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Abstract

Chromosome 6g26-27 is linked to susceptibility to visceral leishmaniasis (VL) in Brazil and
Sudan. DLL1encoding the Delta-like 1 ligand for Notch 3 was implicated as the etiological gene.
DLL1 belongs to the family of Notch ligands known to selectively drive antigen-specific CD4 T
helper 1 cell responses, which are important in protective immune response in leishmaniasis. Here
we provide further genetic and functional evidence that supports a role for DLL1 in a well-
powered population-based study centred in the largest global focus of VL in India. Twenty-one
single nucleotide polymorphisms (SNPs) at PHF10/C6orf70/DL L 1/FAMI120B/PSMB1/TBP were
genotyped in 941 cases and 992 controls. Logistic regression analysis under an additive model
showed association between VL and variants at DLL 1 and FAM120B, with top associations
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(rs9460106, OR=1.17, 95%CIl 1.01-1.35, P=0.033; rs2103816, OR=1.16, 95%CI 1.01-1.34,
P=0.039) robust to analysis using caste as a covariate to take account of population substructure.
Haplotype analysis taking population substructure into account identified a common 2-SNP risk
haplotype (frequency 0.43; P=0.028) at FAM120B, while the most significant protective
haplotype (frequency 0.18; £=0.007) was a 5-SNP haplotype across the interval 5’ of both DLL1
(negative strand) and FAM120B (positive strand) and extending to intron 4 of DL/ 1. Quantitative
RT/PCR was used to compare expression of 6q27 genes in paired pre- and post-treatment splenic
aspirates from VL patients (N=19). DL/ 7 was the only gene to show differential expression that
was higher (P<0.0001) in pre- compared to post-treatment samples, suggesting that regulation of
gene expression was important in disease pathogenesis. This well-powered genetic and functional
study in an Indian population provides evidence supporting DLL1 as the etiological gene
contributing to susceptibility to VL at Chromosome 6¢27, confirming the potential for
polymorphism at DL L 1to act as a genetic risk factor across the epidemiological divides of
geography and parasite species.
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1. Introduction

Visceral leishmaniasis (VL) caused by the Leishmania donovani complex is endemic in the
Indian subcontinent which forms the largest global focus of disease. Only about 10% of
individuals infected with L. donovani develop clinical disease which is lethal without
treatment (Badaro et al., 1986; Topno et al.; Zijlstra et al., 1995). Understanding parasite,
host and environmental factors that determine asymptomatic infection versus lethal clinical
disease is important in disease control. Host genetic factors are known to contribute to
disease susceptibility (reviewed (Blackwell et al., 2009)), and in a recent report (Fakiola et
al., 2011) we provided genetic and functional evidence to support DLL1, encoding the
Delta-like 1 ligand for Notch 3, as the etiological susceptibility gene at the chromosomal
region 627 previously linked to susceptibility to VL in both Sudan and Brazil (Jamieson et
al., 2007; Miller et al., 2007).

Notch signalling is one of the most conserved pathways regulating cell differentiation/cell
fate decisions (Artavanis-Tsakonas et al., 1999; Greenwald, 1998), playing an important role
during development and in development and differentiation of immune cells. In bone
marrow, Notch ligand Delta-1 completely inhibits differentiation of human hematopoietic
progenitors into the B cell lineage while promoting emergence of cells with a T cell/natural
Killer precursor phenotype (Jaleco et al., 2001). Delta-1 also inhibits the differentiation of
monocytes into macrophages and promotes their differentiation into dendritic cells (Ohishi
etal., 2001). In spleen, Notch signalling is required to maintain CD8 positive dendritic cells
(Sekine et al., 2009). Antigen presenting cells, including dendritic cells, also use Notch
signaling to promote T helper cell differentiation in response to specific antigens (Amsen et
al., 2004). The different Notch ligand families, Deltal,4 versus Jagged1,2, instruct antigen-
driven CD4 T cell selection down Th1 versus Th2 fates, respectively (Amsen et al., 2004;
Maekawa et al., 2003). The effect of polarized antigen-specific Th1 versus Th2 responses on
the outcome of leishmaniasis is well established in murine models (Locksley and Scott,
1991; Scott et al., 1989) and human disease (Pirmez et al., 1993; Sundar et al., 1997).
Clinical VL, in particular, has been associated with high Th2 cytokine responses (Sundar et
al., 1997), while Th1-generated interferon-y is higher in children infected with L. infantum
chagasithat do not progress to clinical VL than those who do (Carvalho et al., 1992). The
potential for Delta-1 driven Th1l differentiation to alter the course of infection has already
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been demonstrated for L. majorinfection in BALB/c mice (Maekawa et al., 2003), making
genetic regulation of DLL1 expression a highly plausible explanation for the genetic
associations and regulation of splenic expression we previously reported for this 6g27 gene
(Fakiola et al., 2011).

