HLA-DBQ1*04:02 and HLA-B*49:01 associations with leprosy stratified by
multibacillary and paucibacillary disease. (D) Posterior probabilities of models of HLA-DBQ1*04:02 and HLA-B*49:01 associations
with leprosy: “Null”, no association with leprosy; “MB”, non-zero effect in multibacillary leprosy alone; “PB”, non-zero effect in
paucibacillary leprosy alone; “Both”, the same non-zero effect is shared by individuals with multibacillary and paucibacillary leprosy.

https://doi.org/10.1371/journal.ppat.1010312.9004
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HLA-DRB1*15:01 carriage is rare, with only 2 individuals carrying HLA-DRB1*15:01 alleles
in Malawi (both cases) and no HLA-DRB1*15:01 alleles observed in Mali.

Replication of known leprosy associations outside the HLA

Our identification of a genetic variant modifying leprosy risk in African populations, but not
in Chinese populations, highlights the inter-population heterogeneity that has been observed
across large-scale genetic studies of leprosy susceptibility [8, 11, 12]. We thus sought to repli-
cate evidence for leprosy association at genetic loci outside the HLA associated with leprosy
risk in other populations. In this analysis we included variants associated with leprosy suscepti-
bility at genome-wide significance in other populations [5-11, 28-30], alongside variants at
LRRK2 [9] and PRKN [30], and pathogenic variants at NOD2 [31]. We have previously pub-
lished a replication analysis at rs3764147 (the leprosy-associated SNP at LACCI) in the Mali
samples [32]. Of 37 leprosy risk loci assessed, 3 were not reliably imputed in our dataset
(rs145562243, rs6871626, rs1873613) and 10 (rs146466242, rs925368, rs671, rs149308743,
rs142179458, rs75680863, rs2066844, rs76418789, rs5743291, rs663743) were monomorphic
or at very low frequency (MAF<1%) in our study samples (S10 Table). We were thus able to
assess replication at 24 loci, at which our study had adequate power (>80%) to replicate

(p < 0.05) findings at 7 loci. We were able to replicate leprosy associations at 2 loci (Fig 5A); a
missense SNP in LACCI, rs3764147 (p = 0.004, OR = 1.36 95% CI 1.10 — 1.67), and a missense
SNP in SLC29A3, rs780668 (p = 0.034, OR = 1.28 95% CI 1.02 — 1.60). There is no evidence for
heterogeneity of effect between populations at rs3764147 or rs780668 (heterogeneity p = 0.444
and p = 0.159, Fig 5A), and the data best supports a model in which both rs3764147 and
rs780668 modify risk of both paucibacillary and multibacillary leprosy (log10 Bayes fac-

tors = 1.64 and 0.68 respectively, Fig 5B and 5C).

Our failure to replicate evidence for leprosy association at more than 2 loci reflects a lack of
study power at 17 of 24 SNPs assessed (S10 Table). Our study power is in part a reflection of
our modest sample numbers, but is also contributed to by allele frequency differences between
discovery populations and our study samples. At 20 of 37 loci, the allele frequency difference
between that reported in the discovery analysis and our study samples was >10%, of which 14
resulted in decreased power to detect a genetic association in African populations (S10 Table).
A striking example of this is at the ILIS8RAP/IL18R1 locus (rs2058660), at which the discovery
population MAF is 0.49 [29], falling to 0.10 and 0.11 in Malawi and Mali respectively. We fur-
ther considered whether our failure to replicate previously-reported leprosy associations could
represent differential linkage disequilibrium to an undefined causal locus between study popu-
lations. To test this, we examined evidence for leprosy association within 250kb of each previ-
ously-reported leprosy risk locus outside the HLA. In that analysis we identified a promoter
variant in RAB32, rs34271799, with suggestive evidence of association with leprosy risk in
Malawi and Mali (ppsazaws = 0.0023, pazars = 0.0034, peonsmep = 6.00 x 1073 OR = 0.42, 95%
CI=0.28 - 0.64, S7 Fig). There was no evidence suggestive of leprosy association
(p < 1 x 10~*) within 250kb of any other previously identified leprosy risk locus. Finally, we
assessed whether any failure of replication may represent differences in proportion of pauciba-
cillary and multibacillary leprosy between our study samples and other sample collections. In
that analysis there is no evidence that our lack of replication reflects effects restricted to multi-
bacillary or paucibacillary disease (S11 Table).

Discussion

In this study, we demonstrate that genetic variation at chromosome 10q24.32 is a determinant
of leprosy risk in African populations. We expand upon this, identifying evidence of recent
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Fig 5. Replication of leprosy associations at LACC1 and SLC29A3 in Malawi and Mali. (A) Log-transformed odds ratios and 95% confidence
intervals of rs3764147 and rs780668 associations with leprosy in Malawi and Mali. (B) Log-transformed odds ratios and 95% confidence intervals of
rs3764147 and rs780668 associations with leprosy stratified by multibacillary and paucibacillary disease. (C) Posterior probabilities of models of
rs3764147 and rs780668 associations with leprosy: “Null”, no association with leprosy; “MB”, non-zero effect in multibacillary leprosy alone; “PB”, non-
zero effect in paucibacillary leprosy alone; “Both”, the same non-zero effect is shared by individuals with multibacillary and paucibacillary leprosy.

https://doi.org/10.1371/journal.ppat.1010312.9005

positive selection at this locus as well as evidence of pleiotropy, suggesting a shared genetic
architecture of leprosy, inflammatory bowel disease and atopy. In common with many exam-
ples of trait-associated genetic variation identified by GWAS [33], there is evidence for regula-
tory activity at 10g24.32, and by integrating data describing chromatin state, e€QTL mapping
and differential gene expression in leprosy, we identify ACTRIA as a candidate mediator of
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leprosy risk. Furthermore, we replicate previously identified leprosy susceptibility loci at
LACCI, SLC29A3, and with HLA Class I and II alleles.

Our identification of a genetic locus modifying leprosy susceptibility in African popula-
tions, but with no effect on leprosy risk in well-powered GWAS in Chinese populations, is
consistent with the existence of heterogeneity of genetic architecture of leprosy risk between
populations. In keeping with this, we observe no evidence of leprosy association in Malawi or
Mali at 6 of the 7 non-HLA loci at which we have adequate study power to assess this. Interest-
ingly, while we observe no evidence of association with leprosy overall in Indian-ancestry indi-
viduals, we do see an effect of rs2015583 genotype on risk of multibacillary leprosy in this
population, with an effect size and direction of effect consistent with that observed in African
populations. This observation differs from our findings in African populations, where the
effect of rs2015583 is not restricted to multibacillary disease, and the effect of this locus on lep-
rosy risk in India will need to be clarified in future studies.

We hypothesized that some of these inter-population differences may reflect differential
effects of genetic risk loci on multibacillary and paucibacillary disease. While we find no evi-
dence to support this in the African data, the observation that rs2015583 appears to have mul-
tibacillary disease-specific effects in Indian-ancestry populations is intriguing and suggests
that this effect may play a role in inter-population heterogeneity of effect in some settings. In
addition, differential linkage disequilibrium between assayed variation and a shared causal
locus may explain some of the observed inter-population genetic heterogeneity of leprosy risk.
In keeping with this we observe modest evidence of leprosy association at RAB32, which is dis-
tinct from that reported in Chinese populations. Understanding whether genetic variation at
RAB32 is associated with leprosy risk in African populations, and whether this is distinct from
that observed in Chinese populations, will require replication in additional study populations.
It is also important to note that Malawi and Mali are themselves distinct populations, and
fixed-effects meta-analysis without modelling inter-population ancestry differences, for
instance with MR-MEGA [34], may have compromised study power.

Our data provide further support for the observation that leprosy and inflammatory bowel
disease have a shared genetic architecture [13, 35]. We expand on this observation, identifying
pleiotropy at the leprosy-associated locus with inflammatory bowel disease and childhood-
onset asthma, suggesting a model in which selection pressure imposed by M. leprae has shaped
the evolution of both autoimmune and atopic disease in modern populations. We also identify
evidence for recent positive selection at 10q24.32, which overlaps with the leprosy-associated
locus, in particular in African populations. The identification of recent positive selection at
this locus and of pleiotropy to inflammatory bowel disease risk is consistent with previously-
published data demonstrating enrichment for signatures of natural selection among inflamma-
tory bowel disease susceptibility loci identified by GWAS [13]. Selection pressure imposed by
leprosy is unlikely to have operated through increased mortality, but may have done so
through reduced fertility among cases [36]. Indeed men and women with lepromatous leprosy
have been reported to have a 40% and 85% reduction in birth frequency respectively [37]. It is
also plausible that there have been additional agents of selection pressure operating at this
locus, for instance infections with high mortality in early life, and that risk of leprosy and auto-
immune/atopic disease have been jointly shaped by an unidentified, additional selective force.

