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Summary

Genetic risk factors contribute to asymptomatic versus symptomatic visceral leishmaniasis (VL) 

outcomes following infection with Leishmania infantum. We therefore carried out a family-based 

(N=918 post-quality control fully genotyped and phenotyped individuals) candidate gene study for 

symptomatic VL or asymptomatic delayed type hypersensitivity (DTH) skin test phenotypes in 
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highly endemic neighborhoods of northeast Brazil. A total of 248 SNPs were genotyped in 42 

genes selected as candidates on the basis of prior genetic, immunological and transcriptional 

profiling studies. The most significant association with the VL phenotype was with SNP 

rs6785358 (p=5.7e-04; pcorrected= 0.026) 3.8 kb upstream of TGFBR2, the gene encoding the type 

2 receptor for transforming growth factor beta (TGF-β). A second inhibitory member of the TGB-

β superfamily signaling pathway, SMAD7, was associated with the DTH phenotype (SNP 

rs7238442: p=0.001; pcorrected=0.051). The most significant association for the DTH phenotype 

was with SNP rs10800309 (p=−8.4e-06; pcorrected= 3.9e-04) situated 3.1 kb upstream of FCGR2A, 

the gene encoding the low affinity IIa receptor for the Fc fragment of IgG. Overall, our results 

imply a role for IgG-mediated inflammation in determining DTH associated with asymptomatic 

infection, and contribute to growing evidence that the TGFβ pathway is important in the 

immunopathogenesis of VL. (196 words; 200 words allowed)

Introduction

Visceral leishmaniasis (VL) is a debilitating parasitic disease of humans caused by protozoa 

belonging to the Leishmania donovani complex. Symptomatic VL is a severe progressive 

infection which can be fatal even with treatment. Despite its potential severity, 80–90% of 

individuals infected with the causative parasites harbor either sub-clinical or asymptomatic 

infection (Blackwell et al., 2009). The hypothesis that human genetic variants also influence 

susceptibility to both VL and a positive DTH response is supported by segregation analyses 

in Brazilian populations (Feitosa et al., 1999, Peacock et al., 2001). Efforts to identify the 

specific genes conferring susceptibility have inspired candidate gene (reviewed (Blackwell 

et al., 2009, Blackwell, 2010), as well as genome-wide linkage (Jeronimo et al., 2007a, 

Jamieson et al., 2007, Miller et al., 2007, Bucheton et al., 2003a) and association (Fakiola et 
al., 2013) studies. Amongst these, candidate gene studies have not always provided dense 

coverage across the genes of interest, and relatively few have included analysis of candidate 

genes as genetic risk factors for both symptomatic and asymptomatic infections, i.e. for 

genetic variants that potentially act as risk factors for disease and those that may be 

protective. Here we provide results of a study that included dense single nucleotide 

polymorphism (SNP) coverage across 42 candidate genes analysed for association with both 

clinical VL and asymptomatic disease as measured by a delayed type hypersensitivity 

(DTH) skin test response to crude leishmanial antigen. The results imply a role for IgG-

mediated inflammation in determining DTH associated with asymptomatic infection, and 

provide strong support to growing evidence that the TGF-β pathway is important in the 

immunopathogenesis of VL.

Materials and methods

Study subjects and phenotype

Details of the study site in Natal, Rio Grande do Norte, Brazil, enrollment of subjects, and 

clinical phenotyping are described in full in our previous genome-wide linkage (Jeronimo et 
al., 2007a) and candidate gene (Jeronimo et al., 2007b) studies. Briefly, criteria for diagnosis 

of VL were a clinical presentation with hepatosplenomegaly, fever, cachexia and 

pancytopenia, positive parasitologic diagnosis (positive bone marrow aspirate, positive 
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serology), and response to treatment. As before (Jeronimo et al., 2007a, Jeronimo et al., 
2007b), the cutoff for a positive Montenegro test for Leishmania antigen was ≥5 mm of 

induration. The study was approved by the institutional review boards of the Universidade 

Federal do Rio Grande do Norte (numbers 19–01 and 21–01); the Comissão Nacional de 

Ética em Pesquisa (CONEP numbers 4581 and 4575); the University of Iowa; Johns 

Hopkins University; the University of Virginia; and the National Human Genome Research 

Institute, National Institutes of Health. Written consent was obtained from adults and from 

parents or guardians of minors <18 years of age, and written assent was obtained from 

minors 12–17 years of age.

