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Editorial on the Research Topic 


The Role of Gene Polymorphisms in Modulating the Immune Responses Against Tropical Infectious Diseases


Immune responses against pathogens can be modulated by T and B regulatory cells, surface-bound and soluble immune checkpoint molecules, neutralizing antibodies and antibody receptors, soluble mediators produced during the immune response, and intracellular molecules, among others. Immune checkpoint molecules may promiscuously inhibit several types of cells of the immune system. For example, HLA-G may inhibit the function of T, B, natural killer, and antigen presenting, cells upon ligation with specific receptors on immune cells. The description of the in silico structures of the membrane-bound and of the soluble HLA-G1 and G5 isoforms (shown on the cover page and in the related article) is important to understand the docking of HLA-G with its major receptors (Arns et al.). Other immune checkpoint molecules may specifically inhibit a single or a group of lymphocyte subsets after cell activation, including programmed cell death protein-1 (PD-1). Immune responses against pathogens may be further modulated by the presence of nucleotide variation in genes responsible for the immune responses. In this Research Topic, nucleotide variants in genes associated with the control of the adaptive and innate immune responses are reported in viral, bacterial, fungal, and protozoan infections.

Interaction of PD-1 (PDCD1 gene) with its ligands (PD-L1 and PD-L2) inhibits cellular immune responses and maintains the balance between activation and tolerance. The study of the PDCD1 -606G>A (rs36084323) promoter region polymorphism in cervical lesions caused by high-risk human papillomavirus revealed that the mutant -606A allele is associated with increased protein and gene expression, irrespective of lesion severity. Additionally, a differential PDCD1 expression was observed according to the severity of the lesion, indicating that the virus may escape immune control by regulating PD1 (da Silva et al.).

Cytophilic IgG antibodies bind to Fc gamma receptors (FcgR) expressed at the surface of immune cells, and genetic variability at the IgG heavy chain constant region and in FcgR may modulate the susceptibility to malaria infections. The study of the variability in the FcgR (FcgRIIA, FcgRIIIA, FcgRIIIB NA1/NA2) genes in Beninese children revealed that carriers the G3m24 single allotype and the G3m5,6,10,11,13,14,24 phenotype were independently associated with risk for malaria infection. In addition, several combinations of the FcgRIIA, FcgRIIIA, and FcgRIIIB polymorphisms and the IgG G3m allotypes were also associated with susceptibility to malaria, particularly in conditions of high intensity of exposure to mosquito bites, emphasizing the importance of cytophilic IgG1 and IgG3 isotypes in protection against Plasmodium falciparum malaria (Fall et al.).

Cytokine/chemokine gene diversity was evaluated in Chagas disease, paracoccidioidomycosis, leprosy, and tuberculosis. In Brazilian Chagasic patients, 35 Tag single nucleotide polymorphisms along the IL12B, IL10, IFNG and IL4 cytokine genes were evaluated in patients exhibiting chronic cardiomyopathy and in asymptomatic patients. Only, the IL12 (rs2546893G, rs919766C) and IL10 (rs3024496C) alleles were associated with an increased risk for cardiomyopathy development (Frade-Barros et al.). Additionally, the promoter region IL6 −174CG (rs1800795) genotype was associated with decreased risk for Trypanosoma cruzi detection whereas the IL17A −152AA (rs2275913), IL18 −607AA (rs1946518), IL1B -31TC (rs1143627) genotypes and the HIV co-infection were associated with reduced risk for developing cardiomyopathy or severe cardiac dysfunction (dos Santos et al.). In Brazilian paracoccidiodomycosis patients, evaluation of cytokine and cytokine receptor genes (IL12A, IL18 and IFNGR1) revealed that the IL18 -607A allele was associated with susceptibility for the acute and chronic multifocal forms, whereas the IL18 -607C allele was associated with protection against the unifocal chronic form (Sato et al.). The IL10 polymorphism were studied in Indian patients presenting lepromatous leprosy. The promoter region IL10 -819TT (rs1800871) and -1082GG (rs1800896) genotypes were overrepresented in patients, and the -819TT genotype was associated with an increased number of IL-10-producing CD4 and Treg cells, and increased skin expression of IL-10, supporting a significant role for IL-10 in disease pathogenesis (Tarique et al.).

Eight variants located in the promoter region of the chemokine receptor CCR5 gene were investigated in Han Chinese patients infected with Mycobacterium tuberculosis (Mtb). The rs2734648-G at single or double doses and the rs1799987-AA genotype were associated with susceptibility to tuberculosis or pulmonary tuberculosis. Haplotype analysis of the eight variants revealed that the CCR5 rs2227010A-rs2856758A-rs2734648G-rs1799987G-rs1799988T-rs41469351C-rs1800023G-rs1800024C haplotype increased susceptibility to tuberculosis and pulmonary tuberculosis (Liu et al.). This study sheds light on the importance of CCR5 in the regulation, recruitment, and activation of macrophages. An increase in the expression of CCR5 might be detrimental and lead to the development of TB.

Considering that host innate immune genes may shape susceptibility to pathogens, inflammasome gene polymorphisms (nucleotide-binding oligomerization domain-like receptor pyrin domain containing-3 (NLRP3) C>G rs10754558, nucleotide-binding oligomerization domain-like receptor-CARD domain-containing protein 4 (NLRC4) G>C rs479333, absent in 28 melanoma 2 (AIM2) T>C rs1103577, Caspase-Activation and Recruitment Domain-8 (CARD8) T>C rs2009373, and cathepsin B (CTSB) A>C rs1692816) were evaluated in tuberculosis in two Brazilian studies. The gain-of-function NLRP3 GG (rs10754558) genotype was associated with increased IL-1ß production when stimulated with Mtb compared to non-carriers, representing an important sensor for Mtb virulence, whereas the presence of at least one lost-of-function NLRC4 C (rs479333) allele was associated with extra-pulmonary tuberculosis (De Lima et al.). The AIM2 CC (rs1103577) genotype was associated with increased risk for pulmonary tuberculosis development, since patients carrying this genotype exhibited high levels of IL-1β. The CTSB gene (rs1692816) was associated with reduced risk for extra-pulmonary manifestations (Figueira et al.). These studies highlight the importance of inflammasomes in the development of TB and suggest that individuals predisposed to high levels of IL-1β production were more susceptible to the development of TB.

An innate immune retroviral restriction factor was also studied. The Sterile Alpha Motif (SAM) and Histidine- Aspartic (HD) domain-containing protein 1 (SAMHD1) gene is a dNTPase that prevents the synthesis of double-stranded DNA, impairing viral replication cycle and viral integration into the cell genome. The G allele of the SAMHD1 A>G (rs6029941) 3’ untranslated region (3’UTR) polymorphism was associated with a higher pro-viral load and lower levels of IFN-α in human T-cell lymphotropic virus type 1 (HTLV1) infected patients from the Brazilian Amazon area, suggesting that microRNAs may differentially target this polymorphic site (Queiroz et al.).

This study identifies individual that carry the G allele and produce low levels of IFN-α as having higher proviral load during HTLV1 infection. Furthermore, a possible influence of microRNA acting in this region may regulate the expression of the gene.

Finally, a review article, focusing on the role of genetic factors in schistosomiasis, identified several major quantitative trait loci (QTL), including Schistosoma mansoni, susceptibility/resistance region 1 (SM1) located in the region (5q31-q33) that are associated with parasite burden. This region harbors several genes of the Th2 immune response. A second QTL (SM2, 6q22-q23) was associated with the intensity of liver fibrosis. QTLs interspersed in SM1 and SM2 regions, were related to genes of the Th17 profile (Mewamba et al.). This review demonstrates the importance of the host genetic background in the controlling of the parasite.

Altogether, this series of papers describe the differential impact of nucleotide variation in genes related to the control of the innate and/or adaptive immune response against infectious diseases. Variations observed in exonic regions may modify protein function, whereas polymorphisms observed at the regulatory regions (promoter and 3’UTR) may impact gene expression. Accordingly, this series provides evidence that nucleotide variation in genes associated with the control of the immune response against tropical infectious diseases impacts pathogen escape from the specific immune response, disease pathogenesis, and disease morbidity.
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SAMHD1, a host dNTPase, acts as a retroviral restriction factor by degrading the pool of nucleotides available for the initial reverse transcription of retroviruses, including HTLV-1. Polymorphisms in the SAMDH1 gene may alter the enzymatic expression and influence the course of infection by the virus. The present study investigated the effect of polymorphisms on HTLV-1 infection susceptibility and on progression to disease in 108 individuals infected by HTLV-1 (47 symptomatic and 61 asymptomatic) and 100 individuals in a control group. SAMHD1 rs6029941 (G/A) genotyping and HTLV-1 proviral load measurements were performed using real-time PCR and plasma IFN-α was measured by ELISA. Polymorphism frequency was not associated with HTLV-1 infection susceptibility or with the presence of symptoms. The proviral load was significantly higher in symptomatic individuals with the G allele (p = 0.0143), which presented lower levels of IFN-α (p = 0.0383). SAMHD1 polymorphism is associated with increased proviral load and reduced levels of IFN-α in symptomatic patients, and may be a factor that contributes to the appearance of disease symptoms.

Keywords: HTLV-1, SAMHD1, polymorphism, IFN-α, symptomatic


INTRODUCTION

HTLV-1 is responsible for the development of HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) and adult T-cell leukemia/lymphoma (ATLL) and is associated with other inflammatory syndromes, such as rheumatoid arthritis, dermatitis, and uveitis, in addition to autoimmune diseases (Quaresma et al., 2015). However, most infected individuals do not develop symptoms, and parameters for evaluating the clinical outcome of each carrier remain undefined (Bangham et al., 2015). Therefore, several studies have investigated factors, mainly genetic factors that can elucidate the course of HTLV-1 infection in the onset of infection-related symptoms (Talledo et al., 2010; Assone et al., 2018; Vallinoto et al., 2019).

SAMHD1 is a deoxynucleotide triphosphate triphosphohydrolase (dNTPase) that acts as an intrinsic factor of retroviral restriction, degrading the pool of nucleotides available for the initial reverse transcription, limiting the replication of retroviruses, including HTLV-1 (van Montfoort et al., 2014). Blocking this step prevents the synthesis of double-stranded DNA and disrupts the later stages of the viral replication cycle, including nuclear translocation and integration of DNA into the genome of the host cell (Sze et al., 2013b).

Genetic variations in the SAMDH1 gene may alter the expression of the enzyme and influence the course of viral infection. A polymorphism in the SAMHD1 3′-UTR region, rs6029941 (A/G), seems to alter enzyme expression, where the A allele is associated with higher levels of SAMHD1 expression and the G polymorphic allele is associated with lower levels (Zhu et al., 2018). In this regard, individuals infected by HTLV-1 with reduced SAMHD1 levels may have a greater proviral load, whereas increased enzyme expression may reduce viral replication and activate a potent type I IFN response, which would enable infection control (van Montfoort et al., 2014). The aim of the present study was to evaluate the effect of the SAMHD1 polymorphism rs6029941 (A/G) on the proviral load and the development of symptoms of HTLV-1-associated diseases.