Integrating data describing chromatin state [16] and eQTL mapping [17-21, 38] in a range
of tissues we identify robust evidence of regulatory activity at the leprosy-associated locus. One
of the credible set SNPs we identify in the leprosy GWAS, rs2274351:T, is located in an active
promoter at the 5" ends of two genes (ACTRI1A and SUFU). In keeping with this, the leprosy
association at 10q24.32 colocalises with determinants of gene expression in CD4" T cells, skin
and peripheral nerves. In CD4" T cells the leprosy-associated locus is a determinant of
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ACTRIA expression, however in skin and peripheral nerves it determines TMEM180 expres-
sion. To help address this ambiguity, we explored whether expression of ACTRIA or
TMEM180 is associated with leprosy disease in previously-published transcriptomic studies
[22-25]. While there is no evidence for differential expression of TMEM180 in the context of
leprosy, we find evidence that ACTRIA expression is down-regulated in leprosy lesions com-
pared to the skin of healthy controls, and that it is also differentially expressed according to
clinical subtype of leprosy. Taken together, chromatin state, eQTL mapping data and differen-
tial gene expression in the context of leprosy, identifies ACTRIA as a novel candidate mediator
of leprosy susceptibility. It is noteworthy, however, that there are limitations to our regulatory
mapping in this context. Performing colocalisation between a leprosy GWAS in African-
ancestry individuals and eQTL mapping data from individuals of European ancestry makes
the assumption that the underlying causal regulatory determinants are shared between popula-
tions. While population-specific eQTLs are uncommon [39], they are well described [40]. Sim-
ilarly, the observation that the leprosy associated signal colocalises with two different genes in
different tissues highlights the high levels of regulatory activity at this locus, and it remains
plausible that leprosy susceptibility at this locus operates in a tissue or context not assessed
here, and that pleiotropy with other traits at this locus could operate through distinct regula-
tory mechanisms.

Our leading candidate mediator of leprosy risk at 10q24.32, ACTRIA expression in CD4" T
cells, is highly biologically plausible as a determinant of leprosy. ACTR1A encodes actin-
related protein-1 (ARP1), a component of the dynactin complex. Dynactin interacts with the
cytoplasmic motor, dynein, facilitating intracellular trafficking of a wide range of intracellular
cargos [41, 42]. In T cells specifically, dynactin/dynein complexes direct the accumulation of
TCRs and secretory vesicles at the immunological synapse [43, 44], and are required for
nuclear translocation of NFxB in response to T cell stimulation [45]. An eQTL operating in
CDA4" T cells modifying leprosy risk reflects the established role of T cell-mediated immunity
in leprosy biology. The spectrum of leprosy disease is defined by host T cell responses, with
tuberculoid disease being characterised by robust CD4" T cell IFNy responses and patients
with lepromatous disease failing to mount anti-M. leprae cell-mediated responses [46]. Simi-
larly, leprosy reversal reactions, characterised by painful inflammation of leprosy lesions, are
associated with infiltration of IFNy producing CD4" T cells [47]. In addition, the highly repro-
ducible association between MHC class II alleles and leprosy strongly suggests a role for M.
leprae antigen presentation as a determinant of leprosy susceptibility per se. Our data are com-
plementary to these observations, suggesting a model in which CD4" T cell activation, deter-
mined at the level of the T cell as well as that of the antigen presenting cell, modifies
susceptibility to leprosy.

Here we define a novel susceptibility locus for leprosy in African populations. Genetic vari-
ation at that locus has been subject to recent positive selection pressure, and has pleiotropic
effects on hematological indices and risk of inflammatory bowel disease and childhood-onset
asthma. Consistent with previous data describing a shared genetic architecture for leprosy and
inflammatory bowel disease, our study lends weight to the hypothesis that infections, including
leprosy, have directed the evolution of autoimmune and atopic disease. Integrating chromatin
state, eQTL mapping and transcriptomic data we identify ACTRIA as a candidate effector of
leprosy risk at this locus, an observation that has the potential to deepen our understanding of
leprosy biology, which will be key in informing the development of novel control strategies. By
performing a GWAS for leprosy in Africa we are able to identify trait-associated variation,
which has not been identified in previously-published, large-scale studies in populations out-
side Africa. As such, our study emphasises the utility of defining the genetics of disease risk
across multiple populations.
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Materials and methods
Ethics and consent

Following explanation of the study, cases and controls were recruited following verbal consent
of the participant. Children were recruited following written, informed consent of their par-
ent/guardian. The study protocol detailing recruitment and sample collection within KPS,
Malawi was approved by the National Health Sciences Research Committee of Malawi and by
the Ethics Committee of the London School of Hygiene and Tropical Medicine. The study pro-
tocols detailing recruitment and sample collection at the Institut Marchoux, Mali and at the
Centre Hospitalier Universitaire Gabriel Toure, Bamako, Mali were approved by the Univer-
sity of Bamako Ethics Review Board. Genotyping and imputation for additional Malian con-
trols were collected as part of the MalariaGEN project, for which the study protocol was
reviewed by Oxford University Tropical Research Ethics committee (OXTREC), Oxford, UK
(OXTREC 020-006). The overall study design, including re-appraisal of study samples using
genome-wide genotyping, was reviewed and approved by Oxford University Tropical Research
Ethics committee (OXTREC), Oxford, UK (OXTREC 560-15).

Study participants

Leprosy case and control samples were recruited to the study in Karonga, Malawi and Bamako,
Mali. Participant recruitment in Malawi [48, 49] and Mali [50] have been described previously.
In brief, cases of leprosy were diagnosed in both settings on the basis of clinical examination,
split skin smear and histopathologic examination of biopsy material. Adults or children with
“certain” or “probable” cases were considered eligible for recruitment [51]. Cases were further
defined as having paucibacillary or multibacillary disease on the basis of clinical examination
and bacteriological index >1 on slit-skin smear or biopsy.

In Malawi, cases (n = 327) and controls (n = 436) were recruited to the study within the
KPS, along-term community-based, epidemiological study in Northern Malawi [52]. Leprosy
cases were identified through active population surveys in the 1980s, followed by enhanced
passive case detection in the 1990s. Control samples were individuals within the KPS with no
history or clinical features of leprosy, matched to case samples with respect to age, sex and geo-
graphic area of residence.

In Mali, between April and June 1997, patients with leprosy (n = 247) presenting to Institut
Marchoux, Bamako, Mali (formerly Mali’s national leprology center now Hopital Dermatolo-
gique de Bamako) were recruited to the study as described previously [50]. Control partici-
pants (n = 185), following exclusion of leprosy by clinical examination and history, were
recruited in the same study setting among hospital staff and patients with diagnoses other than
leprosy. In addition, we supplemented control numbers in the Malian replication study using
healthy control samples (n = 183), also recruited in Bamako, collected as part of the Malaria-
GEN project [53, 54].

Cases in Malawi were recruited at a median age of 47 years (range 15 to 83 years) and 187
were female (57%). Among leprosy cases in Malawi, 47 had multibacillary disease and 275 pau-
cibacillary disease. Control samples in Malawi were recruited at a median age of 44 years
(range 15 to 82 years) and 273 were female (63%). Cases in Mali were recruited at a median
age of 45 years (range 13 to 85 years) and 136 (55%) were female. Among leprosy cases in
Mali, 165 had multibacillary disease and 82 paucibacillary disease. Control samples in Mali
were recruited at a median age of 30 years (range 14 to 72 years) and 113 were female (62%).
Additional MalariaGEN control samples were recruited at a median age of 3 years (range 0 to
15 years) and 91 (50%) were female.
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Genotyping

Genomic DNA was extracted from study samples as described previously [48, 50].

Following quantification [55], samples were genotyped using the Illumina African Diaspora
Power Chip platform [56] and genotypes called using GenCall in GenomeStudio (Illumina).
Using consensus strand information from the array manifest file and a remapping

pipeline (Dr William Rayner, Wellcome Centre for Human Genetics, Oxford) we aligned
genotypes such that all alleles are on the forward strand. Throughout genetic positions reflect
GRCh37.

Sample quality control

We calculated per sample quality control (QC) metrics in PLINK [57]. For each sample we cal-
culated the proportion of missing genotype calls, heterozygosity and the mean X and Y chan-
nel intensities. We plotted mean X and Y channel intensities (S8 Fig) and missingness against
heterozygosity (S9 Fig), defining outlier samples using ABERRANT [58]. We used PLINK to
estimate sample sex from genotype data, excluding samples with discordant genotype and
metadata sex information. To identify duplicated and related samples, we calculated pairwise
relatedness between samples in PLINK. We considered samples with relatedness > 0.75 to be
duplicates, and additionally identified samples with relatedness > 0.2. In both cases we
retained the sample with the highest genotyping call rate of a duplicated/related sample pair.
We calculated principal components (PC) in EIGENSTRAT [59]. To identify population outli-
ers, we plotted study sample PCs against a background of African Genome Variation Project
[60] samples, identifying outliers by visual inspection (S10 Fig). For both PC and relatedness
computations we used an LD-pruned SNP set with regions of high linkage disequilibrium
(LD) excluded. The first two major principal components differentiate self-reported ethnicity
in both Malawi (S11 Fig) and Mali (S12 Fig).