Numbers of subjects

DNA for genotyping was available for 1210 individuals (50% male; 50% female), who all 

contributed to calculation of allele frequencies and linkage disequilibrium (LD) blocks. Of 

these, 918 individuals belonged to families for whom phenotype data was available ((141 

VL; 419 DTH+; 105 DTH−; 253 individuals of unknown phenotype). Details of family 

structure are provided in Table S1.

SNP selection and genotyping

SNPs (N=302) were selected to tag 42 candidate genes (Table S2) across intron/exons and 

including 10 kilobases upstream and downstream of the coding region. Based on our 

knowledge of admixture in the region of northeast Brazil (Ettinger et al., 2009), tagging 

SNPs (minor allele frequency >0.05) were selected from LD blocks using the CEU and YRI 

populations in HapMap (Table S3). SNP selection was based on >1 SNP per LD block with 

r2>0.8. Additional SNPs between LD blocks were included to ensure coverage. The median 

distance between SNPs tagging each candidate gene was 2.4 kb. Candidate genes were 

chosen from the literature based on prior genetic association studies (Blackwell et al., 2009), 

on their relevance to the polarized immune responses observed in leishmaniasis (Wilson et 
al., 2005, Sacks & Noben-Trauth, 2002), and/or changes in microarrays of macrophages 

infected with Leishmania spp. (Rodriguez et al., 2004, Ettinger & Wilson, 2008). Candidate 

genes included cytokines, chemokines and their receptors, signal transduction molecules, 

collagens and transporters (Table S2).

Genotyping was performed by the Center for Inherited Diseases Research at Johns Hopkins 

University, Baltimore, MD, USA, using the Illumina Infinium genotyping platform. SNPs 

with median p<0.001 for deviation from Hardy-Weinberg equilibrium (Wigginton et al., 
2005) across unrelated individuals were removed. PEDSTATS (Wigginton & Abecasis, 

2005) and MERLIN (Abecasis et al., 2002) software were used to remove Mendelian errors 

and unlikely genotypes (unlikely recombination events). Individuals or SNPs with more than 

2% inconsistent calls or errors were removed from the analysis. Nuclear families with more 

than 5% errors were also excluded. After quality control, 248 SNPs (Table S3) were retained 

in the analysis. The call rate for SNPs among genotyped individuals was 99.91% after 

quality control.
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Association analyses

Family-based association tests for qualitative traits (VL present or absent; DTH positive or 

DTH negative) were conducted on all 248 SNPs using the LAMP software package, with 

preferences set to “ignore linkage” (Li et al., 2005). For the VL analysis, the 141 individuals 

with VL were compared to (i) the total of 419 DTH positive plus 105 known DTH negative 

(total N=524) individuals, and (ii) the 419 DTH positive individuals alone. For the DTH 

analysis, the 141 VL individuals were set to phenotype unknown (since they may have lost 

their DTH status secondary to immune suppression as disease progressed), hence making the 

association comparison between DTH positive (N=419) versus DTH negative (N=105) 

individuals. In all analyses, phenotype unknown individuals contribute to estimation of allele 

frequencies. Criteria for families to be considered to be exposed, and therefore included in 

the study population, were at least 50% of family members to present with VL or a positive 

DTH response, with DTH negative individuals only being included in the study if they had 

lived in the household for a minimum of 12 months. A modified Bonferroni threshold for 

significance was calculated to take account of the number of LD blocks identified using a 

conservative method (Gabriel et al., 2002) implemented in the Haploview program (Barrett 

et al., 2005). There were 48 independent blocks (Table S3) across all candidate genes. 

Considering this total of 48 LD blocks, a threshold nominal p=0.001 (i.e. p=0.05/48) was 

required to achieve significance at α=0.05. Individual corrected p-values were nominal p-

values multiplied by 48 LD blocks. Plots of associations were generated with the 

Locuszoom software package (Pruim et al., 2010).