The genetic studies undertaken in Sudan and Brazil were limited in terms of sample size and
power (Fakiola et al., 2011), making it desirable to determine whether fine mapping of the
Chromosome 6927 region using a well-powered sample would replicate these earlier
findings. To achieve this, and to determine the geographical extent of the influence of
polymorphism at DL L 1 on genetic susceptibility to VL, we turned to the largest global focus
of VL in India. Fine mapping of disease association for genes across the 6q27 region using a
well-powered population-based sample from India, together with a comparison of gene
expression pre- and post-treatment in VL patients, confirms DLL1 as the likely etiological
gene determining susceptibility to VL.

2. Materials and methods

2.1. Study population

The study was conducted in the highly endemic district of Muzaffarpur in Bihar State, India.
Diagnosis of VL was made on the basis of clinical, parasitological and serological criteria as
described (Fakiola et al., 2010; Mehrotra et al., 2011; Sundar and Benjamin, 2003). Further
epidemiological and demographic details relating to the study samples and study site are
described elsewhere (Mehrotra et al., 2011; Singh et al., 2006). The study was performed
using a case-control design with a total of 2019 individuals comprising 990 cases and 1029
controls (Table 1) collected during 2009-2010. Information about caste was recorded as a
proxy for population substructure.

2.2 Ethics statement

For collection and use of saliva samples and splenic aspirates in India, informed written
consent in Hindi was obtained from all participating individuals and from parents of children
under 18 years old. Approval for the study was provided by the Ethical Committee of the
Institute of Medical Sciences, Banaras Hindu University, Varanasi, India. For the use of
RNA samples from control spleens from necro organ transplantation healthy organ donors
obtained in Sweden, ethical approval was provided by the Regionala Etiska Kommittén,
Karolinska Institutet, Stockholm (Regional Ethical Committee, Karolinska Institute,
Stockholm).