SNP quality control

Prior to genome-wide imputation, we extracted genotypes from non-duplicated, autosomal
SNPs and applied the following SNP QC filters; SNP missingness > 10%, minor allele fre-
quency (MAF) < 1%, Hardy-Weinberg equilibrium (HWE) p < 1 x 10 and plate effect

p < 1x107°. HWE was calculated among control samples for each cohort. Plate effect repre-
sents an association test of nondifferential missingness with the plate on which each sample
was genotyped.

Imputation

Following sample (S12 Table) and SNP (S13 Table) QC, genotypes at 351,236 autosomal SNPs
from 612 samples (Malawi) and genotypes at 367,433 autosomal SNPs from 350 samples
(Mali) were taken forward for phasing and genome-wide imputation. We performed phasing
of genotypes in SHAPEIT2 [61], phasing genotypes across each chromosome for all samples
from each country jointly. We then imputed untyped autosomal genotypes using IMPUTE2
(v2.3.0) [62, 63], in 5Mb chunks using the 1000 Genomes Phase III as a reference panel. We
used 250kb buffer regions and effective sample size of 20,000.

HLA imputation

We used HLA*IMP:03 [64] to impute classical HLA alleles into our datasets. As input to
HLA*IMP we used genotypes passing sample and SNP QC thresholds in the HLA region
(chr6:28Mb-36Mb). HLA*IMP:03 uses a multi-population reference panel, including
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individuals of African ancestry. HLA imputation performed well, with estimated imputation
accuracies ranging between 95% and 99.8%. We took forward HLA alleles present in both
Malawi and Malawi (MAF > 1%), including 93 classical alleles (42 class I and 51 class II) in
downstream analysis.

Additional cross-platform quality control

We noted that relatively few Mali control samples (n = 142) were available for inclusion in the
association analysis. To address this, we used genotypes from additional control samples
(n = 183) of representative ethnicity collected as part of the MalariaGEN project [53, 54].
These samples have been genotyped on the Illumina Omni 2.5M platform. Sample genotypes
have been phased using SHAPEIT?2 [61] and untyped genotypes imputed genome-wide using
IMPUTE2 (v2.3.2) [62, 63] with 1000 Genomes Phase III as a reference panel. The SNP and
sample QC used in processing these samples [53] is highly analogous to the QC we applied to
our study samples. MalariaGEN SNP QC excluded poorly genotyped SNPs using the following
metrics; SNP missingness (thresholds 2.5-10% dependent on study population), MAF < 1%,
HWE p < 1 x 107, plate effect p < 1 x 10> and a recall test quantifying changes in genotype
following a re-clustering process p < 1 x 10~°. MalariaGEN sample QC excluded samples
prior to imputation according to the following metrics; channel intensity, missingness, hetero-
zygosity (outlier thresholds determined by ABERRANT [58]), population outliers and dupli-
cated samples (relatedness > 0.75). Of note, related samples (relatedness > 0.2) are retained
for imputation purposes.

We defined a shared subset of SNPs genotyped and passing SNP QC on both platforms
(n =26, 136), from which we calculated relatedness estimates and PCs. We removed one of
related pairs (relatedness > 0.2) from the MalariaGEN samples, which resulted in a final sam-
ple size of 519 (208 cases, 311 controls). Inspection of the PCs demonstrate no further popula-
tion outliers, and that the 10 major PCs are nondifferential with respect to genotyping array
(S12 Fig).

Association analysis

Following imputation, SNPs were taken forward for association analysis if they passed the fol-
lowing QC metrics; MAF >4%, imputation info score >0.4, HWE p > 1 x 10™'. For the Mali
samples, these QC filters were applied overall and for samples genotyped on each genotyping
platform individually. At each variant passing QC we tested for association with leprosy case-
control status in a logistic regression model in SNPTEST [65] in each cohort. At loci of inter-
est, we used multinomial logistic regression, implemented in SNPTEST, to estimate the effect
of the genetic variation on leprosy risk stratified by multibacillary and paucibacillary disease.
We used control status as the baseline stratum and cases of multibacillary and paucibacillary
leprosy as strata. To account for confounding variation, in particular population structure, we
included the six major principal components of genotyping data in all models. In addition, in
Mali, we included genotyping platform as an additional categorical covariate. At variants pass-
ing QC thresholds in both cohorts, we then performed genome-wide meta-analysis under a
frequentist fixed-effects model using BINGWA [66]. For association analysis using HLA allele
imputations we coded posterior probabilities of each HLA allele to represent carriage of 0, 1 or
2 copies of that allele. Association analysis and meta-analysis was performed in SNPTEST and
BINGWA as above. For HLA association analysis we corrected for the number of classical
alleles tested (n = 93) and considered FDR <0.05 to be significant.
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Bayesian comparison of models of association

We compared models of association at loci of interest with multibacillary and paucibacillary
leprosy, as estimated by multinomial logistic regression, using a Bayesian approach. We con-
sidered four models of effect, defined by the prior distributions on the effect size:

“Null”: effect size = 0, i.e. no association with leprosy.
“MB”: effect size N(0, 0.2°) for multibacillary disease, but no effect in paucibacillary disease.
“PB”: effect size N(0, 0.2°) for paucibacillary disease, but no effect in multibacillary disease.

“Both”: effect size N(0, 0.2%) and fixed between multibacillary and paucibacillary disease
(p=1).

For each model we calculated approximate Bayes factors [67] and posterior probabilities,
assuming each model to be equally likely a priori. Statistical analysis was performed in R.

Definition of credible SNP sets

We used a Bayesian approach to identify a set of SNPs with 99% probability of containing the
causal locus at the leprosy susceptibility locus at chr10q24.32. Approximate Bayes’ factors [67]
were calculated for each SNP in the region (a 200kb surrounding rs2015583) with a prior dis-
tribution of N(0, 0.2%). All SNPs were considered equally likely to be the causal variant a priori.
A set of SNPs with 99% probability of containing the causal SNP was defined as the smallest
number of SNPs for which the summed posterior probabilities exceed 0.99.

Association analysis at rs2015583 in non-African populations

To assess the effect of rs2015583 genotype on leprosy risk in Chinese populations, we obtained
summary statistics of previously-published GWAS of leprosy susceptibility in 6,316 individuals
(2,743 cases, 3,573 controls) [5, 8, 9]. Effect estimates were combined across all Chinese studies
and populations in a fixed effects meta-analysis.

We further sought to assess the effect of rs2015583 genotype on leprosy risk in Indian
ancestry individuals, leveraging a previously-published sample collection of 258 leprosy cases
and 300 healthy control samples genotyped on the Illumina IBC gene-centric 50k array [11].
Sample quality control has been previously described [11], with samples with call rates <90%,
pairwise IBD>>0.2, outlier heterozygosity and ancestry (as estimated by principal component
analysis of genotyping data) being excluded from the association analysis, resulting in a final
sample size of 448 individuals. The locus of interest is not directly typed on the Illumina IBC
gene-centric 50k array, and we therefore imputed genotypes at rs2015583 in the study samples.
To maximise imputation accuracy we imputed genotypes in a 2Mb window centered on
rs2015583 using IMPUTE2 (v2.3.0) [62, 63] without prephasing, with 1Mb buffer regions and
using 100 template haplotypes for phasing. Prior to imputation we excluded SNPs with SNP
missingness >10%, MAF <1%, Hardy-Weinberg equilibrium (HWE) p < 1 x 10~*°. Imputed
genotypes at rs2015583 passed post-imputation quality control thresholds; MAF = 0.38, impu-
tation info score = 0.43, HWE p = 0.16. We performed association analysis in 448 individuals,
comprising 209 leprosy cases (108 multibacillary, 101 paucibacillary) and 239 controls. We
tested for association between leprosy case-control status and genotype at rs2015583 in a logis-
tic regression model. We used multinomial logistic regression to estimate the effect of the
genotype at rs2015583 on leprosy risk stratified by multibacillary and paucibacillary disease. In
both models we included the six major principal components of genotyping data (S13 Fig) to
account for confounding variation. Association analysis was performed using SNPTEST [65].
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Association analysis at rs2015583 in tuberculosis

To assess the effect of rs2015583 genotype on tuberculosis risk in Ghana and The Gambia, we
analysed data from previously published GWAS of tuberculosis in these populations [68].
Gambian samples (1,316 cases, 1,382 controls) were genotyped on an Affymetrix GeneChip
500K array and Ghanaian samples (1,359 cases, 1,952 controls) on an Affymetrix Genome-
Wide Human SNP 6.0 Array. We performed imputation in both sample sets using SHAPEIT2
[61] and IMPUTE2 (v2.3.0) [62, 63] using the 1000 Genomes Project Phase III as a reference
panel. Genotypes at rs2015583 were well-imputed, imputation info score = 1.00 and 0.97 in
Ghana and The Gambia respectively. The minor allele at rs2015583 was common in Ghana
and The Gambia (MAF = 0.33 and 0.43 respectively).

Signatures of positive selection

To assess evidence for recent positive selection at leprosy associated loci we downloaded iHS
estimates in 10kb windows genome-wide in all 1000 Genomes Project Phase III samples from
https://pophuman.uab.cat/ [69]. Within each population, we calculated rank p-values for iHS
at each genomic region as the proportional rank for the iHS genome-wide. We considered a
genomic region with a genome-wide rank p < 0.05 to constitute evidence of selection.