Transforming growth factor beta quantification

Latent and endogenously activated transforming growth factor beta (TGFβ) concentrations 

were measured in platelet-free serum of Brazilian VL patients (N=11) during active VL 

either prior to or during the first 24 hrs of treatment, or during a relatively healthy state. VL 

patients were compared with healthy exposed endemic controls (19 DTH positive; 11 DTH 

negative). Serum was frozen immediately after collection, and underwent only one freeze-

thaw before TGFβ measurement to minimize artifactual activation of latent TGFβ. TGFβ 
was measured using an ELISA kit from R&D systems. Plasma samples were acidified and 

neutralized according to the manufacturer’s instructions to measure total TGFβ 
concentrations (i.e. latent plus activated). Endogenously activated TGFβ was measured in 

non-acidified samples. TGFβ levels were compared between subjects according to 

genotypes for the TGBR2 rs6785358 SNP. Tests for significant differences between 

genotypes were performed using a two-tailed student’s T-test assuming unequal variance 

between groups.

Results

Allelic associations

Table 1 lists the most significant associations (uncorrected p<0.01) between each phenotype 

and candidate gene SNPs.

The top association for the VL phenotype was with TGFBR2 (Table 1: SNP rs6785358; 

nominal p value of p=5.7e-04; Bonferroni corrected p=0.026), the gene encoding the type 2 
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receptor for transforming growth factor beta (TGFβ). Figure 1A demonstrates that the 

association was confined to two SNPs at the 5 prime end of the gene, 3.8 kb upstream of 

TGFBR2 and within intron 1, which were not in LD with the remaining 30 SNPs selected to 

cover LD blocks across the full length of the gene. This suggests that the two associated 

SNPs are tagging regulatory variants. SNPs within another inhibitory member of the TGBβ 
superfamily signaling pathway (Akhurst & Padgett, 2015), SMAD7, were associated with 

the DTH phenotype (Table 1: SNP rs7238442; nominal p value of p=0.001; Bonferroni 

corrected p=0.051). Since a positive DTH response has traditionally been accepted as a 

measure of acquired resistance to infection, we also compared VL individuals to only those 

with a confirmed DTH positive phenotype. In this analysis the same SNPs showed positive 

associations at nominal P-values ≤0.026, but only SNP rs6770038 at TGFBR2 remained 

significant after correction for multiple testing (Table 1: SNP rs6770038; nominal p value of 

p=8.3e-04; Bonferroni corrected p=0.039). The difference between the two analyses of the 

VL phenotype likely reflects loss of power due to the smaller sample size of non-VL 

individuals in the second analysis. It should be noted that DTH negative individuals were 

only included in our sample if they had lived in an exposed household for a minimum of 12 

months, making it highly probably that they are innately resistant to infection.

The top association for the DTH phenotype was with FCGR2A (SNP rs10800309; nominal 

p value of p=8.4e-06; Bonferroni corrected p=3.9e-04), the gene encoding the low affinity 

IIa receptor for the Fc fragment of IgG. Figure 1B demonstrates that the association is 

confined to SNP rs10800309 located 3.1kb upstream of the FCGR2A, which was not in LD 

with the remaining 3 SNPs selected to cover LD blocks across the full length of the gene. 

This suggests that the associated SNP is tagging regulatory variants. This SNP also showed 

suggestive association with the VL phenotype (Table 1: SNP rs10800309; nominal p value 

of p=0.0017; Bonferroni corrected p=0.078). The association with DTH was with the minor 

A allele, whereas the association with VL was with the major G allele.

Association of the VL phenotype with SNP rs2279015 (nominal p value of p=0.005; 

Bonferroni corrected p=0.248) at SLC11A1, the gene encoding solute carrier family 11, 

member A1, is also worthy of note given prior genetic evidence for association between 

variants at SLC11A1 and VL in other geographic regions (Bucheton et al., 2003b, Mohamed 

et al., 2004, Ejghal et al., 2014).

Since LD tagging is never complete, with a number of singleton SNPs identified (Table S2), 

we cannot discount the possibility that further associations between the VL and DTH 

positive phenotypes and candidate genes could be identified with denser coverage of SNPs 

across each gene.