MATERIALS AND METHODS


Study Population and Sample Collection

The present study included blood samples from 108 individuals infected with HTLV-1 (22 clinically diagnosed with HAM/TSP, 18 with rheumatic manifestations, 3 with dermatitis, 1 with uveitis, 3 with more than one diagnosis and 61 asymptomatic) treated at the Tropical Medicine Center outpatient clinic of the Federal University of Pará. The patients were of both sexes, were older than 18 years of age and had not been treated with glucocorticoids. The control group included 100 individuals at risk of infection but not infected with the HTLV-1/2, HIV-1, hepatitis B or C, Chlamydia trachomatis or syphilis viruses, to compare polymorphism frequencies.

A 10 mL blood sample was collected by intravenous puncture using a vacutainer system containing ethylenediaminetetraacetic acid as an anticoagulant. The samples were centrifuged and separated into plasma and a leukocyte mass. The leukocyte samples were used to extract genomic DNA for analysis of the SAMHD1 rs6029941 (A/G) polymorphism and quantification of the proviral load.



DNA Extraction

DNA was extracted from peripheral blood leukocytes using the Puregene kit (Gentra Systems, Minneapolis, MN, USA) according to the manufacturer's protocol, which included cell lysis, protein precipitation, and DNA precipitation and rehydration. DNA was quantified using a Qubit® 2.0 fluorometer (Life Technologies, Carlsbad, CA, USA) and Qubit™ DNA assay kit reagents (Life Technologies, Carlsbad, CA, USA), following the protocol recommended by the manufacturer.



Quantification of HTLV-1 Proviral Load

Proviral load was quantified using a quantitative real-time PCR using three target sequences, synthesized through the TaqMan® system (Life Technologies, Foster City, CA, USA), according to a previously described protocol (Tamegão-Lopes et al., 2006). Samples containing 5 mL of whole blood were collected for leukocyte DNA extraction, followed by relative quantification using real-time PCR. The results were subsequently adjusted for the absolute proviral quantity, based on leukocyte counts per μL, and expressed as proviral DNA copies/μL.



Genotyping of SAMHD1 rs6029941 (A/G)

The polymorphism, located in the UTR3′ region of the gene, was genotyped by real-time PCR using a StepOnePLUS™Real-Time PCR System. The reaction consisted of a commercial assay (C__29973868_10) containing primers and specific TaqMan® probes for amplification of the target sequence (Thermo Fisher, Carlsbad, California, USA). The reaction contained 1× MasterMix, H2O, 20× C_11537906_20 assay buffer and 50 ng of DNA, which was subjected to the following cycling conditions: 10 min at 95°C and 40 cycles of 15 s at 95°C and 1 min at 60°C.



Quantification of Plasma IFN-α

Plasma IFN-α was measured by the enzyme-linked immunosorbent assay (ELISA) Invitrogen Human IFN alpha ELISA Kit (ThermoFisher, Carlsbad, CA, USA), which uses specific monoclonal antibodies to detect the cytokine and followed the manufacturer's instructions.



Statistical Analysis

The genotype frequencies were estimated by direct count. The allele frequency was calculated using the formula: F = 2 × number of homozygous individuals + number of heterozygous individuals/total number of individuals. The sum of the two alleles must equal 1. This is the standard form of scientific literature in the field of genetics to describe allele frequencies (the allele frequency described in the table not corresponding to “n” and %).

Differences between genotype frequencies observed in the investigated groups were calculated by the χ2 (chi-square) test. The proviral load and plasma IFN-α were compared between groups using the non-parametric Kruskal-Wallis and Mann-Whitney test. All tests were performed using BioEstat 5.3 software. Associations with p < 0.05 were considered statistically significant.




RESULTS

The distributions of the allele and genotype frequencies of the rs6029941 (A>G) polymorphism were similar between individuals infected with HTLV-1 and the control group, with a higher frequency of the polymorphic allele (SAMDH1*G) in individuals with the virus, but without statistical significance (Table 1). Among the infected individuals, no statistically significant difference was observed between the asymptomatic group and the patients with different symptom manifestations (including patients with HAM/TSP, rheumatic manifestations, dermatitis, and uveitis) (Table 1).


Table 1. Genotype and allele frequencies of SAMHD1 rs6029941 (A>G) polymorphism among HTLV-1 carriers and in the control group and among asymptomatic and symptomatic HTLV-1 carriers.

[image: Table 1]

The proviral load test was performed only on 47 samples and the plasma measurement of IFN-α in 52 samples from individuals infected with HTLV-1, because not all samples were viable for these tests.

The median of proviral load was higher in individuals infected carrying the polymorphic allele (AA: 33.95, AG: 270.1 and GG: 424.2), and significant difference was observed between wild-type and polymorphic genotypes, AG and GG (Figure 1A; p = 0.0100 and p = 0.0010, respectively). In contrast, median IFN-α levels were lower in individuals with polymorphic genotypes (AA: 33.04, AG: 26.52 and GG: 20.10) but without statistical significance (Figure 1B; p = 0.1246).


[image: Figure 1]
FIGURE 1. Proviral load (A) and IFN-α levels (B) among HTLV-1 infected individuals with different genotypes for the SAMHD1 rs6029941 (A > G) polymorphism. Kruskal-Wallis test.


Analyzes of proviral load and IFN-alpha levels were performed among individuals with wild genotype (AA), related to greater expression of SAMHD1, compared to individuals with genotypes expressing the polymorphic allele (*G) in homo and heterozygosis (AG and GG), which are associated with reduced expression of the restriction factor. The viral load was significantly higher in symptomatic individuals with polymorphic genotypes, p = 0.0143 (Figure 2A), who had lower levels of IFN-α, p = 0.0383 (Figure 2B). Analysis of the asymptomatic group showed higher median levels of proviral load in individuals with polymorphic genotypes, although it is not statistically significant (Figure 2C). There was no difference in IFN-α levels (Figure 2D).
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FIGURE 2. Proviral load and IFN-α levels among individuals with different genotypes for the SAMHD1 rs6029941 (A>G) polymorphism according to the presence (A,B) and absence of symptoms (C,D). Mann-Whitney test.




DISCUSSION

Restriction factors are important components of innate immunity that recognize specific patterns of retroviruses and inhibit viral replication. The main restriction factors associated with the inhibition of retroviruses include APOBEC3, TRIM5α, Tetherin, and SAMHD1 (Wilkins and Gale, 2010). The SAMHD1 enzyme restricts infection by degrading the pool of nucleotides available for viral reverse transcription. Furthermore, SAMHD1 undergoes specific conformational changes that promote signaling for the production of type I interferon and the expression of proinflammatory cytokines by the infected cell (van Montfoort et al., 2014).

In the present study, the frequency of the SAMHD1 rs6029941 (A/G) polymorphism was not associated with infection susceptibility or with the presence of HTLV-1-related symptoms. These results may be related to the small sample size used in the study. Although the Amazon region is endemic for HTLV-2 infection, found mainly in the indigenous population (Ishak et al., 2003; Braço et al., 2019), the prevalence of HTLV-1 is low, approximately 0.9% among blood donors (Catalan-Soares et al., 2005). However, the sample size of the study corresponds to the number of patients who are attending the outpatient clinic at the Center for Tropical Medicine at the Federal University of Pará, a place that monitors patients diagnosed with HTLV-1 in the city of Belém.

Another possibility of the lack of association of the frequency of SAMHD1 rs6029941 (A/G) polymorphism with the symptoms of the diseases is that it may not be associated with the development of symptoms of all types of diseases associated with HTLV-1, because, although they are of inflammatory etiology, they activate different immunological mechanisms (Quaresma et al., 2015). Thus, these data show that frequency analysis alone is not sufficient to determine the influence of polymorphism on the development of HTLV-1 infection. To better assess this relationship, the levels of proviral load and IFN-α were analyzed, and the results showed that polymorphism could act as a possible factor that would contribute to the complex manifestations of the symptoms of the disease.

There was an association between the SAMHD1 rs6029941 (A/G) polymorphism and variations in the HTLV-1 proviral load. The GG polymorphic genotype, related to lower enzyme levels (Zhu et al., 2018), was associated with a higher proviral load in individuals infected with HTLV-1, regardless of the presence or absence of infection-related symptoms. These results corroborate recent data indicating that this polymorphism reduces SAMHD1 gene expression (Zhu et al., 2018) because reduced SAMHD1 levels favor HTLV-1 replication, which results in an increased proviral load.

The AA genotype, which conferred greater expression of SAMHD1, was associated with lower levels of proviral load, which may be related to better control of HTLV-1 replication. Higher levels of SAMHD1 would restrict infection by degradation of the nucleotides pool for reverse transcription. Although it has been demonstrated that HTLV does not appear to be affected by SAMHD1, this finding could be related to a possible escape mechanism of the virus to the restriction factor (Gramberg et al., 2013). However, Sze et al. (2013a) observed that SAMHD1 inhibited reverse transcription in monocytes infected with HTLV-1, leading to the formation of reverse transcription intermediates, responsible for inducing apoptosis and limiting infection. Although the present study did not evaluate a specific type of cells, the results suggest that the polymorphism could favor escape mechanisms of the virus against the control of the innate immune system, influencing the evolution of the infection.

Mutations in the SAMHD1 gene may alter enzyme synthesis and result in uncontrolled inflammatory responses, mainly mediated through the increased production of type I IFN (Rice et al., 2009). Mutations in the SAMHD1 gene are associated with an autoimmune disorder through the irregular response of type I IFN, which characterizes Aicardi-Goutières syndrome, in which there is marked production of IL-12 and TNF-α (White et al., 2017).

An important aspect that needs to be considered is the genetic background of the population analyzed in this study, which results from interethnic crossbreeding of Europeans, Indians, and Africans (Santos et al., 2009). Therefore, these preliminary data seem to suggest that the SAMHD1 rs6029941 (A/G) polymorphism may influence HTLV-1 infection in the evaluated tri-hybrid population. However, because this is the first study that investigated the association of polymorphism in HTLV-1 infection, it will also be necessary to analyze its relationship in other different infected ethnic groups to determine its relevance in other populations.

The choice of the SAMHD1 rs6029941 polymorphism (A/G) was based on its influence on changes in gene expression and because it has not yet been evaluated for HIV and HTLV infection. Although the frequency of polymorphism is not associated with the presence of disease symptoms, it was associated with a higher proviral burden in symptomatic patients, and patients without symptoms, also had higher levels. Possibly, the polymorphism, related to the lower expression of SAMHD1, could promote less inhibition of reverse transcription, leading to the formation of few reverse transcription intermediates (RTIs) and low type I interferon production, resulting in a more productive infection, with a high proviral load (van Montfoort et al., 2014).

The findings found in the present study suggest that only SAMHD1 rs6029941 (A/G) polymorphism is not able to induce the progression and worsening of the infection, but it would act as a factor that could increase the proviral load and contribute to the appearance of symptoms. Other studies, including the follow-up of asymptomatic patients with polymorphism, may better clarify its influence on the development of symptoms associated with HTLV-1.