Functional annotation and pleiotropy

We downloaded chromatin state segmentation data across nine cell types (H1 ES, embryonic
stem cells; K562, erythrocytic leukemia cells; GM 12878, B-lymphoblastoid cells; HepG2, hepa-
tocellular carcinoma cells; HUVEC, umbilical vein endothelial cells; HSMM, skeletal muscle
myoblasts; NHLF, normal lung fibroblasts, NHEK, normal epidermal keratinocytes; HMEC,
mammary epithelial cells) from: http://genome.ucsc.edu/cgi-bin/hgFileUi?db=hg19&g=
wgEncodeBroadHmm. These data integrate data from nine chromatin marks to divide the
genomic regions into 15 functional states; active promoters, weak promoters, inactive/poised
promoters, strong enhancers (x2), weak/poised enhancers (x2), insulators, transcriptional
transition, transcriptional elongation, weakly transcribed, polycomb repressed, heterochroma-
tin/low signal and repetitive/CNV (x2) [16]. We assessed overlap of these functional states
within each cell type with the 99% credible SNP set (n = 32) defining the leprosy association at
chromosome 10q24.32. At rs2274351 we assessed evidence for overlap with transcription fac-
tor binding motifs using RegulomeDB v2.0: https://regulomedb.org/ (accessed 24th May
2022).

We used the R package coloc [70] to identify evidence of causal variants shared by eQTL in
primary immune cells and GWAS-identified trait associated loci (including leprosy). Coloc
adopts a Bayesian approach to compare evidence for independent or shared association signals
for two traits at a given genetic locus. We tested for colocalization between leprosy susceptibil-
ity at the chr10g24.32 locus and previously-published cis eQTL mapping studies in skin (sun
exposed, n = 605; sun unexposed, n = 517) and tibial nerve (n = 532) from Genotype-Tissue
Expression (GTEx) Project V8 [38] and in naive and stimulated primary immune cells from
individuals of European ancestry [17-21]; NK cells (n = 245), B cells (n = 283), monocytes
(n=414), CD4" T cells (n = 293), CD8™ T cells (n = 283), neutrophils (n = 101), LPS-stimu-
lated monocytes (2 hours, n = 261; 24 hours, n = 322) and [FNy-stimulated monocytes
(n =267). We downloaded GTEx Analysis V8 summary statistics from https://gtexportal.org/
home/ (accessed 05/18/2022). We considered evidence for colocalization for each gene within
a 250kb window of the peak leprosy association (rs2015583). We considered a posterior proba-
bility >0.8 supporting a shared causal locus to be significant.
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To assess evidence for pleiotropy with other disease traits we again used coloc to test for the
presence of a shared causal locus between the leprosy association at chromosome 10q24.32
and 55 GWAS traits (S5 Table); hematological indices (n = 26) and immune-mediated diseases
(n = 13) from the UK Biobank (http://www.nealelab.is/uk-biobank/, accessed 26th March
2021), immune-mediated diseases from the NHGRI-EBI GWAS Catalog (n = 13, ftp://ftp.ebi.
ac.uk/pub/databases/gwas/summary_statistics/, accessed 26th March 2021), and inflammatory
bowel disease traits from the International Inflammatory Bowel Disease Genetics Consortium
(n = 3, https://www.ibdgenetics.org/downloads.html, accessed 26th March 2021). We consid-
ered evidence for colocalization between leprosy an each trait for which there was evidence of
association (p < 1 x 10~°) within 250kb of rs2015583.

Differential gene expression analysis in leprosy

To assess differential expression of candidate mediators of leprosy susceptibility in whole
blood we used the Tio-Coma et al RNA-Seq dataset [25]. We downloaded RNA-Seq count
data from NCBI Gene Expression Omnibus (GEO, GSE163498), before Trimmed Means of M
values (TMM) normalisation in edgeR. We correlated log counts per million (log-CPM) for
each gene of interest with sample status (household contacts without leprosy, leprosy patients
before diagnosis and leprosy patients after diagnosis) using ANOVA, or Kruskal-Wallis tests if
the data was non-normally distributed.

To assess whether ex vivo stimulation of whole blood with M. leprae may reveal leprosy-spe-
cific regulatory function at the leprosy-associated locus we used the Manry et al microarray
and genotyping data from 51 Vietnamese patients with borderline leprosy [24]. We down-
loaded quality control filtered, genome-wide genotyping data available with the article, before
imputation of rs2015583 using Eagle2 and Minimac4 implemented in the Michigan Imputa-
tion Server [71]. Genotypes at rs2015583 were well-imputed (+* = 0.995) and the minor allele
is common (MAF = 0.416). We downloaded non-normalised microarray expression data from
GEO (GSE100853) removing probes with detection p < 0.05 in less than 3 samples. Expression
data was normalised with robust spline normalisation in the R package lumi [72]. We corre-
lated genotype at rs2015583 with each probe mapping to a gene in a 250kb window of
rs2015583 using linear regression, including 7 principal components of gene expression data
in the unstimulated samples and 8 in the stimulated samples (as used in the original
publication).

To investigate differential expression of candidate genes in skin from healthy controls and
lesions from leprosy patients we used the Belone et al microarray dataset [22] and the Montoya
et al RNA-Seq dataset [23]. For the Belone et al microarray data [22] we downloaded back-
ground subtracted and LOWESS normalised expression data from GEO (GSE74481). For the
Montoya et al RNA-Seq data [23] we downloaded DESeq2 normalised count data from GEO
(GSE125943). We compared gene expression between two groups with t-tests (normally dis-
tributed data) or Mann-Whitney tests (non-normally distributed data). Comparison of expres-
sion across multiple groups was performed by ANOVA, with subsequent pairwise testing with
Tukey’s HSD tests.

Supporting information

S1 Fig. Quantile-quantile plots of leprosy association. QQ-plots of leprosy association in
Malawi (284 cases, 328 controls, SNPs = 10,511,695), Mali (208 cases, 311 controls,

SNPs = 10,514,676) and fixed-effects meta-analysis of both populations (cases = 492, con-
trols = 639, SNPs = 9,616,523.

(TTF)
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S2 Fig. Manhattan plots of leprosy association. Manhattan plots of leprosy association in dis-
covery (Malawi, 284 cases, 328 controls, SNPs = 10,511,695) and replication (Mali, 208 cases,
311 controls, SNPs = 10,514,676) samples. P-value thresholds are annotated on the Malawi
Manbhattan plot: dashed line, p =5 x 1078 (genome-wide significance); dotted line, p = 1 x 107
(threshold for suggestive association). In Malawi, 142 SNPs exceed a significance threshold
p=1x10"and 1 exceeds p =5 x 10", In Mali 176 SNPs exceed a significance threshold
p=1x10"and I exceeds p=5x 107",

(TIF)

S3 Fig. Whole blood expression of ACTRIA and TMEM180 in leprosy cases and healthy
controls. ACTRIA and TMEM180 expression in whole blood of household contacts who do not
develop leprosy (HHC, n = 40) and those that do (n = 40); before diagnosis (Leprosy pre-Dx)
and at the point of diagnosis (Leprosy post-Dx). Data is taken from the Tio-Coma et al RNA-Seq
dataset [25] (GEO, GSE163498). Gene expression between groups is compared by ANOVA
(ACTRI1A), or Kruskal-Wallis tests (I'MEM180) if the data was non-normally distributed.

(TIF)

$4 Fig. Association between gene expression and genotype at rs2015583 in whole blood.
Effect of the rs2015583:G allele on gene expression at 9 genes in cis (within a 500kb window)
to rs2015583 in whole blood from leprosy patients (n = 51) with (left) and without (right) stim-
ulation with sonicated M. leprae. Data is taken from the Manry et al dataset [24] (GEO,
GSE100853). Genotype at 1s2015583 is correlated with gene expression using linear regression,
correcting for 7 principal components of gene expression data in the unstimulated samples
and 8 in the stimulated samples. Gene expression is not significantly associated (p < 0.05) with
rs2015583 genotype for any gene with or without stimulation.

(TTF)

S5 Fig. HLA Leprosy association conditioned on HLA-DQB1*04:02. Association statistics
represent a fixed-effects meta-analysis of additive association with disease in Malawi and Mali
conditioned on HLA-DQB1704:02. SNPs are coloured according to linkage disequilibrium to
rs2516438, and genotyped SNPs marked with black plusses. Imputed classical HLA alleles are
plotted as diamonds, with significantly associated (FDR <0.05) alleles highlighted in blue.
(TIF)

S6 Fig. HLA Leprosy association conditioned on HLA-DQB1%04:02 and HLA-B*49:01.
Association statistics represent a fixed-effects meta-analysis of additive association with disease
in Malawi and Mali conditioned on HLA-DQB1*04:02 and HLA-B*49:01. SNPs are coloured
according to linkage disequilibrium to rs115312361, and genotyped SNPs marked with black
plusses. Imputed classical HLA alleles are plotted as diamonds. No significantly associated
(FDR <0.05) alleles remain after conditioning on HLA-DQB1*04:02 and HLA-B*49:01.