2.3 Genetic studies

Genomic DNA was extracted from saliva using the Oragene technology (DNA Genotek,
Ontario, Canada) and SNPs genotyped using Sequenom iPLEX platform (Sequenom, San
Diego, CA). A total of 21 SNPs at DLL 1 and adjacent genes across the Chromosome 627
region were genotyped (Table 2). All SNPs met minimum quality control checks for call rate
(>99.5%) across all individuals. Two SNPs were excluded from further analysis:
PHF10_rs9371126 showed extreme deviation from HWE in controls and TBP_rs6937840
showed significant difference in missingness between cases and controls. A total of 59 cases
and 37 controls for which there was >80% missing genotype data were removed from
further analysis, providing a sample of 941 cases and 992 controls for genetic analysis. This
cleaned dataset had 93.5 to 99.9% power for odds ratio 1.5, MAF=0.1 to 0.5, A=0.01, and 50
to 93.1% power for odds ratio 1.3. Allelic and haplotype association tests were performed in
PLINK (Purcell et al., 2007) using logistic regression analysis under an additive model.
Nominal ~-values are presented throughout, i.e. without correction for multiple testing.
Application of a strict Bonferroni correction for 19 independent (r2<0.8) SNPs provides a
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significance cut-off of A<0.003 (i.e. £=0.05/19). A less stringent cut-off of A<0.006 allows
for non-independence of SNPs due to LD across the region (Supplementary Figure 1;
P=0.05/8, 4 LD blocks and 4 independent SNPs). Haplotype analyses were undertaken using
logistic regression analysis in PLINK (Purcell et al., 2007). Inclusion of caste as a covariate,
which we have shown to provide a good surrogate for genetic substructure in genome-wide
analyses of a separate sample of 989 cases and 1089 controls in this population (unpublished
data), was used to take account of population substructure. Caste was converted into a set of
binary dummy variables prior to being included as a covariate in the logistic regression.
Permuted A-values were also determined in PLINK employing the label-swapping max(T)
permutation method using the --mperm command. Empirical p-values (EMP1) were
obtained for the most significant risk and protective haplotypes after performing 10,000
permutations. Conditional analyses and a version of stepwise regression based on estimating
haplotypic effects (odds ratios) were carried out using the program UNPHASED
(Dudbridge, 2008; Dudbridge et al., 2011). This allowed us to perform nested hypothesis
testing (via likelihood ratio tests) of whether a particular SNP adds significantly to a model
that already includes some other SNPs. LD patterns for D’ and r2 were determined in
Haploview software v4.2 (Barrett et al., 2005) while LD blocks were generated using the
default Gabriel et al. algorithm (Gabriel et al., 2002).

2.4 Functional studies

3. Results

Splenic aspirates were taken as part of the routine diagnostic procedure for VL at the Kala
Azar Medical Research Centre, Muzaffarpur, Bihar State, India. Paired pre- and post-
treatment splenic samples were collected in 5XRNA Later (AMBION Inc., Austin, Texas,
USA) from 19 VL patients treated during 2009-2010. Samples were transported from the
Muzaffarpur back to the BHU laboratory in Varanasi at 4°C and stored at —80°C until RNA
was isolated. Total RNA was isolated using the RNeasy tissue kit (Qiagen, GmbH, Hilden,
Germany) according to the manufacturer’s instructions and eluted in 30ul of RNase free
water. Sample quality and integrity was assessed by ND-2000 spectrophotometer (Thermo
Fischer Scientific, Wilmington, DE, USA) and agarose (Sigma Aldrich Chemicals, St Louis,
MO, USA) gel electrophoresis. RNA from control healthy spleen cells obtained from necro
organ transplantation healthy organ donors (HODs; N=8) at Karolinska University Hospital,
Huddinge, Sweden, were kindly provided by Dr. Suzane Nylen. 500ng of RNA was reverse
transcribed using the High Capacity cDNA synthesis kit (Applied Biosystems, Foster City,
CA, USA). Tagman predesigned gene expression assays (Applied Biosystems) for PHF10
(Hs01097834_m1), C6orf70(Hs00858039_m1), DL L1 (Hs00194509_m1), FAM120B
(Hs00921805_m1), PSMBI1 (Hs00427357_m1) were used to perform expression studies
(7500 HT Real Time PCR system, Applied Biosystems) with 18S rRNA (P/N 4319413E)
used as an endogenous control to normalize expression data. Expression analysis was
performed on 19 paired pre- and post-treatment splenic aspirates from VL patients with
appropriate no RT and no template controls included in each plate. All samples were run in
duplicate. Results were analysed by 7500 software v.2.0.1 (Applied Biosystems) and Graph
pad prism 5. Paired two-tailed t-tests were used to compare pre- and post-treatment
measures, unpaired two-tailed t-tests to compare control spleens against patient splenic
aspirate data.