In summary, the results suggest that the SAMHD1 rs6029941 (A/G) polymorphism is associated with increased HTLV-1 proviral load and lower levels of IFN-α in symptomatic patients. Thus, the polymorphism could contribute to the development of the symptoms of the disease.
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Background: Chagas disease, caused by the protozoan Trypanosoma cruzi, is endemic in Latin America. Thirty percent of infected individuals develop chronic Chagas cardiomyopathy (CCC), an inflammatory dilated cardiomyopathy that is the most important clinical consequence of T. cruzi infection, while the others remain asymptomatic (ASY). IFN-γ and IFN-γ-producing Th1-type T cells are increased in peripheral blood and CCC myocardium as compared to ASY patients, while the Th1-antagonizing cytokine IL-10 is more expressed in ASY patients. Importantly IFN-γ-producing Th1-type T cells are the most frequent cytokine-producing T cell subset in CCC myocardium, while expression of Th1-antagonizing cytokines IL-10 and IL-4 is unaltered. The control of IFN-γ production by Th1-type T cells may be a key event for progression toward CCC. A genetic component to disease progression was suggested by the familial aggregation of cases and the association of gene polymorphisms with CCC development. We here investigate the role of gene polymorphisms (SNPs) in several genes involved in the control of IFN-γ production and Th1 T cell differentiation in CCC development.

Methods: We studied a Brazilian population including 315 CCC cases and 118 ASY subjects. We assessed 35 Tag SNPs designed to represent all the genetic information contained in the IL12B, IL10, IFNG, and IL4 genes.

Results: We found 2 IL12 SNPs (rs2546893, rs919766) and a trend of association for a IL10 SNP (rs3024496) to be significantly associated with the ASY group. these associations were confirmed by multivariate analysis and allele tests. The rs919766C, 12rs2546893G, and rs3024496C alleles were associated to an increase risk to CCC development.

Conclusions: Our data show that novel polymorphisms affecting IL12B and IL10, but not IFNG or IL4 genes play a role in genetic susceptibility to CCC development. This might indicate that the increased Th1 differentiation and IFN-γ production associated with CCC is genetically controlled.

Keywords: Chagas disease, cardiomyopathy, susceptibility, IL12, IL 10, IFN, IL4


INTRODUCTION

Chagas disease (American trypanosomiasis) is caused by the protozoan Trypanosoma cruzi (T. cruzi) and mainly transmitted by the reduviid arthropod vector. It is endemic in Latin America, where an estimated 8 million people are infected (https://www.cdc.gov/parasites/chagas/index.html). Imported disease is increasingly recognized as an emerging problem in the USA and Europe due to immigration from Latin America (https://www.who.int/chagas/disease/en/). Decades after acute infection, 20–30% of the patients develop chronic Chagas disease cardiomyopathy (CCC), where heart tissue inflammation and remodeling, fibrosis, electrical and structural abnormalities often lead to life-threatening heart failure and arrhythmia (1). Five to 10% of infected individuals develop digestive disease, with denervation and dilation of the digestive tract. The remaining two-thirds of infected individuals remain asymptomatic (ASY) and free from symptomatic disease for life (2). Heart failure due to CCC has a worse prognosis, with 50% shorter survival when compared to like ischemic, idiopathic and hypertensive cardiomyopathies (3, 4). The pathogenic determinants of differential disease progression have not yet been completely elucidated.

The finding that 30% of Chagas disease patients develop CCC suggested the participation of genetics in differential disease progression. In addition, familial aggregation of CCC cases has been described (5), and a significant number of genetic polymorphisms has been associated with CCC development. A recent literature search found ca. 150 case-control genetic association studies addressing polymorphisms in 76 genes, which disclosed 62 SNPs from 44 genes to be associated with CCC, mostly related to immunology and inflammation. From those, a much smaller number of SNPs were associated with CCC severity (ventricular dysfunction) (6–8).

Many of these SNPs are related to pathogen resistance and disease tolerance genes—those related to direct control of parasitism or to reduction of tissue damage, respectively (7). Chagas disease is associated with increased production of inflammatory cytokines; IFN-γ is a major pathogen resistance gene and plays a major role in the disease; T. cruzi infection of mice genetically deficient of IFNG leads to uncontrolled parasitism and 100% mortality (9, 10). While it is a key player in pathogen protection, excessive levels lead to increased inflammation and tissue damage during the acute phase as well as CCC (7). During acute infection, T. cruzi pathogen-associated molecular patterns (PAMPs) trigger innate immunity (3, 11, 12) leading to the release of proinflammatory cytokines and chemokines, including IL-12 and IL-18, the major drivers of differentiation of IFN-γ-producing T. cruzi–specific Th1 T cells which migrate to sites of T. cruzi-induced inflammation (13, 14). IFNγ is then produced at high levels, inducing production of microbicidal and potentially tissue-damaging reactive oxygen and nitrogen species that kill intracellular T. cruzi. This leads to the control—but not complete elimination—of parasitism, establishing a low-grade chronic persistent infection by T. cruzi. On the other hand, cytokines that are able to modulate excessive IFN-γ production/Th1 T cell differentiation can modulate tissue damage in the acute phase of infection. Mice genetically deficient in disease tolerance genes IL10 (15), IL4 (16) and IL27b/Ebi3 (17), factors known to limit Th1 T cell differentiation and IFNγ production (17–20) display increased inflammation and may die early. Animals who keep a balance between inflammatory Th1 and anti-inflammatory cytokines may survive and progress to the chronic phase. As a result of persistent infection, both CCC and ASY chronic Chagas disease patients produce higher levels of IFNγ than seronegative controls (21, 22), but those who develop Chagas cardiomyopathy display a particularly strong Th1-type immune response with increased numbers of IFN-γ-producing Th1 cells in peripheral blood mononuclear cells (PBMC) (19, 20, 22, 23) and decreased IFNγ -modulating factors IL-10, IL-27b/Ebi3, and Treg cells (17–20). Accordingly, CCC patients displayed increased plasma levels of IFNγ while levels of IL-10 are reduced when compared to ASY individuals (24–26). These data suggest that the cytokine balance can modulate progression to CCC development. Indeed, CCC hearts display a prominent IFNγ -producing T-cell dependent myocarditis. IFNγ is the most highly expressed cytokine in CCC myocardium (27), and mononuclear cells producing this cytokine are abundant in CCC heart (12, 14, 22). mRNA expression IL-10 and other Th1-antagonizing cytokines and cell types (Treg and Th2) was low or undetectable in CCC heart tissue. This indicates that the Th1 infiltrate in CCC myocardium is essentially unopposed by regulatory cells or cytokines, and subject to little regulation (27). The failure to regulate Th1 responses and IFNγ production may thus be one key immune defect of patients who progress to CCC. This creates a paradox, in that IFNγ is essential for control of parasitism in acute and chronic Chagas disease, but at the same time causes tissue damage (7).

Cytokine gene polymorphisms may contribute to the control of Th1 T cell differentiation/IFN-γ production. Previous studies have assessed the association of SNPs in cytokines important for regulation of IFN-γ responses with CCC. For IFNG, no SNP was found to be associated with CCC when compared to ASY after comparison for multiple testing (28). Likewise, IL4 SNP case-control studies between CCC and ASY failed to show associations, but may have been underpowered, with only110 and 260 total Chagasic patients, respectively (29, 30). A promoter polymorphism in IL12B +1188 (rs3212227) was found to be associated with CCC in an Colombian population (31). The SNP IL10-1082 (rs1800896) was shown to be functional (32) and was associated to CCC in a Brazilian population comparing ASY individuals vs. CCC (33). On a Brazilian population, the frequency of the polymorphic rs1800896A allele (associated with lower expression of IL-10) was higher in the asymptomatic group than in the cardiac group. On the other hand, Florez et al. compared CCC (n = 130) to ASY (n = 130) cases in a Colombian population. Florez et al. failed to show associations in the genotypes and allele frequencies neither in IL10 SNPs IL10-1082 (rs1800896) nor in the additional SNPs IL10-819 (rs1800871) and IL10-592 (rs1800872). It is possible that this lack of association in our study is was due to a small sample size or to epistasis between IL-10 and MHC.

Since the previous studies had some limitations, i.e., focused on selected polymorphisms, failed to be replicated in other populations, or lacked appropriate statistical power, we here comprehensively assessed the role of polymorphisms in these genes on CCC progression. For that matter we here performed a thorough genetic study focusing on 35 polymorphisms of IL4, IL12B, IL10, and IFNG using the Tag SNP approach, which represent all the genetic information contained in the mentioned genes, in a larger cohort (n = 433) of Brazilian Chagas disease patients, including CCC patients with or without ventricular dysfunction as well as asymptomatic patients. With the tag SNP approach, we could both replicate the study of previously investigated SNPs as well as novel polymorphisms. This way, we could perform a more sensitive assessment of the contribution of genetic variants in prognosis to CCC either confirming or finding additional associated SNPs in the mentioned genes. In addition, our experimental design allowed the study of possible interactions between polymorphisms in different cytokines.



METHODS


Ethical Standard

Written informed consent was obtained from all the patients, in accordance with the guidelines of the various internal review boards of all the involved institutions. The protocol was also approved by the INSERM Internal Review Board and the Brazilian National Ethics in Research Commission (CONEP). All the patients enrolled in this study were over 21 years old. Investigations were conformed to the principles outlined in the declaration of Helsinki.



Diagnostic Criteria

The diagnostic criteria for Chagas disease included the detection of antibodies against T. cruzi in at least two of three independent serological tests (EIA [Hemobio Chagas; Embrabio São Paulo], indirect immunofluorescence assays [IFA-immunocruzi; Biolab Merieux], and indirect hemagglutination tests [Biolab Merieux]) (34). All Chagas disease patients underwent standard electrocardiography and echocardiography. Echocardiography was performed at the hospital, with a Sequoia model 512 echocardiograph with a broad-band transducer. Left ventricular dimensions and regional and global function, including the recording of left ventricular ejection fraction (LVEF), were evaluated with a two-dimensional, M-mode approach, in accordance with the recommendations of the American Society of Echocardiography. ASY subjects had no electrocardiography and echocardiography changes. CCC patients presented typical conduction abnormalities (right bundle branch block and/or left anterior division hemiblock) (35). CCC patients with significant left ventricular systolic dysfunction (LVEF <40%) were classified as having severe CCC, whereas those with no significant ventricular dysfunction (LVEF ≥ 40%) were classified as having moderate CCC. We selected 40% as arbitrary cutoff value that has been previously used to define significant ventricular dysfunction by our group and others (36–38).



Study Population for Polymorphism Analysis

The CCC and ASY patients were born and raised in rural areas of Sao Paulo, Minas Gerais and Bahia states and enrolled in one of the study centers (Incor, FMUSP, FMRP, UFTM, IDPC). Patients with digestive forms were excluded of this study. Patients were classified as ASY (n = 118) or as having CCC (n = 315). ASY individuals were used as the control subjects for this study because they were from the same areas of endemicity as the patients with CCC, had encountered the parasite and had tested seropositive for T. cruzi infection, but the infection had not progressed to CCC. Here, the Case/Control ratio, which is 0.375, illustrate the difficulty to enroll real ASY subjects. For our association study, if we are fixing the significant level to 0.05, the disease prevalence to 30%, the disease allele Frequency to 0.2 and the genotype relative risk to 1.5, the expected power of our association study reaches 0.895.