(TTF)

S7 Fig. Evidence for leprosy association at the RAB32 locus. (A) Log-transformed odds
ratios and 95% confidence intervals of rs2275606 association (peak association in Chinese
GWAS data) with leprosy in Malawi, Mali and China. (B) Log-transformed odds ratios and
95% confidence intervals of rs34271799 association with leprosy in Malawi and Mali. (C)
Regional association plot of leprosy association at the RAB32 locus. Association statistics rep-
resent a fixed-effects meta-analysis of additive association with disease in Malawi and Mali.
SNPs are coloured according to linkage disequilibrium to rs34271799, and genotyped SNPs
marked with black plusses.

(TIF)
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S8 Fig. Sample X and Y channel intensities. (A) Mean X and Y channel intensities for Malawi
(top) and Mali (bottom) samples. Outlying samples were identified using ABERRANT and are
highlighted (orange).

(TIF)

S9 Fig. Sample missingness and heterozygosity. (A) Mean sample genotype missingness
plotted against heterozygosity for Malawi (top) and Mali (bottom) samples. Outlying samples
were identified using ABERRANT and are highlighted (orange).

(TIF)

$10 Fig. Population outliers. Plot of the major two principal components of genome wide
genotyping data. Malawi study samples are plotted in orange and Mali study samples in green,
against a background of African Genome Variation Project samples (gray). Outliers are
highlighted (black rings).

(TIF)

S11 Fig. Principal components of Malawian genome-wide genotyping data. Individuals are
color-coded according to self-reported ethnicity (top) and case-control status; cases in pink,
controls in green (bottom).

(TTF)

$12 Fig. Principal components of Malian genome-wide genotyping data. Individuals are
color-coded according to self-reported ethnicity (top), case-control status (middle; cases in
pink, controls in green), and genotyping platform (bottom; Omni 2.5M in purple, Africa Dias-
pora Power Chip in gray).

(TIF)

$13 Fig. Principal components of Indian genotyping data. Individuals are color-coded
according to case-control status (middle; cases in pink, controls in green).
(TIF)

S1 Table. Leprosy association statistics for suggestive associations in Malawi. Discovery
(Malawi), replication (Mali) and meta-analysis association statistics for loci suggestively associ-
ated (p < 1 x 10~°) with leprosy risk in Malawi.

(XLSX)

$2 Table. Leprosy association statistics for suggestive associations in meta-analysis. Dis-
covery (Malawi), replication (Mali) and meta-analysis association statistics for loci suggestively
associated (p < 1 x 107°) with leprosy risk in the meta-analysis.

(XLSX)

$3 Table. 99% credible set SNPs for leprosy association at chromosome 10q24.
(XLSX)

$4 Table. Study populations and leprosy association statistics at rs2015583 in the Chinese
replication analysis.
(XLSX)

S5 Table. Analysis of pleiotropy at the leprosy association at chromosome 10q24. Colocali-
sation analysis of 55 GWAS traits with the leprosy association at chromosome 10q24.
(XLSX)

S6 Table. Selection signatures at chromosome 10q24. Integrated haplotype scores (iHS) and
genome-wide log-rank p-values at chr10:104270877-104280877 in 25 1,000 genomes project
populations.

(XLSX)
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S7 Table. Chromatin state at chromosome 10q24. Chromatin state segmentation data
(http://genome.ucsc.edu/cgi-bin/hgFileUi?db=hg19&g=wgEncodeBroadHmm) across 9 cell
types (H1 ES, embryonic stem cells; K562, erythrocytic leukemia cells; GM 12878, B-lympho-
blastoid cells; HepG2, hepatocellular carcinoma cells; HUVEC, umbilical vein endothelial
cells; HSMM, skeletal muscle myoblasts; NHLF, normal lung fibroblasts, NHEK, normal epi-
dermal keratinocytes; HMEC, mammary epithelial cells) at 33 99%credible set SNPs for the
leprosy association at chromosome 10q24.

(XLSX)

S8 Table. Regulatory function at the chromosome 10q24 leprosy association. Evidence for
colocalisation between regulatory determinants of gene expression at 25 genes in cis (within
250kb) to the leprosy association across primary immune cells, skin and peripheral nerve tis-
sue.

(XLSX)

S9 Table. Association statistics for imputed classical HLA alleles and leprosy risk in
Malawi and Mali.
(XLSX)

$10 Table. Replication of previously-published leprosy associated non-HLA SNPs in
Malawi and Mali.
(XLSX)

S11 Table. Replication of previously-published leprosy associated non-HLA SNPs in
Malawi and Mali stratified by multibacillary and paucibacillary disease.
(XLSX)

$12 Table. Sample quality control summary in Malawi and Mali.
(XLSX)

$13 Table. SNP quality control summary in Malawi and Mali.
(XLSX)
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current study, but recognize that such an approach also has its limitations. Regardless of the
approach taken, transparency of researcher contribution and criteria for authorship is impor-
tant. We welcome debate from the research community on this issue.

Author Contributions

Conceptualization: Tom Parks, Vivek Naranbhai, Samba Sow, Jérg M. Pénnighaus, Amelia
C. Crampin, Paul E. M. Fine, Adrian V. S. Hill.

Data curation: Lily Goldblatt, Gavin Band, Kirk A. Rockett, Ousmane B. Toure, Salimata
Konate, Sibiri Sissoko, Abdoulaye A. Djimdé, Mahamadou A. Thera, Ogobara K. Doumbo,
Sian Floyd, Jorg M. Pénnighaus, David K. Warndorff.

Formal analysis: James J. Gilchrist.
Funding acquisition: James J. Gilchrist, Tom Parks, Adrian V. S. Hill.

Investigation: James J. Gilchrist, Kathryn Auckland, Lily Goldblatt, Vivek Naranbhai, Sian
Floyd.

Methodology: James J. Gilchrist, Tom Parks, Vivek Naranbhai.

Project administration: Kathryn Auckland, Tom Parks, Alexander J. Mentzer, Gavin Band,
Kirk A. Rockett, Abdoulaye A. Djimdé, Mahamadou A. Thera, Ogobara K. Doumbo,
Samba Sow, Jérg M. Ponnighaus, David K. Warndorff, Amelia C. Crampin, Paul E. M.
Fine.

Resources: Alexander J. Mentzer, Gavin Band, Kirk A. Rockett, Ousmane B. Toure, Salimata
Konate, Sibiri Sissoko, Abdoulaye A. Djimdé, Mahamadou A. Thera, Ogobara K. Doumbo,
Samba Sow, Sian Floyd, David K. Warndorff, Amelia C. Crampin, Paul E. M. Fine, Benja-
min P. Fairfax.

Supervision: Abdoulaye A. Djimdé, Mahamadou A. Thera, Ogobara K. Doumbo, Samba Sow,
Amelia C. Crampin, Paul E. M. Fine, Benjamin P. Fairfax, Adrian V. S. Hill.

Visualization: James J. Gilchrist.

Writing - review & editing: James J. Gilchrist, James J. Gilchrist, Tom Parks, Alexander J.
Mentzer, Vivek Naranbhai, Adrian V. S. Hill.

References

1. Britton WJ, Lockwood DNJ. Leprosy. Lancet. 2004; 363(9416):1209-1219. https://doi.org/10.1016/
S0140-6736(04)15952-7 PMID: 15081655

2. Chemotherapy of leprosy. Report of a WHO Study Group. World Health Organ Tech Rep Ser. 1994;
847:1-24. PMID: 7817604

3. Pénnighaus JM, Fine PE, Sterne JA, Wilson RJ, Msosa E, Gruer PJ, et al. Efficacy of BCG vaccine
against leprosy and tuberculosis in northern Malawi. Lancet. 1992; 339(8794):636—639. https://doi.org/
10.1016/0140-6736(92)90794-4

4. Smith WC, van Brakel W, Gillis T, Saunderson P, Richardus JH. The missing millions: a threat to the
elimination of leprosy. PLoS Negl Trop Dis. 2015; 9(4):e0003658. https://doi.org/10.1371/journal.pntd.
0003658 PMID: 25905706

5. LiuH, Irwanto A, FuX, YuG, YuY, Sun, et al. Discovery of six new susceptibility loci and analysis of
pleiotropic effects in leprosy. Nat Genet. 2015; 47(3):267-271. https://doi.org/10.1038/nm0395-267
PMID: 25642632

6. LiuH,WangZ,LiY, YuG, FuX, Wang C, et al. Genome-Wide Analysis of Protein-Coding Variants in
Leprosy. J Invest Dermatol. 2017; 137(12):2544—2551. https://doi.org/10.1016/}.jid.2017.08.004 PMID:
28842327