3.1 Association at DLL1 and FAM120B in Indian VL

Previous analysis of genes at 6q27 and VL susceptibility in Sudan used large consanguineal
pedigrees that provided evidence for associations across multiple genes from PHF10to TBP
(Fakiola et al., 2011). Analysis of Brazilian families narrowed the association down to
DL 1. To determine whether this fine mapping of the VL susceptibility gene(s) at
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Chromosome 627 could be replicated in India, we analysed tag-SNPs in the full set of
genes (Table 2) across the PHF10to TBPregion. Logistic regression analysis (Table 3)
provides evidence for associations between Indian VL and SNPs at DL/ 1 and FAM1208,
but not PHF10, C6orf70, PSMB1 or TBP. The top single point SNP signal was at rs9460106
(OR=1.22; 95%CI 1.07-1.39; nominal A=0.003) which lies in intron 1 of FAM120B. This
SNP withstands correction for multiple SNPs tested (conservative cut-off £<0.006; stringent
cut-off £<0.003), and remains significant (OR=1.17, 95%CI 1.01-1.35, £=0.033) when
population substructure is taken into account using caste as a covariate. Conditioning on the
top SNP (rs9460106) resulted in loss of significance at all other SNPs (data not shown),
suggesting a single main genetic effect at 6q27 tagged by this SNP.

3.2 LD and haplotype analysis across DLL1 and FAM120B

Demonstration of association at FAMI20B in India was of interest given that this was the
only gene at 6027 analysed in the Sudanese study that did not show association with VL
(Fakiola et al., 2011). SNPs at FAM120B were therefore not examined in the Brazilian
family study. DLL1and FAMI120RB lie adjacent to each other at 6927 and are encoded on
opposite strands. They share a 16.3kb region upstream of both genes which could contain
regulatory elements influencing expression of either gene. Four of the SNPs analysed
(Figure 1) lie in this intergenic region, three (rs2738820, rs9459988 and rs17860704)
assigned to DLL 1 on the basis of proximity, and one (rs9366198) assigned to FAM120B. To
determine whether the associations at FAM120B could be tagging polymorphisms
influencing expression of DLL 1, we first looked at LD across the region in our control
sample (Figure 1; Supplementary Figure 1), as well as in the larger dataset available for the
HapMap Gujarati Indians living in Houston, Texas, USA (GIH) population (Supplementary
Figure 2). The first thing to note is that pairwise LD between markers as defined by r?,
which takes allele frequencies into account, mimics the association data. The two associated
SNPs (rs1884190 in intron 4; rs9459988 intergenic) at DLL 1 are in quite strong LD
(r2=0.75) with each other but not with the intervening non-associated intergenic SNP
rs2738820 or with the more distal non-associated intergenic SNP rs17860704. Similarly, the
2 most associated SNPs (rs9460106 and rs2103816) at FAM120B are in quite strong LD
(r2=0.75), but show weaker LD (r?=0.49 and 0.38) with the less strongly associated
FAM120B SNP 159366198, and lower levels still (r2=0.17 and 0.15) with the more proximal
intergenic SNP rs17860704 assigned to DLL 1. The lack of LD (as defined by r?) between
closely adjacent SNPs in the intergenic region (Figure 1), together with the observation that
only 2 out of 4 of these SNPs showed single point association with disease, suggests a
complex haplotype structure that is reflected in the stronger evidence for LD across the
region as defined by D’ in both our control sample (Figure 1; Supplementary Figure 1) and
the GIH population (Supplementary Figure 2). We therefore looked at haplotype
associations across the region (Figure 1) bounded by the most proximal associated SNP at
DL 1(rs1884190) and the most distal associated SNP at FAM120B (rs2103816).