Of 315 patients with CCC, 106 (42 men [39.6%] and 64 women [60.4%]) showed no significant ventricular dysfunction (LVEF ≥ 40%) and were thus classified as having moderate CCC, whereas 199 (144 men [72.4%] and 55 women [27.6%]) had severe ventricular dysfunction (LVEF <40%) and were classified as having severe CCC. Data for left ventricular ejection fraction were missing for 10 patients with CCC. So, when we compared moderate patients to severe patients, these 10 individuals were excluded from the analysis. Regarding progression of the ASY cases to CCC, the yearly progression rate –regardless of age group- is ca. 1–2%/year. The average age of Subjects with asymptomatic form was above 55 years. Taking into account that they were all born in endemic areas before vector transmission was interrupted, it is likely that in most if not all cases vector-borne infection occurred in early childhood. The odds that a significant number of such mature patients convert to CCC, and that this thwarts our statistical calculation is rather low; however, this is a pitfall of all cross sectional studies on diseases that display progression.



Blood Samples and DNA Preparation

For each subject, 5–15 ml of blood were collected in EDTA tubes. Genomic DNA was isolated on a silica-membrane according to the manufacturer's protocol (QIAamp DNA Blood Max Kit, Qiagen, Hilden, Germany).



SNP Selection

Tag single nucleotide polymorphisms (SNPs) were selected on the basis on Ensembl Release GRCh38 for the Caucasian and Yoruba reference populations. Tag SNPs were selected within a region extending 5 kb on either side of the candidate gene. The minor allele frequency (MAF) cut off value was arbitrarily set at 20% (so the markers characterized by a MAF <20% were excluded from the analysis by lack of power). In each reference population, the markers with MAF > 20% are included in different blocks of correlation (based on the r2 values). For each correlation block in the gene, one marker was selected and considered as a Tag SNP. Indeed, markers located in the same block of correlation yielded the same genetic information in association studies. Tag SNPs characterized by a MAF over 20% on at least one reference population were selected. These Tag SNPs were thus defined to gather all the genetic information from each candidate gene. we selected a total of 35 Tag SNPs: sixteen tag SNPs for IL12B, six tag SNPs for IL10, six for IFNG and seven tag SNPs for IL4.



SNP Genotyping

Most of the genotyping was done with the Golden Gate genotyping assay (Illumina, San Diego, USA). In some cases, genotyping assays were performed with the TaqMan system (Applied Biosystems, Foster City, USA) according to the manufacturer's instructions. Genotyes are available on request.



Statistical Analysis

SPSS Statistics software v. 17.0 (IBM, Armonk, USA) was used for statistical analyses. We performed stepwise binary logistic regression analysis on the whole population, to analyse the relationship between the probability of an individual to develop chronic Chagas cardiomyopathy and the main covariates (sex and polymorphisms). Sex was considered as a binary covariate. In our stepwise binary logistic regression analysis, genotypes were considered as binary covariates. Indeed, for each polymorphism we had two alleles (A frequent one; a rare one). So, we obtained three genotypes (AA, Aa, and aa). In our stepwise binary logistic regression analysis, genotypes were considered as binary covariates. So, we performed three different analyses (Analysis 1: AA vs. Aa + aa (we supposed that the a allele is dominant); Analysis 2: AA + aa vs. Aa (we supposed that the heterozygote carriers are different from the homozygote ones); Analysis 3: AA + Aa vs. aa (we supposed that the A allele is dominant).

In multivariate analyses, several polymorphisms and gender were included as covariates. All the covariates are analyzed in the same time. In a stepwise approach, the worse associated covariate (non-significant) is removed and the analysis is run again up to keep only significant associated covariates.

An investigation of a candidate gene should test many SNPs individually for association. However, such multiple testing will increase the false-positive (type I error) rate under nominal significance thresholds (α = 0.05). So, we applied the Holm-Bonferroni sequential correction for multiple testing (39).




RESULTS

We conducted a study focusing on the IL12B, IL10, IFNG, and IL4 genes. 35 Tag SNPs were selected (Supplementary Table 1). 97.8% markers were genotyped successfully on our cohort including ASY subjects (n = 118) and CCC patients (n = 315). The genotype distribution of each SNP is summarized in Supplementary Table 2. All the SNPs were in Hardy-Weinberg equilibrium on the ASY individuals considered as control subjects. Of the 118 ASY subjects, 45.3% were male, whereas in the CCC patients group, this percentage reaches 61.3%. The difference in sex distribution between the groups was significant (p = 1.21E-4; OR = 2.126; 95%CI: 1.450–3.12). It is well-known that male patients infected with T. cruzi have a higher risk of progression to CCC than female patients. Of 315 patients with CCC, 106 (42 men [39.6%] and 64 women [60.4%]) showed no significant ventricular dysfunction and were thus classified as having moderate CCC, whereas 199 (144 men [72.4%] and 55 women [27.6%]) had severe ventricular dysfunction and were classified as having severe CCC.


Polymorphisms rs2546893G/A, rs919766A/C in and Around the IL12B Gene Are Associated to an Increased Risk of CCC

Fourteen on sixteen tag SNPs for the IL12B gene were genotyped successfully. IL-12B genotype data are shown in Tables 1, 2. All these markers are located in intronic region of IL12B gene. In the CCC subjects group, 269 (86.8%) subjects carried the rs2546893G/G or G/A genotypes whereas 79 (73.8%) of the ASY carried these genotypes (p = 0.002; OR = 1.548; 95%CI: 1.176–2.037 (see Table 1). These data suggest that rs2546893G/G or G/A genotypes are associated to an increased susceptibility to CCC.


Table 1. Association studies between CCC and ASY including as covariates the gender and the polymorphisms (genotype associations and allelic tests).
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Table 2. Association studies between CCC with a left ventricular ejection fraction value under 0.4% and ASY including as covariates the gender and the polymorphism one by one.

[image: Table 2]

For the rs919766A/C polymorphism, 107 (34.7%) CCC subjects carried the C/C or A/C genotypes vs. 17 (15.9%) for the ASY group (p = 0.001; OR = 1.653; 95%CI: 1.241–2.198). For the rs1003199C/T polymorphism, 276 (88.7%) CCC subjects carried the C/C or C/T genotypes vs. 285 (78.7%) for the ASY group. This difference was significant (p = 0.005; OR = 1.522; 95%CI: 1.134–2.045). For the rs11574790C/T polymorphism, 95 (30.5%) CCC subjects carried the C/T or T/T genotypes vs. 17 (15.7%) for the ASY group (p = 0.006; OR = 1.497; 95%CI: 1.124–1.996). For the rs2569253T/C polymorphism, 256 (87.46%) CCC subjects carried the T/T or T/C genotypes vs. 81 (79.4%) for the ASY (p = 0.039; OR = 1.371; 95%CI: 1.015–1.852). After performing a correction for multiple testing using the Bonferroni methods, the two main polymorphisms (rs919766 and rs25466893) remain significant (corrected p-values were 0.014 and 0.026, respectively).

In a multivariate analysis, including these five polymorphisms and gender as covariates, the gender (p = 0.004; OR = 2.036; 95% CI: 1.249–3.318) and two markers (rs2546893: p = 0.005; OR = 1.536; 95% CI: 1.139–2.070; rs919766: p = 0.014; OR = 1.477; 95% CI: 1.081–2.020) remained significantly associated. The three other markers were excluded from the best model. Allelic tests confirmed the association of these two IL12 markers. The rs919766C allele (p < 0.00001) and the rs2546893G allele (p = 0.005) were associated to an increase risk to CCC development.

The same analysis was performed between the ASY subjects and severe CCC patients. The same polymorphisms were associated, in univariate analysis, to an increased risk to develop severe chronic cardiomyopathy (rs2546893G/A: p = 0.001; OR = 1.706; 95%CI: 1.236–2.353; rs919766A/C: p = 0.001; OR = 1.672; 95%CI: 1.231–2.267; rs1003199C/T: p = 0.013; OR = 1.531; 95%CI: 1.236–2.353; rs2569253T/C: p = 0.037; OR = 1.445; 95%CI: 1.022–2.041; rs11574790C/T: p = 0.004; OR = 1.562; 95%CI: 1.151–2.123) (see Table 2). After correction for multiple testing the polymorphism rs2546893 remains significant (corrected p-value = 0.014) and the polymorphism rs919766 is borderline (corrected p-value = 0.091). In a multivariate analysis, the gender and the two polymorphisms remained significantly associated (rs2546893G/A: p = 0.005; OR = 1.667; 95% CI: 1.170–2.375; rs919766A/C: p = 0.024; OR = 1.471; 95%CI: 1.051–2.058; gender: p = 2.25 × 10−5; OR = 3.261; 95% CI: 1.888–5.632). the allelic tests confirmed that the rs2546893G allele (p < 0.002) and the rs919766C allele (p = 0.0002) were associated to an increase risk to severe CCC. None of the studied IL12B markers discriminated moderate from severe CCC patient groups.



Polymorphism rs3024496T/C Around the IL10 Gene Is Showing a Trend of Association to CCC

Six tag SNPs were genotyped for the IL10 gene. Table 1 shows comparison between CCC and ASY, while Table 2 shows comparison of severe CCC and ASY. For the rs1800896A/G polymorphism, 282 (91.9%) CCC subjects carried the A/A or A/G genotypes vs. 90 (84.1%) for the ASY (p = 0.013; OR = 1.527; 95%CI: 1.092–2.137). The same result was obtained when the analysis was restricted to severe CCC vs. ASY (p = 0.028; OR = 1.536; 95%CI: 1.047–2.252) (see Table 2). For the rs3024496T/C polymorphism, 284 (91.3%) CCC subjects carried the T/T or T/C genotypes vs. 92 (84.3%) for the ASY (p = 0.031; OR = 1.437; 95%CI: 1.033–2.000) (see Table 1). The same result was obtained when the analysis was restricted to severe CCC vs. ASY (p = 0.049; OR = 1.462; 95%CI: 1.002–2.132) (see Table 2). For the rs1800871 marker, we found a significant association when severe CCC patients were compared the ASY subjects (p = 0.035; OR = 1.311; 95%CI: 1.019–1.686). No association was found for this last marker in the comparison between ASY and the whole CCC group (see Table 1). After correction for multiple testing, the polymorphism rs1800896A/G and rs3024496T/C has shown only trends of association (rs1800896A/G: corrected p-value = 0.078). The allelic tests reach the same trends of association (rs3024496C p = 0.17 and rs1800896G p = 0.27).