TGF-β levels by TGFBR2 genotype

Previous research suggests that TGF-β induces expression of specific micro-RNAs that 

inhibit TGFBR2 expression as a self-limiting homeostatic response (Fierro-Fernandez et al., 
2015) Associations observed at TGFBR2 therefore prompted us to determine whether TGF-

β levels differed between individuals with different phenotypes (VL, DTH positive, DTH 

negative), and whether this was influenced by genotype for the top SNP rs6785358 (Table 

2). Given previously observed (MEW and SMJ, unpublished observations) wide fluctuations 
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in TGF-β levels during acute VL, we assessed TGF-β levels in VL patients who were not 

acutely ill. Amongst 30 non-VL subjects (DTH positive and DTH negative) assessed for 

endogenously active and total TGF-β levels, 25 were homozygous for the major allele (A/A) 

of the SNP rs6785358, 4 were heterozygous (A/G), and one (DTH positive) was 

homozygous for the minor allele (G/G). Amongst 12 VL individuals studied, 6 were 

homozygous A/A, and 6 were heterozygous A/G, consistent with over-representation of the 

disease-associated minor G allele in this group. Overall levels of total TGF-β did not differ 

significantly between the 3 phenotypic groups (Table 2). However, when broken down by 

genotype, VL individuals homozygous for the A allele had significantly lower levels of total 

TGF-β than individuals carrying the VL-associated G allele (Table 2, p=0.002). There was 

no significant difference between genotypes for DTH positive individuals (Table 2, 

p=0.792), who all had similarly higher levels of total TGF-β. It was not possible to make 

comparisons within the DTH negative group as there was only one G allele carrier. For 

active TGF-β, both non-VL groups (DTH positive and DTH negative) had significantly 

lower levels of activated TGF-b compared to the VL group (Table 2, DTH positive p=0.051; 

DTH negative p=0.007). Broken down by genotype, DTH positive individuals homozygous 

for the A allele had significantly higher levels of activated TGF-β than individuals carrying 

the VL-associated G allele (Table 2, p=0.033), whereas all VL individuals had similarly high 

levels of activated TGF-β. Comparing within genotypes, A/A homozygous VL individuals 

had, on average, ~2-fold the level activated TGF-β compared to A/A DTH positive 

indiduals, whereas for carriers of the G allele, VL patients had ~15-fold activated (p=0.056) 

TGF-β compared to DTH positive individuals. Hence, the effect of the G allele, which is the 

risk allele for VL, was to enhance the levels of activated TGF-β compared to DTH positive 

individuals.

Discussion

The current study was designed as a comprehensive analysis of candidate genes for both 

clinical VL and asymptomatic DTH positive phenotypes associated with L. infantum 
infection in northeastern Brazil. Amongst 42 candidate genes studied, only SNPs at 

TGFBR2 provided associations with VL that were robust to correction for multiple testing, 

whilst SNPs at FCGR2A and SMAD7 were robust to correction for the DTH phenotype. 

The opposing allele for the same SNP at FCGR2A was also marginally associated with VL. 

FCGR2A encodes the low affinity IIa receptor for the Fc fragment of IgG. A functional 

immunological role for antibodies in VL disease pathogenesis remained equivocal for many 

years (Kumar & Nylen, 2012). More recently, however, Fc gamma receptors have been 

shown to mediate uptake by inflammatory macrophages of L. major amastigotes coated with 

host-derived IgG, preferentially inducing production of high amounts of IL-10 which 

suppress parasite clearance (Kane & Mosser, 2001). Passive administration of anti-

Leishmania IgG to L. major infected mice which lack IgG enhanced lesion sizes, 

accompanied by high IL-10 production (Miles et al., 2005). The effect of IgG administration 

could be reversed by blocking the murine IL-10 receptor. The same authors (Miles et al., 
2005) showed that L. infantum amastigotes grown axenically induced little or no detectable 

IL-10 from human monocytes, but when incubated in VL patient (but not normal donor) 

serum to facilitate specific IgG opsonisation, high levels of IL-10 were produced. 
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Furthermore, patients from our study area with ongoing VL disease have high levels of IgG 

and no DTH responses, a pattern that is reversed upon treatment (Miles et al., 2005). In the 

light of these findings, a strong association between variants at FCGR2A and DTH 

responses at first seems counter-intuitive, since there would be no antigen-specific IgG in the 

circulation at the time of administration of skin test antigen that could mediate an antigen-

specific Fc gamma receptor-mediated local inflammatory response, even if this was now 

diverted to pro-inflammatory IL-12 rather than anti-inflammatory IL-10. Further work will 

be required to replicate these findings in other populations and to understand the mechanism 

behind this association, and how this relates to the marginal association observed for the 

alternative allele with VL disease.