Figure 2 provides results of the haplotype association analysis undertaken using caste as a
covariate to take account of population substructure. The most significant 2-SNP risk
haplotype (P=0.028; permuted P=0.029) was a common (frequency 0.432) CA haplotype
for the risk alleles at the top intron 1 SNP rs9460106 and the more distal intron 6 SNP
rs2103816 in FAM120B. This was mirrored by the protective 2-SNP TT haplotype
(P=0.029) for these two SNPs. Interestingly, the most significant 2-, 3-, 4- and 5- SNP
protective haplotypes extended proximally from these 2 SNPs across the intergenic region
between FAM120B and DLL 1. The most significant (P=0.007; permuted P=0.007)
protective haplotype was the 4-SNP CTTC haplotype across the 4 intergenic SNPs
rs2738820, rs9459988, rs17860704 and rs9366198, and extending to the DLL 1 intron 4 SNP
rs1884190 as a 5-SNP haplotype. Of particular interest is the role of SNP rs17860704,
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which was the single DLL 1 SNP associated with VL in Brazil (Fakiola et al., 2011), in
defining these haplotype associations. Although not significant on its own in India, it’s
inclusion on 2- and 3-SNP haplotypes with rs9459988 and rs9366198 improved significance
of the association with protection compared to either of these SNPs alone (Figure 2). We
tested this formally using a stepwise regression model in UNPHASED. This demonstrated
that a 2-SNP model that included rs17860704 provided significantly better fit (likelihood
ratio test ~=0.01) than a model in which rs9366198 was tested alone. Similarly, a 3-SNP
model that included these two SNPs provided a significantly better fit (likelihood ratio test
P=0.03) than a model in which rs9459988 was tested alone, whereas a 2-SNP model in
which rs9366198 was added to rs9459988 did not provide a better fit. These data suggest
that rs17860704 is contributing to resolution of protective haplotypes across the intergenic
region, even though both risk and protective haplotypes are on the background of the same
allele (T) at this SNP (Figure 2). The evolution of the etiological variant affecting VL
susceptibility in the region clearly post-dates the evolution of variants at this SNP. In
summary, the LD, haplotype and stepwise analyses suggest that the disease association is
best defined by the protective CTTC haplotype for the 4 SNPs located in the intergenic
region adjacent to the DL L 7 gene, and extending as a 5-SNP haplotype into associated the
intron 4 SNP within DLL1 (Figure 1).

3.3 Expression of 6927 genes in splenic aspirates from VL patients

The top associated SNP for Indian VL lies in intron 1 of FAM120B, but analysis of LD
patterns and haplotype associations are consistent with the hypothesis that the etiological
variant lies within the intergenic region and could regulate expression of either gene. To
gain some insight into the role of 6g27 genes in VL, QRT/PCR of mRNA from paired
splenic aspirates taken from VL patients before and after drug treatment was undertaken.
Only DLL1 showed a significant (paired t-test, 2-sided, £<0.0001) reduction in expression
following treatment (Figure 3), with levels of expression returning toward those observed in
control spleen (unpaired t-test, 2-sided, A=0.02). This suggests that expression of DLL1 is
being regulated in response to changes in pathogenesis of the disease. For all other 6q27
genes, including FAM120B, no change in expression was observed pre- or post-treatment or
in comparison to control spleens (Figure 3, Supplementary Figure 3).

4. Discussion

Here we present data from a well-powered case-control sample from India that shows single
point genetic associations between VL and SNPs at DLL 1 and FAM120B on Chromosome
6g27. Whilst haplotype analyses point to the most significant protective haplotypes
occurring across the intergenic region between these two genes, we could not formally
discount FAM120B as the etiological gene on the basis of the genetic data alone. FAM1208B
encodes a constitutive coactivator of peroxisome proliferator-activated receptor (PPAR-
gamma) that promotes adipogenesis (Li et al., 2007). Although the major disease roles
associated with polymorphisms at PPAR-gamma affect lipodystrophy, body mass index, and
diabetes, a molecular pathway by which PPAR-gamma represses the transcriptional
activation of inflammatory response genes in mouse macrophages by promoter-specific
repression of nuclear factor kappa-B has been described (Jennewein et al., 2008). Hence, a
role for FAM120B as a co-activator of PPAR-gamma influencing L. donovani infection in
macrophages cannot be completely discounted. We therefore turned to analysis of gene
expression in patient biopsies to guide us in determining which of these two genes relates to
susceptibility to VL on Chromosome 6q27. In particular to find evidence as to which of
DLL1 or FAM120B was more likely to be differentially expressed as a result of putative
regulatory polymorphisms located in the intergenic region between them. In the event,
expression of DLL1 but not FAM120B (or any of the other 6g27 genes) was significantly
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altered pre- and post-treatment, suggesting a role in disease pathogenesis and providing
further support for DLL1 as the etiological gene influencing VL susceptibility in this region.
Current research is designed to refine these observations in relation to specific cell types
expressing DLL1 in the splenic aspirates ex vivo, and to determine the impact of L.
donovani infection on DLL1 expression in experimental systems /n vitro. On present
evidence we conclude that DLL1 is the more likely candidate to be under genetic regulation
that associates with VL.