Based on the results of the multivariate analysis, we had an association between CCC and ASY with two SNPs located in the IL12B gene (rs2546893 and rs919766) and one polymorphism in the IL10 gene (rs3024496). Subjects carrying the three susceptibility genotypes [rs2546893(GG or GA) + rs919766(CC or AC) + rs3024496(TT or TC)] have a higher risk (OR = 2.68) to develop CCC. In contrast, subjects carrying the resistant genotypes (rs2546893AA + r919766AA + rs3024496CC) have a lower risk [OR = 4.48 (1/0.223)] to develop CCC (Table 3).


Table 3. Genotype combination analysis based on the following polymorphisms (rs2546893/rs919766/rs3024496).
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No Clear Evidence of Association Was Detected for Tag Polymorphisms in the IFNG and IL4 Genes

Six tag SNPs were genotyped for the IFNG gene. For the rs1861494 A/G polymorphism, a trend of association was detected. Indeed, 202 (64.7%) CCC subjects carried the A/A genotype vs. 62 (54.9%) for the ASY (p = 0.057; OR = 1.24; 95%CI: 0.99–1.55) (see Supplementary Table 2). The same trend appeared on severe cases (p = 0.067; OR = 1.26; 95%CI: 0.98–1.61) (see Table 2). Seven tag SNPs into the IL4 gene were genotyped on our whole study population (see Supplementary Table 2). Comparisons between ASY and CCC patients disclosed no significant associations (see Tables 1, 2).




DISCUSSION

Association studies of cytokine gene polymorphisms in Chagas disease frequently include a small number of patients, and are often not replicated in different studies or ethnical groups. The present study was designed to determine whether SNPs in IL12B, IL10, IFNG and IL4, key genes involved in the promotion and control of Th1 differentiation and IFN-g production to T. cruzi, are associated with Chagas disease outcome. For that, we used a larger population and performed a comprehensive assessment of 35 Tag SNPs covering all the genetic information of the mentioned genes. We found significant associations of genotypes and alleles of IL12B and IL10 with increased risk to CCC progression.

For the IL12B gene region, in a multivariate analysis, two SNPs were significantly associated to disease (rs2546893G/A, rs919766A/C). The rs919766C and rs2546893G alleles were associated to an increase risk to CCC development. Interestingly, these two markers are located 5 to 13 kb away from the rs3212227 polymorphism (IL12B 3′UTR region), that was previously associated to Chagas cardiomyopathy (31). Our results are consistent as these 3 markers are in linkage disequilibrium (D′ = 0.99) on the African (Yoruba) reference population and the markers rs919766 and rs3212227 are in strong linkage disequilibrium (D′ = 0.99) on the European reference population.

For the IL10 gene, the rs3024496 polymorphism (located in the 3′UTR region), and rs1800896 polymorphism (located in the promoter region) have shown trends of association to susceptibility to cardiomyopathy. The rs3024496C and rs1800896G alleles were more frequent in patients. Our data are consistent with the previous study that showed that the marker (IL10-1082 known as rs1800896 too) was previously associated with development of CCC (33). Costa et al. have shown that the A allele has been associated with lower IL-10 expression in disease and lower left ventricular ejection fraction values in CCC (33). The two markers (rs3024496 and rs1800896) are in strong linkage disequilibrium on the European reference population (D′ = 1) and on the Yoruba population (D′ = 0.83).

Three SNPs in the IL10 gene (the two rs3024496, rs1800896 mentioned above, plus rs1800871) detected trends of association. A study performed on a Brazilian population infected by Leishmania braziliensis has shown that these markers are correlated (r2 value >0.8) (40). So, from one Brazilian sub population to another one, the associated marker may change (due to light allelic frequency variation) or population stratification. However, the associated marker is coming from the same correlation block.

We did not find any significant association with SNPs from the IFNG and IL4 genes. This is in agreement with Arnez et al. who studied some of these same SNPs (rs2070874, rs2227284, rs2243268, rs2243274, rs2243290 in an Bolivian population (29), and Flórez et al. who studied one SNP not tested by our group (rs2243250) in a Colombian population, failing to find any association (30). Taken together, these results suggest that we do not have evidence that polymorphisms in or within the IFN gene control the expression of this key cytokine for the pathogenic process.

During T. cruzi infection, once the inflammatory process starts, IFN-γ will be produced by Th1 cells and act as a prime inflammatory cytokine in different pathways of the immune system, such as upregulating MHC class I and class II molecules, suppressing Th2 immune responses by antagonism of IL-4 production, inducing high levels of antigen presentation and activating macrophages (41). Moreover, CCC patients have an increased peripheral production of IFN-γ and TNF-α when compared to patients with the asymptomatic/indeterminate form. On the other hand, IFN-γ has direct effects on cardiomyocytes and perhaps other cells of the myocardium (34). At this level we can speculate that the existence of functional or pathogenic variants in or within the IFN gene will have a too strong deleterious effect that will be lethal. So, the genetic control of the human susceptibility to cardiomyopathy mainly target genes that are involved in the regulation of this TH1 response, such as IL12B and IL10 genes.

On the other hand, our data confirmed the involvement of IL12B and IL10 in the control of susceptibility to human Chagas cardiomyopathy. The IL10 polymorphism has been described as a functional polymorphism. It remains to be tested whether the IL12B polymorphism and linked SNPs are functional as well. Taking into account the effects of both cytokines on Th1 T cell differentiation and IFNγ production, it can be hypothesized that this is linked to the increased number of IFNγ producing Th1 T cells in the peripheral blood and heart tissue of CCC patients. Our study and others have identified several genes in the control of human susceptibility to chronic disease. However, each gene is characterized by a low odds ratio, implying a small contribution in Chagas disease infection. However, the combination of the several genetic markers increases the protection from disease development, with individual odds ratio around 1.5, to ca. 4.5 in patients carrying all the protection genotypes in all three loci. The identification of more genetic markers for CCC will provide information for pathogenesis as well as therapeutic targets. Identifying early or causal predictive genetic factors for the clinical progression of the disease is essential for clarifying the pathogenesis and defining appropriate treatment modalities.
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Leprosy is a chronic bacterial disease caused by Mycobacterium leprae. Cytokines are known to play vital role as a peacekeeper during inflammatory and other immunocompromised conditions such as leprosy. This study has tried to bridge the gap of information on cytokine gene polymorphisms and its potential role in the pathogenesis of leprosy. Interleukin-10 (IL-10) is an immunosuppressive cytokine, found to be elevated in leprosy that accounted for the suppression of host’s immune system by regulating the functions of other immune cells. T helper cells and T regulatory (Tregs) cells are the major source of IL-10 in lepromatous leprosy patients. In this study, we have documented the association of IL-10 cytokine gene polymorphism with the disease progression. A total of 132 lepromatous leprosy patients and 120 healthy controls were analyzed for IL-10 cytokine gene polymorphisms using PCR-SSP assay and flow cytometry was used to analyze IL-10 secretion by CD4 and Tregs in various genotype of leprosy patients. The frequencies of IL-10 (-819) TT and IL-10 (-1082) GG genotypes were significantly higher in leprosy patients as compared to healthy controls. This observation advocates that these genotypes were associated with the susceptibility and development of the disease. In addition, flow cytometry analysis demonstrated an increased number of IL-10 producing CD4 and Treg cells in IL-10 (819) TT genotype compared to CT and CC genotypes. These observations were further supported by immunohistochemical studies. Therefore, we can conclude that IL-10 cytokine gene polymorphisms by affecting its production can determine the predilection and progression of leprosy in the study population.
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INTRODUCTION

Leprosy is a bacterial disease caused by Mycobacterium leprae (M. leprae), which mainly affects macrophages and Schwann cells from the peripheral nerves. It offers an ideal model to study the host pathogen interaction and immune dysregulation in human because each clinical form of the disease is accompanied with the diverse levels of immunological alterations during M. leprae infection (1). Leprosy disease is mainly classified into two forms, paucibacillary (PB) and multibacillary (MB). PB pole is associated with a strong cell-mediated immunity (CMI), and it is relatively resistant to the pathogens and localized infections. While, MB pole is characterized by the defective cell-mediated immune response comprising foamy macrophages in the dermis due to very high number of bacilli accompanied with the lesions all over the body parts. In between two poles of the disease, borderline forms of tuberculoid and lepromatous disease are laid which are immunologically unstable (2–4).

Cytokines play a vital role in activating host-pathogen interaction and in the immunopathogenesis of leprosy (2). PB form of the disease commencement correlates with Th1 (IL-2, IL-12, TNF-α, IFN-γ) cytokines with a localized infection but vigorous cell mediated immune response; whereas, MB form is associated with a Th2 and Th3 cytokine (IL-10, TGF-β, IL-4) response, presence of local skin lesions, prominent antibody production, but very weak CMI response (5). IL-10 and TGF-β appeared as the sole factor puts forth an anti-proliferative effect on Th1 and Th2 cells by perturbing the differentiation of either Th1 or Th2 cells and inhibition of pro-inflammatory cytokine production, that eventually result into the progression of Th3 immune response (6, 7). Our laboratory have previously reported the association of increased levels of IL-10 in lepromatous leprosy patients with high bacterial load of M. leprae and suppressed immune system of the host (2, 6). Furthermore, an increased frequency of IL-35 producing Tregs was observed in lepromatous leprosy patients, which is associated with the disease severity (8). Treg cells plays vital role in leprosy pathogenesis and fate of these cells also depends on cytokine milieu. This is supported from our previous study that explored the changes in the plasticity of Tregs under the influence of IL-12 and IL-23 treatment (9). Besides Tregs, another immunosuppressive population of γδ T cells plays an important role in the pathogenesis of leprosy (10, 11). IL-10, secreted by monocytes/macrophage, T cell subsets (Th2, Tregs) and B regulatory cells shows immune regulatory effects in case of human leprosy (12). IL-10-producing regulatory B cells transformed T effector cells into Tregs, thus enhanced regulatory T cells functions in human leprosy. Also, high levels of IL-10 are reported in lepromatous polar form compared with tuberculoid polar form and a low TNF-α/IL-10 ratio was found associated with disease progression (13). Single nucleotide polymorphisms (SNPs) are thought to be one of the most abundant causes of genomic variation in humans. The presence of SNPs in a gene can create differences in the structure and functions of a coded protein (14). Some SNPs are vital for the susceptibility and outcome of leprosy (13). Studies on IL-10 gene polymorphisms at −819 and −1082 positions within the promoter region have shown disease susceptibility and resistance between populations (15–17). Reports suggests that polymorphisms of the IL-10 promoters at positions −1082 (G/A), −819 (C/T), and −592 (C/A) are associated with the resistance against leprosy in Brazilian (18), Indian groups (15) and Columbian population (19).

Although cytokine gene polymorphism is associated with the susceptibility and resistance of a disease, but its association with cytokine production is not well studied. Therefore, the goal of current study is to investigate the association of IL-10 cytokine gene polymorphisms with Th and Treg cells mediated production of IL-10 and its association with the susceptibility and progression of leprosy in Indian population.