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010312  September 19, 2022 23/27


https://doi.org/10.1016/S0140-6736(04)15952-7
https://doi.org/10.1016/S0140-6736(04)15952-7
http://www.ncbi.nlm.nih.gov/pubmed/15081655
http://www.ncbi.nlm.nih.gov/pubmed/7817604
https://doi.org/10.1016/0140-6736(92)90794-4
https://doi.org/10.1016/0140-6736(92)90794-4
https://doi.org/10.1371/journal.pntd.0003658
https://doi.org/10.1371/journal.pntd.0003658
http://www.ncbi.nlm.nih.gov/pubmed/25905706
https://doi.org/10.1038/nm0395-267
http://www.ncbi.nlm.nih.gov/pubmed/25642632
https://doi.org/10.1016/j.jid.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28842327
https://doi.org/10.1371/journal.ppat.1010312

PLOS PATHOGENS

Host genetics of leprosy susceptibility in Africa

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Wang Z, Mi Z, Wang H, Sun L, Yu G, Fu X, et al. Discovery of 4 exonic and 1 intergenic novel suscepti-
bility loci for leprosy. Clin Genet. 2018; 94(2):259-263. https://doi.org/10.1111/cge.13376 PMID:
29722023

Wang Z, SunY, Fu X, Yu G, Wang C, Bao F, et al. A large-scale genome-wide association and meta-
analysis identified four novel susceptibility loci for leprosy. Nat Commun. 2016; 7:13760. https://doi.org/
10.1088/ncomms13760 PMID: 27976721

Zhang FR, Huang W, Chen SM, Sun LD, Liu H, Li Y, et al. Genomewide association study of leprosy. N
Engl J Med. 2009; 361(27):2609—-2618. https://doi.org/10.1056/NEJM0a0903753 PMID: 20018961

Zhang F, LiuH, Chen S, Low H, Sun L, Cui Y, et al. Identification of two new loci at IL23R and RAB32
that influence susceptibility to leprosy. Nat Genet. 2011; 43(12):1247—1251. https://doi.org/10.1038/ng.
973 PMID: 22019778

Wong SH, Gochhait S, Malhotra D, Pettersson FH, Teo YY, Khor CC, et al. Leprosy and the adaptation
of human toll-like receptor 1. PLoS Pathog. 2010; 6(7):€1000979. https://doi.org/10.1371/journal.ppat.
1000979 PMID: 20617178

Gzara C, Dallmann-Sauer M, Orlova M, Van Thuc N, Thai VH, Fava VM, et al. Family-based genome-
wide association study of leprosy in Vietnam. PLoS Pathog. 2020; 16(5):e1008565. https://doi.org/10.
1371/journal.ppat.1008565 PMID: 32421744

Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, et al. Host-microbe interactions
have shaped the genetic architecture of inflammatory bowel disease. Nature. 2012; 491(7422):119—
124. https://doi.org/10.1038/nature11582 PMID: 23128233

Sun'Y, Irwanto A, Toyo-Oka L, Hong M, Liu H, Andiappan AK, et al. Fine-mapping analysis revealed
complex pleiotropic effect and tissue-specific regulatory mechanism of TNFSF15 in primary biliary cho-
langitis, Crohn’s disease and leprosy. Sci Rep. 2016; 6:31429. https://doi.org/10.1038/srep31429
PMID: 27507062

Voight BF, Kudaravalli S, Wen X, Pritchard JK. A map of recent positive selection in the human genome.
PLoS Biol. 2006; 4(3):e72. https://doi.org/10.1371/journal.pbio.0040072 PMID: 16494531

Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward LD, Epstein CB, et al. Mapping and analysis of
chromatin state dynamics in nine human cell types. Nature. 2011; 473(7345):43—49. https://doi.org/10.
1038/nature09906 PMID: 21441907

Fairfax BP, Humburg P, Makino S, Naranbhai V, Wong D, Lau E, et al. Innate immune activity condi-
tions the effect of regulatory variants upon monocyte gene expression. Science. 2014; 343
(6175):1246949. https://doi.org/10.1126/science. 1246949 PMID: 24604202

Fairfax BP, Makino S, Radhakrishnan J, Plant K, Leslie S, Dilthey A, et al. Genetics of gene expression
in primary immune cells identifies cell type-specific master regulators and roles of HLA alleles. Nat
Genet. 2012; 44(5):502-510. https://doi.org/10.1038/ng.2205 PMID: 22446964

Gilchrist JJ, Makino S, Naranbhai V, Sharma PK, Koturan S, Tong O, et al. Natural Killer cells demon-
strate distinct eQTL and transcriptome-wide disease associations, highlighting their role in autoimmu-
nity. Nat Commun. 2022; 13:4073. https://doi.org/10.1038/s41467-022-31626-4

Naranbhai V, Fairfax BP, Makino S, Humburg P, Wong D, Ng E, et al. Genomic modulators of gene
expression in human neutrophils. Nat Commun. 2015; 6:7545. https://doi.org/10.1038/ncomms8545
PMID: 26151758

Kasela S, Kisand K, Tserel L, Kaleviste E, Remm A, Fischer K, et al. Pathogenic implications for autoim-
mune mechanisms derived by comparative eQTL analysis of CD4+ versus CD8+ T cells. PLoS Genet.
2017; 13(3):e1006643. https://doi.org/10.1371/journal.pgen.1006643 PMID: 28248954

Belone AdFF, Rosa PS, Trombone APF, Fachin LRV, Guidella CC, Ura S, et al. Genome-Wide Screen-
ing of MRNA Expression in Leprosy Patients. Front Genet. 2015; 6:334. https://doi.org/10.3389/fgene.
2015.00334

Montoya DJ, Andrade P, Silva BJA, Teles RMB, Ma F, Bryson B, et al. Dual RNA-Seq of Human Lep-
rosy Lesions Identifies Bacterial Determinants Linked to Host Immune Response. Cell Rep. 2019; 26
(13):3574-3585. https://doi.org/10.1016/j.celrep.2019.02.109 PMID: 30917313

Manry J, Nédélec Y, Fava VM, Cobat A, Orlova M, Thuc NV, et al. Deciphering the genetic control of
gene expression following Mycobacterium leprae antigen stimulation. PLoS Genet. 2017; 13(8):
€1006952. https://doi.org/10.1371/journal.pgen. 1006952 PMID: 28793313

Tié-Coma M, Kietbasa SM, van den Eeden SJF, Mei H, Roy JC, Wallinga J, et al. Blood RNA signature
RISKA4LEP predicts leprosy years before clinical onset. EBioMedicine. 2021; 68:103379. https://doi.org/
10.1016/j.ebiom.2021.103379

Dallmann-Sauer M, Fava VM, Gzara C, Orlova M, Van Thuc N, Thai VH, et al. The complex pattern of
genetic associations of leprosy with HLA class | and class |l alleles can be reduced to four amino acid

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010312  September 19, 2022 24/27


https://doi.org/10.1111/cge.13376
http://www.ncbi.nlm.nih.gov/pubmed/29722023
https://doi.org/10.1038/ncomms13760
https://doi.org/10.1038/ncomms13760
http://www.ncbi.nlm.nih.gov/pubmed/27976721
https://doi.org/10.1056/NEJMoa0903753
http://www.ncbi.nlm.nih.gov/pubmed/20018961
https://doi.org/10.1038/ng.973
https://doi.org/10.1038/ng.973
http://www.ncbi.nlm.nih.gov/pubmed/22019778
https://doi.org/10.1371/journal.ppat.1000979
https://doi.org/10.1371/journal.ppat.1000979
http://www.ncbi.nlm.nih.gov/pubmed/20617178
https://doi.org/10.1371/journal.ppat.1008565
https://doi.org/10.1371/journal.ppat.1008565
http://www.ncbi.nlm.nih.gov/pubmed/32421744
https://doi.org/10.1038/nature11582
http://www.ncbi.nlm.nih.gov/pubmed/23128233
https://doi.org/10.1038/srep31429
http://www.ncbi.nlm.nih.gov/pubmed/27507062
https://doi.org/10.1371/journal.pbio.0040072
http://www.ncbi.nlm.nih.gov/pubmed/16494531
https://doi.org/10.1038/nature09906
https://doi.org/10.1038/nature09906
http://www.ncbi.nlm.nih.gov/pubmed/21441907
https://doi.org/10.1126/science.1246949
http://www.ncbi.nlm.nih.gov/pubmed/24604202
https://doi.org/10.1038/ng.2205
http://www.ncbi.nlm.nih.gov/pubmed/22446964
https://doi.org/10.1038/s41467-022-31626-4
https://doi.org/10.1038/ncomms8545
http://www.ncbi.nlm.nih.gov/pubmed/26151758
https://doi.org/10.1371/journal.pgen.1006643
http://www.ncbi.nlm.nih.gov/pubmed/28248954
https://doi.org/10.3389/fgene.2015.00334
https://doi.org/10.3389/fgene.2015.00334
https://doi.org/10.1016/j.celrep.2019.02.109
http://www.ncbi.nlm.nih.gov/pubmed/30917313
https://doi.org/10.1371/journal.pgen.1006952
http://www.ncbi.nlm.nih.gov/pubmed/28793313
https://doi.org/10.1016/j.ebiom.2021.103379
https://doi.org/10.1016/j.ebiom.2021.103379
https://doi.org/10.1371/journal.ppat.1010312

PLOS PATHOGENS

Host genetics of leprosy susceptibility in Africa

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

positions. PLoS Pathog. 2020; 16(8):e1008818. https://doi.org/10.1371/journal.ppat. 1008818 PMID:
32776973