The two strongly VL associated SNPs at TGFBR2 were in LD with each other, and located 

in the 5 prime region of the gene – consistent with a regulatory role in determining TGFBR2 
expression. Although the TGFBR2 gene is not expected to directly regulate TGF-β levels, 

there are reports of co-regulated expression of both receptor and TGF-β by third party 

factors including microRNAs (Wei et al., 2013, Li et al., 2012, Fu et al., 2014) and the ets-1 

transcription factor flightless encoded by FLI1 (Im et al., 2000). One report (Fierro-

Fernandez et al., 2015) suggests that TGF-β specifically induces expression of micro-RNA 

miR-9-5p to inhibit TGFBR2 expression as a self-limiting homeostatic response. Thus our 

observed relationships between TGF-β levels and TGFBR2 genotypes may be indicative of 

such a homeostatic mechanism. Furthermore, it was of interest that the VL-associated minor 

G allele of SNP rs6785358 3.8 kb upstream of TGFBR2 was strongly associated with higher 

levels of active circulating TGF-β in symptomatic VL subjects compared to non-VL 

controls. The availability of extracellular TGF-β stores, and the efficiency with which the 

active form of the cytokine is released, could greatly influence disease outcome. As part of a 

study fine mapping regions of the genome linked to VL susceptibility, we recently 

(Weirather et al., 2016) demonstrated a robust association between VL disease and a group 

of intronic SNPs at LTBP4 encoding Latent Transforming Growth Factor Beta Binding 

Protein 4. The LTBP4 complex remains in extracellular tissues until activated via a number 

of mechanisms that alters its physiochemical characteristics, causing it to release its 

activated TGF-β cargo. It was also of interest that the DTH+ phenotype was associated with 

the inhibitory member of the TGF-β super-signaling pathway SMAD7, which will inhibit 

TGFBR2-mediated signaling events. DTH responses in our population have also previously 

been associated with genetic variants at TGFBI on chromosome 5q31.1 (Jeronimo et al., 
2007b), while VL has been associated with TGFB promoter region SNPs elsewhere in Brazil 

(Frade et al., 2011). TGFBI encodes the protein keratoepithelin, which is upregulated by 

TGF-β, and is expressed in skin epithelial cells where it could modulate the DTH 

phenotype. This effect on the skin response to leishmanial antigen is consistent with our 

prior reports of association between cutaneous leishmaniasis and wound healing genes in, or 

affecting, the TGF-β pathway (Castellucci et al., 2012, Castellucci et al., 2011). Genetic 

regulation of the TGF-β pathway may be providing a balance between positive wound 

healing responses reflected in the DTH phenotype, as opposed to the disease-promoting role 

of TGF-β in relation to the VL phenotype.

Overall, these genetic studies provide strong support for the importance of the TGF-β 
pathway in determining the outcome of infection with L. infantum in our study population, 
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supporting a growing body of functional data on the role of the TGF-β pathway in VL 

disease including its importance both as a suppressor of T cell responses (Gantt et al., 2003, 

Gomes et al., 2000) and potentially as an activator of T helper 17 development (Gantt et al., 
2003). Replication in other populations and further understanding the role of key pathways 

in the host response to L. infantum may have future implications for the development of 

efficient and cost-effective therapeutic strategies against Leishmania infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Most highly associated SNPs in candidate genes. Associations between VL phenotype and 

rs6785358 upstream of TGFBR2 (A), and the DTH positive phenotype and the rs10800309 

upstream of FCGR2A (B), are plotted along with tagging SNPs covering the candidate gene. 

The blue points represent the strongest association for the trait within the candidate gene. 

The LD structure between the most closely associated SNP and other flanking SNPs is 

indicated by a color gradient on flanking SNPs, with white in strong LD, and red being in 

weak LD. The dashed line represents the global adjusted Bonferroni threshold of 

significance at p=0.001 cutoff.
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