MATERIALS AND METHODS


Patients and Controls

A total of 132 leprosy patients (71 males, 61 females) with bacteriological index (BI) 2–6 and 120 healthy controls were recruited from Department of Dermatovenerology, AIIMS, New Delhi, India (Table 1). The study was approved by the Institute Ethics Committee, All India Institute of Medical Sciences (AIIMS), New Delhi. Patients and age matched healthy volunteers were recruited after obtaining their informed consent. All patients were without any history of mycobacterial, HIV or any other infection and belonging to the same geographical region as the patients were included and healthy controls.


TABLE 1. Characteristics of the study population.
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Genotyping of SNPs for Cytokine Genes

Ten milliliters blood from each leprosy patients and healthy control was collected. 5 mL of blood in heparinized vials were subjected to DNA isolation and PCR–SSP assay, while and another 5 ml collected for IL-10 ELISA and flowcytometry. DNA was extracted by using phenol–chloroform method and stored at −80°C till further use. DNA was quantified by NanoDrop1000 spectrophotometer (Thermo Scientific NanoDrop 1000; NanoDrop Technologies, Wilmington, DE, United States) and samples having 260/280 ratio in the range of 1.82–1.86 were used for the PCR–SSP analysis. Subsequently, DNA was subjected to PCR amplification using Cytokine CTS–PCR–SSP Tray Kit (Heidelberg, Germany, United Kingdom) according to manufacturer’s instructions and data was analyzed as described in earlier report (16) (Supplementary Figure S1).



ELISA

IL-10 cytokine level was quantified by ELISA (Ready Set Go, eBioscience, San Diego, CA, United States) as per manufacturer’s instructions. Serum samples were tested in duplicates in a 96-wells plate (Nunc, Rochester, NY, United States) precoated with biotin conjugated anti-human antibodies IL-10. Protocol was followed according to the manufacturer’s instructions and optical density of each well was measured at 450 nm.



PBMCs Isolation and Flow Cytometry

Blood samples were layered on ficoll-hypaque (Sigma Aldrich, United States), and mononuclear cells were isolated by centrifugation at 1,500 rpm for 25 min. Cells were washed thrice in sterile phosphate buffer saline (PBS) by centrifugation at 1,500 rpm for 10 min. Washed cells were resuspended in RPMI 1640 along with 10% fetal calf serum (Gibco, CA, United States) and cell viability and enumeration were estimated by 0.2% trypan blue using hemocytometer. 1 × 106 cells/ml were stimulated with M. leprae sonicated antigen (10 μg/ml) kindly provided by Dr. P. J. Brennan of Colorado State University. All the cultures were stimulated with IL-2, anti-CD3/CD28. After stimulation, cultures were incubated in 5% CO2 incubator at 37°C for 48 h. After 48 h, cultured cells were harvested and stained with surface antibodies Alexa Fluor 488 Mouse Anti-Human CD4 (RPA-T4), APC-Cy7 Mouse Anti-Human CD25 (Clone: M-A251) for 60 min at 4°C in the dark. After surface staining, cells were incubated with intracellular staining buffer for 15 min at room temperature; cells were washed twice and permeabilized with 1X permeabilization buffer (eBioscience, United States) 30 min at room temperature. The cells were washed twice, resuspended in staining buffer, and incubated with PE Rat Anti-Human IL-10 (Clone: JES3-19F1). Staining was performed according to the specifications of the manufacturer. All the antibodies were obtained from BD Biosciences, San Diego, CA, United States. The cells were fixed in 400 μl of 2% paraformaldehyde and stored at 4°C. For intracellular staining, cultures were incubated with Protein Transport Inhibitor containing Monensin (BD Golgi Stop) for 4 h prior to harvest to block the secretion of cytokines. The data were collected using FACS Canto flow cytometer (BD Biosciences, United States) and analyzed cytometry along with isotype controls of phycoerythrin (PE mouse IgG1), Alexa Fluor 488 (mouse IgG1), APC Cy7 (mouse IgG1) using FlowJo software. Details of gating strategy are provided in Supplementary Figure S2.



Immunohistochemistry (IHC)

Five micrometer thick formalin fixed paraffin embedded tissues were cut by rotary microtome (Leica Biosystems Nussloch, Germany, United Kingdom). The sections were picked-up on poly L-lysine (Sigma Aldrich, St. Louis, MO, United States) coated glass slides and stored at room temperature. Rabbit anti human IL-10 antibody (Abcam, CA, United Kingdom) was used in the dilution of 1:100. Briefly, sections were first deparaffinized, followed by rehydration and blocking of endogenous peroxidase activity by 3% H2O2 and antigen-retrieval with Tris-EDTA (pH-9.0) buffer. The sections were incubated with 1% albumin for 1 h for blocking. After three washes with PBS, sections were incubated with anti-human IL-10 overnight at 4°C in humidified chamber. The sections were again subjected to three washes of PBS followed by incubation with secondary antibody anti rabbit IgG (VECTASTAIN® ABC-HRP Kit) for 30 min. Color was developed using diaminobenzidine (DAB1) chromogen system. Positive and negative stained cells were counted under the microscope using Image Pro express 6.0 software (Media cybernetics, United States) and percentage calculated from multiple fields.



Statistical Analysis

Genotype frequencies were obtained through direct counting. Data was analyzed using statistical software Graph-Pad Prism (San Diego, CA, United States). All categorical variables were expressed in n (%) and continuous variables were expressed in Mean ± SD. ANOVA was applied to compare the continuous variables between multiple groups; whereas t-test was applied to compare the two groups. Proportions of categorical variables among groups were compared using chi-Square test. Logistic regression analysis was used to calculate the Odds Ratio (OR). A p-value of <0.05 was considered to be statistically significant.



RESULTS


Association Between IL-10 (-819) CT/TT Genotypes With Leprosy Susceptibility

Mutations occurred more often in the IL-10 (anti-inflammatory cytokine) promoter gene than in the TNF-α (pro-inflammatory) promoter gene in all leprosy groups (18). Genotype distribution for IL-10 −819 (C/T at −819: rs1800871) are shown in Table 2. A significantly higher frequency of −819 TT genotype was observed in leprosy patients (59.8%) as compared to healthy controls (27.5%) (p < 0.0001, OR = 0.25, 95% CI 0.149–0.432). Contrasting to this, leprosy patients (7.6%) had significantly lower frequency of −819 CC genotype than the control subjects (20.8%) (p = 0.002, OR = 3.21, 95% CI 1.47–7.01). Genotype distribution analysis also revealed that 32.6% of leprosy patients and 51.7% of control subjects had −819 CT genotype (p = 0.002, OR = 2.21, 95% CI 1.31–3.68). These results demonstrate that substitution of C allele by T allele make the individuals susceptible toward the leprosy disease. As shown in Table 2, TT genotype has higher bacteriological index (BI: 4.2-6) as compared to the CC genotype (BI: 3-4). These data corelates BI with TT genotypes and pointing out that TT genotypes are susceptible and CC genotypes are resistance toward the M. leprae infection.


TABLE 2. Distribution of IL-10 (C/T at −819: rs1800871) genotypes in leprosy patients and control subjects.
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Association Between IL-10 (-1082) GA/GG Genotypes and Leprosy Susceptibility and Resistance

Notably, a significantly higher frequency of the homozygous −1082 GG (G/A at −1082: rs1800896) genotype was observed when leprosy patients were compared with control subjects (25.8 vs. 9.2%) (p = 0.0006, OR = 0.29, 95% CI 0.139–0.605). Moreover, frequency of homozygous GA genotype was lower compared between leprosy patients and healthy controls at −1082GA position. We found a lower frequency in patient group (37.9%) compared to control group (40.8%) (p = 0.698, OR = 1.13, 95% CI 0.682–1.88). When leprosy patients (36.5%) were compared with controls (50%) at −1082AA position, significant difference was observed (p = 0.03, OR = 1.75, 95% CI 1.05–2.89) (Table 3). Higher bacteriological index (4.8–6) in GG genotype as compared to AA genotype (2–3.2) indicates its susceptibility toward leprosy as compared to AA genotype that showed resistance.


TABLE 3. Distribution of IL-10 (G/A at −1082: rs1800896) genotypes in leprosy patients and control subjects.
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819TT Genotypes Are Higher Producer of T Helper Cells (CD4+IL-10+) IL-10 in Leprosy Patients

IL-10 is an anti-inflammatory cytokine produced by several immune cells like monocytes and macrophages, T cells, Treg cells as well as Breg cells (20). To find out the association of cytokine gene polymorphism with IL-10 production by T helper cells, we performed flowcytometry using CD4 and IL-10 antibodies. As shown in Figures 1C,D, IL-10 production by CD4+ was affected by cytokine gene polymorphism at −819 position. IL-10 levels produced by CD4 cells were significantly higher in TT genotype as compared to CC genotype. CT genotype was also higher producer of IL-10 as compared to CC genotype, but lower than the TT genotype. These results suggest that the substitution of C by T allele does affect the IL-10 production by CD4 cells in leprosy patients. Increased IL-10 levels in serum of TT bearing genotype at IL-10–819 position as compared to CC genotype in leprosy patients further complemented these results (Figures 1A,B).
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FIGURE 1. Graph plot is showing IL-10 level in the serum of leprosy patients produced by various genotypes (A) Healthy controls (HCs), −819 CC, CT and TT genotypes (B) Healthy controls (HCs), 1082 AA, GA, and GG genotypes. (C) Representative FACS plot showing enumeration of T helper cell producing IL-10 (CD4+IL-10+) frequency in peripheral blood mononuclear cells isolated from leprosy patients with various genotypes (-819CC, CT and TT) and healthy controls (HCs) cultured with M. leprae sonicated antigen for 48 h. (D) Graph Plots are showing total interleukin-10 (IL-10) producing CD4+ cells by various genotype (-819CC, CT and TT) in leprosy patients (n = 10) and healthy controls (HCs),Mean ± SD values are shown in each set while p value <0.05 was considered significant. 100,000 cells were acquired and analyzed by flow cytometry. Data analysis was performed with flowjo software. Statistical analysis was done using ANOVA test (*p < 0.05; **p < 0.005; ***p < 0.0005).