Vanderborght PR, Pacheco AG, Moraes ME, Antoni G, Romero M, Verville A, et al. HLA-DRB1*04 and
DRB1*10 are associated with resistance and susceptibility, respectively, in Brazilian and Vietnamese
leprosy patients. Genes Immun. 2007; 8(4):320-324. https://doi.org/10.1038/sj.gene.6364390 PMID:
17396103

LiuH, Bao F, Irwanto A, Fu X, Lu N, Yu G, et al. An association study of TOLL and CARD with leprosy
susceptibility in Chinese population. Hum Mol Genet. 2013; 22(21):4430-4437. https://doi.org/10.1093/
hmg/ddt286 PMID: 23784377

Liu H, Irwanto A, Tian H, Fu X, Yu Y, Yu G, et al. Identification of IL18RAP/IL18R1 and IL12B as leprosy
risk genes demonstrates shared pathogenesis between inflammation and infectious diseases. Am J
Hum Genet. 2012; 91(5):935-941. https://doi.org/10.1016/j.ajhg.2012.09.010 PMID: 23103228

Wang D, Fan Y, MalhiM, Bi R, Wu Y, Xu M, et al. Missense Variants in HIF1A and LACC1 Contribute to
Leprosy Risk in Han Chinese. Am J Hum Genet. 2018; 102(5):794—-805. https://doi.org/10.1016/j.ajhg.
2018.03.006 PMID: 29706348

PaCKisaarslan A, SOzeri B, Sahin N, Ozdemir CiCek S, GUndUz Z, Demirkaya E, et al. Blau Syn-
drome and Early-Onset Sarcoidosis: A Six Case Series and Review of the Literature. Arch Rheumatol.
2020; 35(1):117-127. https://doi.org/10.5606/ArchRheumatol.2020.7060

Wong SH, Hill AVS, Vannberg FO. Genomewide association study of leprosy. N Engl J Med. 2010; 362
(15):1446-1447. https://doi.org/10.1056/NEJMc1001451 PMID: 20393182

Maurano MT, Humbert R, Rynes E, Thurman RE, Haugen E, Wang H, et al. Systematic localization of
common disease-associated variation in regulatory DNA. Science. 2012; 337(6099):1190—-1195.
https://doi.org/10.1126/science.1222794 PMID: 22955828

Magi R, Horikoshi M, Sofer T, Mahajan A, Kitajima H, Franceschini N, et al. Trans-ethnic meta-regres-
sion of genome-wide association studies accounting for ancestry increases power for discovery and
improves fine-mapping resolution. Hum Mol Genet. 2017; 26(18):3639-3650.

Jung S, Park D, Lee HS, Kim Y, Baek J, Hwang SW, et al. Identification of shared loci associated with
both Crohn’s disease and leprosy in east Asians. Hum Mol Genet. 2022. https://doi.org/10.1093/hmg/
ddac101 PMID: 35512355

Leal AMO, Foss NT. Endocrine dysfunction in leprosy. European Journal of Clinical Microbiology &
Infectious Diseases. 2008; 28(1):1. https://doi.org/10.1007/s10096-008-0576-5 PMID: 18629555

Smith DG, Guinto RS. Leprosy and fertility. Hum Biol. 1978; 50(4):451-460. PMID: 744588

GTEXx C. The GTEx Consortium atlas of genetic regulatory effects across human tissues. Science.
2020; 369(6509):1318-1330. https://doi.org/10.1126/science.aaz1776

Raj T, Rothamel K, Mostafavi S, Ye C, Lee MN, Replogle JM, et al. Polarization of the effects of autoim-
mune and neurodegenerative risk alleles in leukocytes. Science. 2014; 344(6183):519-523. https://doi.
org/10.1126/science. 1249547 PMID: 24786080

Nédélec Y, Sanz J, Baharian G, Szpiech ZA, Pacis A, Dumaine A, et al. Genetic Ancestry and Natural
Selection Drive Population Differences in Immune Responses to Pathogens. Cell. 2016; 167(3):657—
669. https://doi.org/10.1016/j.cell.2016.09.025

Roberts AJ, Kon T, Knight PJ, Sutoh K, Burgess SA. Functions and mechanics of dynein motor pro-
teins. Nat Rev Mol Cell Biol. 2013; 14(11):713-726. https://doi.org/10.1038/nrm3667 PMID: 24064538

Urnavicius L, Zhang K, Diamant AG, Motz C, Schlager MA, Yu M, et al. The structure of the dynactin
complex and its interaction with dynein. Science. 2015; 347(6229):1441-1446. https://doi.org/10.1126/
science.aaa4080 PMID: 25814576

Hashimoto-Tane A, Yokosuka T, Sakata-Sogawa K, Sakuma M, Ishihara C, Tokunaga M, et al. Dynein-
driven transport of T cell receptor microclusters regulates immune synapse formation and T cell activa-
tion. Immunity. 2011; 34(6):919-931. https://doi.org/10.1016/j.immuni.2011.05.012 PMID: 21703543

Nath S, Christian L, Tan SY, Ki S, Ehrlich LIR, Poenie M. Dynein Separately Partners with NDE1 and
Dynactin To Orchestrate T Cell Focused Secretion. J Immunol. 2016; 197(6):2090-2101. https://doi.
org/10.4049/jimmunol.1600180 PMID: 27534551

Shrum CK, Defrancisco D, Meffert MK. Stimulated nuclear translocation of NF-kappaB and shuttling dif-
ferentially depend on dynein and the dynactin complex. Proc Natl Acad Sci U S A. 2009; 106(8):2647—
2652. https://doi.org/10.1073/pnas.0806677106 PMID: 19196984

Yamamura M, Wang XH, Ohmen JD, Uyemura K, Rea TH, Bloom BR, et al. Cytokine patterns of immu-
nologically mediated tissue damage. J Immunol. 1992; 149(4):1470-1475. PMID: 1500726

Britton WJ. The management of leprosy reversal reactions. Lepr Rev. 1998; 69(3):225-234. PMID:
9805878

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010312  September 19, 2022 25/27


https://doi.org/10.1371/journal.ppat.1008818
http://www.ncbi.nlm.nih.gov/pubmed/32776973
https://doi.org/10.1038/sj.gene.6364390
http://www.ncbi.nlm.nih.gov/pubmed/17396103
https://doi.org/10.1093/hmg/ddt286
https://doi.org/10.1093/hmg/ddt286
http://www.ncbi.nlm.nih.gov/pubmed/23784377
https://doi.org/10.1016/j.ajhg.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23103228
https://doi.org/10.1016/j.ajhg.2018.03.006
https://doi.org/10.1016/j.ajhg.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29706348
https://doi.org/10.5606/ArchRheumatol.2020.7060
https://doi.org/10.1056/NEJMc1001451
http://www.ncbi.nlm.nih.gov/pubmed/20393182
https://doi.org/10.1126/science.1222794
http://www.ncbi.nlm.nih.gov/pubmed/22955828
https://doi.org/10.1093/hmg/ddac101
https://doi.org/10.1093/hmg/ddac101
http://www.ncbi.nlm.nih.gov/pubmed/35512355
https://doi.org/10.1007/s10096-008-0576-5
http://www.ncbi.nlm.nih.gov/pubmed/18629555
http://www.ncbi.nlm.nih.gov/pubmed/744588
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1126/science.1249547
https://doi.org/10.1126/science.1249547
http://www.ncbi.nlm.nih.gov/pubmed/24786080
https://doi.org/10.1016/j.cell.2016.09.025
https://doi.org/10.1038/nrm3667
http://www.ncbi.nlm.nih.gov/pubmed/24064538
https://doi.org/10.1126/science.aaa4080
https://doi.org/10.1126/science.aaa4080
http://www.ncbi.nlm.nih.gov/pubmed/25814576
https://doi.org/10.1016/j.immuni.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21703543
https://doi.org/10.4049/jimmunol.1600180
https://doi.org/10.4049/jimmunol.1600180
http://www.ncbi.nlm.nih.gov/pubmed/27534551
https://doi.org/10.1073/pnas.0806677106
http://www.ncbi.nlm.nih.gov/pubmed/19196984
http://www.ncbi.nlm.nih.gov/pubmed/1500726
http://www.ncbi.nlm.nih.gov/pubmed/9805878
https://doi.org/10.1371/journal.ppat.1010312

PLOS PATHOGENS

Host genetics of leprosy susceptibility in Africa

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Fitness J, Floyd S, Warndorff DK, Sichali L, Mwaungulu L, Crampin AC, et al. Large-scale candidate
gene study of leprosy susceptibility in the Karonga district of northern Malawi. Am J Trop Med Hyg.
2004; 71(3):330-340. https://doi.org/10.4269/ajtmh.2004.71.330 PMID: 15381816

Wallace C, Fitness J, Hennig B, Sichali L, Mwaungulu L, Pénnighaus JM, et al. Linkage analysis of sus-
ceptibility to leprosy type using an IBD regression method. Genes Immun. 2004; 5(3):221-225. https://
doi.org/10.1038/sj.gene.6364062 PMID: 15014432