As outlined above, Notch signalling via DLL1 has many pleiotropic effects on immune cell
function, and a case could be made for the involvement of any one of these functions in the
pathogenesis of VL disease. Of these it seemed likely that the ability of DLL1 to drive Thl
development might be crucial in protection from VL. This seems at odds with our
observation that DLL1 expression went down in the spleen post-treatment. However, in
active VL disease, high levels of TNF-a contribute to fever and cachexia, and are
detrimental (Barral-Netto et al., 1991). This is indicative of a pro-inflammatory response
that could be mediated by CD4+ Th1 cells. Until recently it was thought that active VL
patients failed to make interferon-vy responses to recall antigen in cells from peripheral
blood (Sacks et al., 1987), and that this anergy may be the main reason for susceptibility.
More recently, whole blood quantiferon assays carried out in our study area (Gidwani et al.,
2011) have demonstrated very high levels of antigen-driven CD4+ T cell-derived interferon-
v in active VL patients. The high level of DLL1 could be driving this response. Further
research is required to determine the precise functional link between DLL1 expression and
susceptibility to VL.

In summary, we have demonstrated association between SNPs and haplotypes across the
DLL1 to FAM120B region on Chromosome 6927 in Indian VL, which support earlier
findings in Sudan and Brazil. Functional studies suggest DLL1 is the etiological candidate
gene, confirming the potential for polymorphism at DLL 1 to act as a genetic risk factor
across the epidemiological divides of geography and parasite species and providing the
potential for targeted therapeutic intervention to alter disease progression in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1l. DLL1 and FAM120B genomic structure, SNP location, and pairwise LD

The upper diagram provides the intron/exon structure and location of DLL 1 and FAM120B
SNPs (numbered according to the code presented in Table 2) used in the study. SNPs
associated with VL (nominal £<0.05) in this study are shown in dotted arrows. The lower
diagram shows pairwise LD between SNPs for the control sample, as defined by r2 (above)
and D’ (below) measures. r2 values are represented white for r2 = 0, with intermediate
values for 0< r2< 1 indicated by shades of grey; D' values and confidence levels (LOD) are
represented with shades of pink for high D', LOD>2; white for D'<1, LOD<2. The numbers

within the squares represent the D' or r2 scores for pairwise LD.
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Figure 2. Haplotype associations with Indian VL across DLL1 and FAM120B

Chi-squared (XZ), degrees of freedom (df) and AP-values for — single markers and 2-, 3-, 4-
and 5-SNP haplotypes as determined in PLINK comparing cases and controls under an
additive model and using caste as a covariate to take account of population substructure.
Only haplotype associations significant at nominal A<0.06 and with frequency of >0.05 are
shown. Haplotypes are called on the positive strand across all SNPs.
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Figure3. DLL1 and FAM120B expression

Relative expression of (A) DLL1 and (B) FAM120B in mRNA from paired splenic aspirates
harvested from VL patients (N=19) pre- (Day 0) and post-treatment (Day 30) with
antileishmanial treatment. HOD= Healthy organ donor.
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Table 1

Baseline characteristics of the Indian case-control cohort.

Case-Control Sample Number*
Coses 958
Male 571
Female 387

Mean age at study encounter £SD (yr)  31.2 £16.7

Range 3-73
Mean age at onset of VL +SD (yr) 26.8 +15.3
Religious Group

Hindu 850

Muslim 7 108
Controls 1015
Male 570
Female 445

Mean age at study encounter £SD (yr)  31.8 £15.9

Religious Group
Hindu 885
Muslim 130

*
Numbers are given for the individuals with DNA available for genotyping

7LMuinm forms a caste, such that religion is taken into account as a covariate in the caste analysis
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