Increased Production of IL-10 in −819TT Genotypes by T Regulatory Cells (CD4+CD25+IL-10+) in Leprosy Patients

To identify the frequency of Treg cells in various (CC, CT, TT) genotypes at −819 position in leprosy patients, immunophenotyping was done by using CD4, CD25 markers (Figure 2A) in PBMCs isolated from leprosy patients. Treg cells was profoundly augmented in TT genotype as compared to CC and CT genotypes in leprosy patients (Figures 2A,B). Increased Treg population in TT genotype patients suggested their important role in the host immune suppression observed in TT genotypes. To evaluate the functional enrichment of Treg cells in various genotypes (CC, CT and TT) in leprosy patients, we measured intracellular IL-10 production by flow cytometry (Figure 2C), using PBMCs derived from leprosy patients. Percentage of IL-10 producing Treg cells (CD4 + CD25 +) was significantly higher among TT genotypes in leprosy patients (Figures 2C,D) compared to that of CC and CT genotypes of leprosy patients (P = 0.0003). The augmentation of IL-10 producing Treg cells in TT genotypes directs their suppressive role by releasing IL-10. We also observed the simmiler pattern of IL-10 production by CD4+CD25– cells in various genotypes (CC, CT and TT) of leprosy patients (Figures 2E,F).
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FIGURE 2. (A) Representative cartoon showing T regulatory cells (CD4+CD25+) cells in peripheral blood mononuclear cells (PBMCs) isolated from peripheral blood of various genotypes (-819CC, CT and TT) of leprosy patient (n = 10) and healthy controls (HCs). (B) Graph plot is showing the percentage of T regulatory cells (CD4+CD25+) in various genotypes (-819CC, CT and TT) in leprosy patients and healthy controls (HCs). (C) Representative histogram showing expression of IL-10 in Treg (CD4+CD25+) cells in PBMCs isolated from peripheral blood of various genotypes of leprosy patient and healthy controls (HCs). (D) Graph plot is showing expression of IL-10 in Tregs in leprosy patients by various genotype and healthy controls (HCs). (E) Representative histogram showing secreation of IL-10 by (CD4+CD25–) cells in PBMCs isolated from peripheral blood of various genotypes of leprosy patient and healthy controls (HCs). (F) Graph plot is showing production of IL-10 by (CD4+CD25–) cells in leprosy patients by various genotype and healthy controls (HCs). Mean ± SD values are shown in each set while p value <0.05 was considered significant. 100,000 cells were acquired and analyzed by flow cytometry. Data analysis was performed with flowjo software. Statistical analysis was done using ANOVA test (*p < 0.05; **p < 0.005; ***p < 0.0005).




Higher Expression of IL-10 in the Skin of IL-10 (-819) TT Genotype of Leprosy Patients

Expression of the IL-10 also measured in skin of leprosy patients bearing TT and CC genotypes at −819 position. The expression of the IL-10, was also significantly higher in the TT genotypes of leprosy patients as compared to CC genotype (Figures 3A,B). This again highlights that IL-10 producing immune cells are possibly recruited at the lesioned sites (which is more in TT genotype) of leprosy patients, where they facilitate their characteristic suppressive action. These results suggested that cytokine gene polymorphism at −819 position are associated with IL-10 production in leprosy patients and makes more susceptible toward leprosy.
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FIGURE 3. (A) Increased IL-10 + cells in −819TT genotype in leprosy skin lesions. Immunohistochemistry on representative skin lesions from CC and TT genotypes of leprosy patients (n = 5). (B) Graph diagram showing increase of cells with IL-10+ in TT genotype of leprosy patients as compared to CC genotype at −819 position. Bars indicate Mean ± SD of positive cells of 1,000 total cells. Statistical analysis was done using Student’s t-test for unpaired samples (*p < 0.05).




DISCUSSION

During leprosy, there is a full-blown systemic activation of immune responses. As a result, leprosy is escorted by altered immune and imbalanced cytokine responses, which ultimately leads to excessive inflammation. Cytokines modulates the immune response of a host but cytokine gene polymorphism affects the cytokine production. This is the underlying reason to the distinct individual-specific immune responses. The idea behind studying the cytokine polymorphism in leprosy patients was: hypothetically a change either in regulatory region (promoter) or coding region is expected to modulate the expression of cytokines. A specific genotype either may result in low or high production of respective cytokine, which in turn could eventually alter the direction of immune response. Increased IL-10 production has been observed in leprosy patients and up-regulation of IL-10 is a vital mechanism in the suppression of T cell-driven immune response (21). SNPs in IL-10 in the distal and the proximal regions are formed of haplotypes in the promoter gene, and such haplotypes were found to be associated with differential secretion of IL-10 cytokine (22). Our present data demonstrates that IL-10 −819 TT genotype frequency was greater among the leprosy patients than the control subjects. Frequency of GG genotype at IL-10 −1082 position was also higher in the leprosy patients as compared to healthy control. These results corroborate with our previous findings (16) and it has also been reported that the individuals in Brazilian population bearing IL10 −819 CC genotype were resistant to leprosy (18). Our results are further confirming the results of earlier findings that −819T allele and −819TT genotype were associated with leprosy susceptibility (17) in Indian population. These findings suggested that substitution of C by T at −819 in IL-10 promotor may be involved in differential cell mediated immune response in leprosy patients. It may also influence on the production of IL-10 levels as well as makes the individual susceptible toward leprosy. Moreover, a study by Malhotra et al. (17) suggested that −819TT and −1082GG are the most frequent genotype associated with susceptibility of leprosy. In our study, homozygous IL-10 −1082 GG genotype was significantly higher in leprosy patients compared to the controls, due to the predominance of G allele suggesting an impact for allele G in leprosy susceptibility. Similar findings have been observed by other groups, where they found that the extended genotype 1082GG, 819TT was associated with leprosy susceptibility (15). Moreover, another study by Pereira et al. demonstrated that −1082G/G genotype reinforced the results, indicating that the combination carrying −819TT and −1082G/G was associated with leprosy susceptibility (23).

To evaluate the association of cytokine gene polymorphism on its function, we tested leprosy patients and quantified IL-10 levels in various genotype −819 C/T and −1082 G/A. We observed elevated levels of IL-10 in −819TT and −1082GG genotypes in the serum of leprosy patients as compared to other genotypes. Thus, −819TT and −1082GG bearing genotypes were high IL-10 producers. These findings brought up a new direction to understand the pathogenesis of leprosy. These sustained high levels of IL-10 are necessary to lead leprosy to a chronic and T cells unresponsive state. Leprosy patient presents a state where genetic mosaicism is associated with cytokine production that dictates various immune reactions, resulting to ambiguous interpretations linked with the different clinical outcomes. IL-10 produced by various immune cells such as Tregs, Th2, Bregs and other cells suppresses the immune system of host and responsible for T cell anergy in leprosy patients (24–26). We want to address the source of IL-10 production by various genotypes in leprosy patients. To answer this, we have evaluated the expression of IL-10 in T helper and Treg cells of leprosy patients. Remarkably, IL-10 −819 TT and IL-10 −1082 GG genotypes were appeared as high producer of IL-10 by T helper as well as T regulatory cells. Increased level of IL-10 was found to be logical and supported our previous reports (12, 16). This data designates that high amount of IL-10 in the microenvironment suppresses the host immune system, that eventually may help in expansion of M. leprae continually in leprosy patients, as high bacteriological index correlates with high level of IL-10 in −819TT and −1082 GG genotypes. Therefore, it can be inferred here that the patients with −819TT and −1082 GG genotypes are bearing higher risks of the growth of M. leprae.

Since leprosy is a chronic inflammatory disease and its severity is associated to the host immune response, and the level of IL-10 production can be vital to define disease outcome. Our data point-outs the conclusive association of the −819TT and −1082 GG genotypes with the susceptibility of leprosy and suggests that these polymorphisms have remarkable role in higher production of IL-10 by T helper and T regulatory cells.
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Paracoccidioidomycosis (PCM) is an important endemic, systemic disease in Latin America caused by Paracoccidioides spp. This mycosis has been associated with high morbidity and sequels, and its clinical manifestations depend on the virulence of the infecting strain, the degree and type of immune response, infected tissues, and intrinsic characteristics of the host. The T helper(Th)1 and Th17/Th22 cells are related to resistance and control of infection, and a Th2/Th9 response is associated with disease susceptibility. In this study, we focused on interleukin(IL)-12p35 (IL12A), IL-18 (IL18), and IFN-γ receptor 1 (IFNGR1) genetic polymorphisms because their respective roles have been described in human PCM. Real-time PCR was employed to analyze IL12A-504 G/T (rs2243115), IL18-607 C/A (rs1946518), and IFNGR1-611 A/G (rs1327474) single nucleotide polymorphisms (SNP). One hundred forty-nine patients with the acute form (AF), multifocal chronic (MC), or unifocal chronic (UC) forms of PCM and 110 non-PCM individuals as a control group were included. In the unconditional logistic regression analysis adjusted by ethnicity and sex, we observed a high risk of the IL18-607 A-allele for both AF [p = 0.015; OR = 3.10 (95% CI: 1.24–7.77)] and MC groups [p = 0.023; OR = 2.61 (95% CI: 1.14–5.96)] when compared with UC. The IL18-607 A-allele associated risk for the AF and MC groups as well as the protective role of the C-allele in UC are possibly linked to higher levels of IL-18 at different periods of the course of the disease. Therefore, a novel role of IL18-607 C/A SNP is shown in the present study, highlighting its importance in the outcome of PCM.

Keywords: paracoccidioidomycosis, Paracoccidioides spp., single nucleotide polymophism, IL18, IL12A, IFNGR1, clinical forms of paracoccidioidomycosis


INTRODUCTION

Paracoccidioidomycosis (PCM) is one of the main endemic, systemic mycoses in Latin America, and it is caused by the thermally dimorphic fungi of the Paracoccidioides brasiliensis (P. brasiliensis) complex (Paracoccidioides spp.) and Paracoccidioides lutzii. PCM is associated with high morbidity and sequels; however, because it is not a compulsorily notified disease in Brazil, the actual data are based on reports of epidemiological surveys, case series, hospitalization, and mortality data (1). It is endemic in the southeast, central west, and south regions of Brazil and estimated at 0.71–2.70/100,000 inhabitants/year (2). Epidemic areas have been reported in the western Brazilian areas with a mean incidence of 9.4/100,000 and peaks of 37–39/100,000 inhabitants (3).

The inhalation of conidia of Paracoccidioides spp. can result in infection without symptoms, acute or chronic disease, or in sequelae. The clinical manifestations depend on the virulence of the infecting strain, the degree and type of immune response, infected tissues, and intrinsic characteristics of the host (4).

Some components of the innate immunity, such as neutrophils, dendritic cells, toll-like receptors, dectin-1, myeloid differentiation primary response 88 (MyD88), and NOD-like receptor P3 (NLRP3) inflammasome, have been evaluated in both experimental and human PCM (5–10). However, it is the adaptive response to P. brasiliensis that has been extensively studied with a well-established murine model and characterization of clinical forms of PCM by T helper (Th) responses and antibodies (11).

The acute form of PCM shows a mixed Th2/Th9 response: increased levels of IL-4, IL-5, IL-9, IL-10, TGF-β, and IL-27; low production of IFN-γ and TNF-α; and high levels of specific IgG4 and IgE antibodies. On the other hand, the chronic form presents a Th17/Th22 profile with high production of IL-17 and IL-22 and also secreting Th1-type cytokines, such as IFN-γ, TNF-α, and IL-2 as well as variable levels of IL-10 and IL-4 and increased levels of specific IgG1 antibodies (12, 13). Therefore, the Th2/Th9 responses can be associated with susceptibility to PCM, and the presence of Th1 and Th17/Th22 cells can contribute to more mild clinical manifestations with the axis IFN-γ/IL-12 directly associated with protection and control of the infection (11–16).

The high-affinity binding of IL-12 to its receptor results in the differentiation of naïve CD4 T cells into Th1 lymphocytes, which are the major producers of IFN-γ, alongside NK cells. In the presence of IL-12, IL-18 also stimulates the production of IFN-γ, inducing a Th1-mediated immune response; in the absence of IL-12, IL-18 can stimulate a Th2 response (17, 18).