Meisner SJ, Mucklow S, Warner G, Sow SO, Lienhardt C, Hill AV. Association of NRAMP1 polymor-
phism with leprosy type but not susceptibility to leprosy per se in west Africans. Am J Trop Med Hyg.
2001; 65(6):733-735. https://doi.org/10.4269/ajtmh.2001.65.733 PMID: 11791966

Ponnighaus JM, Fine PE, Bliss L. Certainty levels in the diagnosis of leprosy. Int J Lepr Other Mycobact
Dis. 1987; 55(3):454—462. PMID: 3655460

Ponninghaus JM, Fine PE, Bliss L, Sliney IJ, Bradley DJ, Rees RJ. The Lepra Evaluation Project (LEP),
an epidemiological study of leprosy in Northern Malawi. |. Methods. Lepr Rev. 1987; 58(4):359-375.
PMID: 3431336

Malaria Genomic Epidemiology N. Insights into malaria susceptibility using genome-wide data on
17,000 individuals from Africa, Asia and Oceania. Nat Commun. 2019; 10(1):5732. https://doi.org/10.
1038/s41467-019-13480-z

Toure O, Konate S, Sissoko S, Niangaly A, Barry A, Sall AH, et al. Candidate polymorphisms and
severe malaria in a Malian population. PLoS One. 2012; 7(9):e43987. https://doi.org/10.1371/journal.
pone.0043987 PMID: 22957039

Ahn SJ, Costa J, Emanuel JR. PicoGreen quantitation of DNA: effective evaluation of samples pre- or
post-PCR. Nucleic Acids Res. 1996; 24(13):2623-2625. https://doi.org/10.1093/nar/24.13.2623 PMID:
8692708

Johnston HR, Hu YJ, Gao J, O’Connor TD, Abecasis GR, Wojcik GL, et al. Identifying tagging SNPs for
African specific genetic variation from the African Diaspora Genome. Sci Rep. 2017; 7:46398. https://
doi.org/10.1038/srep46398 PMID: 28429804

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. PLINK: a tool set for
whole-genome association and population-based linkage analyses. Am J Hum Genet. 2007; 81(3):
559-575. https://doi.org/10.1086/519795 PMID: 17701901

Bellenguez C, Strange A, Freeman C, Donnelly P, Spencer CCA. A robust clustering algorithm for iden-
tifying problematic samples in genome-wide association studies. Bioinformatics. 2012; 28(1):134—135.
https://doi.org/10.1093/bioinformatics/btr599 PMID: 22057162

Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal components analy-
sis corrects for stratification in genome-wide association studies. Nat Genet. 2006; 38(8):904—909.
https://doi.org/10.1038/ng1847 PMID: 16862161

Gurdasani D, Carstensen T, Tekola-Ayele F, Pagani L, Tachmazidou |, Hatzikotoulas K, et al. The Afri-
can Genome Variation Project shapes medical genetics in Africa. Nature. 2015; 517(7534):327-332.
https://doi.org/10.1038/nature 13997 PMID: 25470054

Delaneau O, Marchini J, Zagury JF. A linear complexity phasing method for thousands of genomes.
Nature Methods. 2012; 9(2):179-181. https://doi.org/10.1038/nmeth.1785

Howie B, Marchini J, Stephens M. Genotype imputation with thousands of genomes. G3 (Bethesda).
2011; 1(6):457-470. https://doi.org/10.1534/93.111.001198

Howie BN, Donnelly P, Marchini J. A flexible and accurate genotype imputation method for the next gen-
eration of genome-wide association studies. PLoS Genet. 2009; 5(6):e1000529. https://doi.org/10.
1371/journal.pgen.1000529 PMID: 19543373

Motyer A, Vukcevic D, Dilthey A, Donnelly P, McVean G, Leslie S. Practical Use of Methods for Imputa-
tion of HLA Alleles from SNP Genotype Data. bioRxiv. 2016.

Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method for genome-wide asso-
ciation studies by imputation of genotypes. Nat Genet. 2007; 39(7):906-913. https://doi.org/10.1038/
ng2088 PMID: 17572673

Band G, Rockett KA, Spencer CCA, Kwiatkowski DP. A novel locus of resistance to severe malaria in a
region of ancient balancing selection. Nature. 2015; 526(7572):253-257. https://doi.org/10.1038/
nature15390 PMID: 26416757

Wakefield J. Bayes factors for genome-wide association studies: comparison with P-values. Genet Epi-
demiol. 2009; 33(1):79-86. https://doi.org/10.1002/gepi.20359 PMID: 18642345

Thye T, Vannberg FO, Wong SH, Owusu-Dabo E, Osei |, Gyapong J, et al. Genome-wide association
analyses identifies a susceptibility locus for tuberculosis on chromosome 18g11.2. Nat Genet. 2010;
42(9):739-741. https://doi.org/10.1038/ng.639 PMID: 20694014

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010312  September 19, 2022 26/27


https://doi.org/10.4269/ajtmh.2004.71.330
http://www.ncbi.nlm.nih.gov/pubmed/15381816
https://doi.org/10.1038/sj.gene.6364062
https://doi.org/10.1038/sj.gene.6364062
http://www.ncbi.nlm.nih.gov/pubmed/15014432
https://doi.org/10.4269/ajtmh.2001.65.733
http://www.ncbi.nlm.nih.gov/pubmed/11791966
http://www.ncbi.nlm.nih.gov/pubmed/3655460
http://www.ncbi.nlm.nih.gov/pubmed/3431336
https://doi.org/10.1038/s41467-019-13480-z
https://doi.org/10.1038/s41467-019-13480-z
https://doi.org/10.1371/journal.pone.0043987
https://doi.org/10.1371/journal.pone.0043987
http://www.ncbi.nlm.nih.gov/pubmed/22957039
https://doi.org/10.1093/nar/24.13.2623
http://www.ncbi.nlm.nih.gov/pubmed/8692708
https://doi.org/10.1038/srep46398
https://doi.org/10.1038/srep46398
http://www.ncbi.nlm.nih.gov/pubmed/28429804
https://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1093/bioinformatics/btr599
http://www.ncbi.nlm.nih.gov/pubmed/22057162
https://doi.org/10.1038/ng1847
http://www.ncbi.nlm.nih.gov/pubmed/16862161
https://doi.org/10.1038/nature13997
http://www.ncbi.nlm.nih.gov/pubmed/25470054
https://doi.org/10.1038/nmeth.1785
https://doi.org/10.1534/g3.111.001198
https://doi.org/10.1371/journal.pgen.1000529
https://doi.org/10.1371/journal.pgen.1000529
http://www.ncbi.nlm.nih.gov/pubmed/19543373
https://doi.org/10.1038/ng2088
https://doi.org/10.1038/ng2088
http://www.ncbi.nlm.nih.gov/pubmed/17572673
https://doi.org/10.1038/nature15390
https://doi.org/10.1038/nature15390
http://www.ncbi.nlm.nih.gov/pubmed/26416757
https://doi.org/10.1002/gepi.20359
http://www.ncbi.nlm.nih.gov/pubmed/18642345
https://doi.org/10.1038/ng.639
http://www.ncbi.nlm.nih.gov/pubmed/20694014
https://doi.org/10.1371/journal.ppat.1010312

PLOS PATHOGENS

Host genetics of leprosy susceptibility in Africa

69.

70.

71.

72.

Casillas S, Mulet R, Villegas-Miréon P, Hervas S, Sanz E, Velasco D, et al. PopHuman: the human popu-
lation genomics browser. Nucleic Acids Research. 2018; 46(D1):D1003-D1010. https://doi.org/10.
1093/nar/gkx943 PMID: 29059408

Giambartolomei C, Vukcevic D, Schadt EE, Franke L, Hingorani AD, Wallace C, et al. Bayesian test for
colocalisation between pairs of genetic association studies using summary statistics. PLoS Genet.
2014; 10(5):e1004383. https://doi.org/10.1371/journal.pgen.1004383 PMID: 24830394

Das S, Forer L, Schonherr S, Sidore C, Locke AE, Kwong A, et al. Next-generation genotype imputation
service and methods. Nat Genet. 2016; 48(10):1284—1287. https://doi.org/10.1038/ng.3656 PMID:
27571263

Du P, Kibbe WA, Lin SM. lumi: a pipeline for processing lllumina microarray. Bioinformatics. 2008;
24(13):1547—-1548. https://doi.org/10.1093/bicinformatics/btn224 PMID: 18467348

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010312  September 19, 2022 27/27


https://doi.org/10.1093/nar/gkx943
https://doi.org/10.1093/nar/gkx943
http://www.ncbi.nlm.nih.gov/pubmed/29059408
https://doi.org/10.1371/journal.pgen.1004383
http://www.ncbi.nlm.nih.gov/pubmed/24830394
https://doi.org/10.1038/ng.3656
http://www.ncbi.nlm.nih.gov/pubmed/27571263
https://doi.org/10.1093/bioinformatics/btn224
http://www.ncbi.nlm.nih.gov/pubmed/18467348
https://doi.org/10.1371/journal.ppat.1010312