Higher levels of IL-18 and sTNF-RII are described in the acute form of PCM when compared with the chronic form and controls, and IL-12 is also higher in patients than in controls (19). The same group reports higher levels of IL-18 during treatment and lower levels after antifungal treatment (20). As the disease is more severe in the acute form with high IL-18 levels, the authors suggest that this cytokine could be a useful marker of PCM severity.

Previous studies on murine PCM have shown that IL-12 and IL-18 secretions are associated with innate immunity factors. MyD88-deficient mice show a more severe disease after 8 weeks of infection with low levels of IL-12, and a protective role in murine pulmonary PCM was shown in the NLRP3 inflammasome, associated with IL-1β and IL-18 secretion and expansion of Th1 and Th17 cells and suppressive control of T-reg cells (7, 21).

The mechanisms controlling these effects are unclear, but reports on genetic background in both human and experimental disease have been shedding light on this matter. For instance, an autosomal dominant gene has been associated with resistance in murine PCM (22), and in human disease, reports show the influence of the human leukocyte antigen (HLA) in both susceptibility and outcomes. The HLA class I, HLA-B13, was found in a higher proportion in PCM patients compared to controls as well as a higher frequency of HLA-A9 in patients with the progressive pulmonary form (23). In parallel, increased risk of PCM development was associated with the presence of HLA-B40, which was found more in patients than in controls (24, 25). In 2011, the class II-HLA-DRB1*11 allele was reported in a higher frequency in patients with the more benign clinical presentation of this disease, the unifocal chronic (UC) form (26). Moreover, PCM patients were shown to have a higher proportion of the non-expressed C4B allele, C4B*Q0, of deficient C4 isotypes, suggesting to the authors a possible influence of different C4 isotype and allotype frequencies in the course of infection (27).

In addition, an enzyme phenotype (GLO-1 phenotype of glyoxalase I) was associated with PCM infection represented by a positive intradermic reaction, and a possible relationship with HLA antigens deserves further discussion because there is a close linkage between the GLO phenotype and HLA (28).

Our group and others have been studying single nucleotide polymorphisms (SNPs) and different mutations on cytokines and receptor genes. For instance, the inherited mutation Leu77Phe on the IL-12 receptor β1 subunit (IL-12Rβ1) gene (IL12RB1) associated with its loss of function and complete deficiency, resulting in a severe, acute form of PCM (29). Moreover, in Brazilian patients with PCM, reports of polymorphisms on IL-4 and IL-12Rβ1 genes have shown the relevance of IL4-590 C/T and IL12RB1 641 A/G SNPs in association with infection or clinical forms, contributing to a better understanding of the immunopathogenesis of this disease (30, 31).

Polymorphisms on the IFN-γ gene have also been described in infectious diseases, such as toxoplasmosis, tegumentar leishmaniasis, and PCM, and no association between alleles or genotypes and these diseases was observed (31–35). Furthermore, it is also necessary to consider that the expression of the IFN-γ receptor could be interfering in the axis IL-12/IFN-γ because its deficiency was already described in the more disseminated forms of histoplasmosis, coccidioidomycosis, mycobacteriosis, and disseminated BCG infection (36–39). This deficient expression could be associated with a mutation in the IFN-γ receptor 1 gene, such as the IFNGR1-611 A/G SNP, which has been associated with strong promoter activity and with decreased risk of pulmonary tuberculosis (40, 41).

IL-12p70, the bioactive form of IL-12, is a heterodimer of two subunits: p35 (encoded by the IL12A gene) and p40 (encoded by the IL12B gene). No association was found between IL12B +1188 A/C SNP and PCM (31). SNPs in the IL12A gene, on the other hand, have not yet been explored in this mycosis.

Studies show an association of IL18-607 C/A SNP (rs1946518) with protection or risk in several infections (42–45). However, as with the IL12A-504 G/T (rs2243115) and the IFNGR1-611 A/G (rs1327474) SNPs, there are still no studies associating this genetic polymorphism with systemic fungal infections.

Considering the interaction between IL-18, IL-12, and IFN-γ and the genetic aspects possibly involved in susceptibility to PCM and the lack of studies on this disease, the present study aimed to analyze the IL18-607 C/A (rs1946518), IL12A-504 G/T (rs2243115), and IFNGR1-611 A/G (rs1327474) SNPs, for the first time to our knowledge, in a cohort of Brazilian patients with PCM, also presenting a brief review of studies on these SNPs in infectious diseases.



MATERIALS AND METHODS


Subjects

A total of 149 patients with PCM from the General Infirmary and Systemic Mycosis Outpatient Clinic from the Infectious Diseases Division (Hospital das Clínicas, Faculdade de Medicina, University of São Paulo—HCFMUSP, São Paulo, SP, Brazil) were included in the study (Table 2). Thirty-nine patients had the acute form of PCM (AF) and 110 had the chronic form (CF); 93 had the multifocal chronic form (MC) and 17 had the UC form. This classification was performed according to Franco et al. (46). UC includes only patients with mild, restricted disease to the skin, mucosae, or lymph nodes without lung or cerebral involvement. The control group (CO) included 110 non-PCM subjects. The study protocol was approved by the ethics committee of HCFMUSP (CAPPesq 10273; Plataforma Brasil 123334/2013), and all subjects gave written informed consent in accordance with the Declaration of Helsinki.

The inclusion criteria were (a) patients with PCM: identification of Paracoccidioides spp. by mycological and/or histopathological examination and/or presence of anti-P. brasiliensis serum antibodies (titers ≥32 on counterimmunoelectrophoresis test) at the moment of enrollment or proven in the past; and (b) CO: individuals considered healthy without a previous history of the disease, not sensitized in lymphoproliferation assays against the 43-kDa glycoprotein of P. brasiliensis, and absence of serum anti-P. brasiliensis antibodies (by immunodiffusion test). Subjects with comorbidities, such as neoplasia and other acute or chronic systemic infectious diseases, were excluded.



DNA Extraction

Genomic DNA was obtained from peripheral blood leukocytes by the salt precipitation method (DTAB/CTAB; dodecyl trimethyl ammonium bromide/cetyltrimethyl ammonium bromide, both from Sigma-Aldrich, Merck, St. Louis, MO, USA) as previously described (47). The concentration and purity of the extracted DNA were evaluated by a UV spectrophotometer (Nanodrop LITE, Thermo Fisher Scientific, Carlsbad, CA, USA).



Detection of SNPs

The SNPs in the IL-12p35 (IL12A-504 G/T, rs2243115), IL-18 (IL18-607 C/A, rs1946518), and IFN-γ receptor 1 (IFNGR1-611 A/G, rs1327474) genes were investigated by real-time PCR using specific oligonucleotides and probes labeled with VIC (wild allele) or FAM (mutated allele) fluorochromes and TaqMan™ Genotyping Master Mix (all from Molecular Probes, Thermo Fisher Scientific, Carlsbad CA, USA). The assays and results were performed and analyzed with the StepOne Plus Real Time PCR System and software (Applied Biosystems, Thermo Fisher Scientific, Foster City, CA, USA).



Statistical Analysis

The deviations from the Hardy–Weinberg equilibrium and the distribution of genotypic and allelic frequencies of the SNPs on IL12A, IL18, and IFNGR1 genes in the studied population were evaluated by Pearson's χ2 test. To estimate the risk of patients with AF, MC, and UC PCM associated with genotypes and alleles, odds ratios (ORs) and 95% confidence intervals (95% CIs) were calculated as approximations of relative risk using unconditional logistic regression analysis. For ordered variables, tests for linear trend were done by categorizing the exposure variables and entering the scores as continuous. To verify the strength of association between the final events, we performed univariate and multivariate logistic analyses adjusted by ethnicity and sex with the STATA 14.0 software (StataCorp, College Station, TX, USA), and p-values ≤ 0.05 were considered statistically significant.




RESULTS

Considering the plausible role of genetic background in human PCM, we summarize all previously reported SNPs or mutations on immune-related genes and their main results on Brazilian patients in Table 1. Eight SNPs or mutations on DC-SIGN, HLA, IL-4, IL-10, IL-12Rβ1, and Vitamin D receptor genes were found to have an association with risk, outcome, or clinical forms of PCM. As the SNPs of this study had not yet been evaluated on PCM patients, we also compiled previous reports on the IL18 (-607 C/A, rs1946518 and -137 G/C, rs187238), IL12A (-504 G/T, rs2243115), and IFNGR1 (-611 A/G, rs13277474) SNPs and their association with diverse infectious diseases (Supplementary Tables 1–3, respectively).


Table 1. Polymorphisms on immune-related genes in Brazilian patients with PCM.
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This study evaluated the IL18-607 C/A, IL12A-504 G/T, and IFNGR1-611 A/G SNPs in 149 patients with the AF and CF of PCM and 110 control individuals (CO). The CF group is subclassified as MC and UC forms. There were no statistically significant differences between cases and controls in the distribution of ethnic groups or sex (data not shown). Regarding the different groups of patients (AF, MC, and UC), no differences in ethnic distribution were found (p = 0.476). However, in the univariate analysis of sex distribution, there was a significant difference between these groups with a male majority on a ratio of 17.6 in the MC group (Table 2).


Table 2. Distribution (n), sex (M = Male; F = Female) and ethnicity (W = White; B = Black) ratio, and p-values among the groups of patients with acute, multifocal chronic and unifocal chronic forms of PCM.
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Genotypic frequencies for the three evaluated SNPs were in Hardy–Weinberg equilibrium (data not shown). The distribution of genotypic and allelic frequencies of IL12A-504 G/T, IL18-607 C/A, and IFNGR1-611 A/G SNPs among patients and controls and among AF and CF groups is shown in Table 3. We found no statistical significances in the univariate analysis of genotypic frequencies in the codominant, dominant, and recessive models nor in the distribution and frequencies of alleles.


Table 3. Genotypic and allelic distributions and frequencies of IL12A-504 G/T, IL18-607 C/A, and IFNGR1-611 A/G SNPs, values of Odds Ratio (OR) and 95% Confidence Interval (95% CI) among the groups of Controls (n = 110) and Patients (n = 149), and among the groups of patients with Acute (n = 39) and Chronic (Multifocal + Unifocal) forms of PCM (n = 110).

[image: Table 3]

In Table 4, we show the distribution of genotypic and allelic frequencies of IL12A-504 G/T, IL18-607 C/A, and IFNGR1-611 A/G SNPs among the groups of patients with the different clinical forms of PCM, analyzed by unconditional logistic regression with adjustments for ethnicity and sex. The comparison between AF, MC, and UC genotypic distribution did not result in a statistical difference.


Table 4. Genotypic and allelic distributions and frequencies of IL12A-504 G/T, IL18-607 C/A, and IFNGR1-611 A/G SNPs, values of Odds Ratio (OR) and 95% Confidence Interval (95% CI) adjusted for sex and race by unconditional logistic regression analysis among the groups of patients with Acute (AF, n = 39), Multifocal Chronic (MC, n = 93) and Unifocal Chronic (UC, n = 17) forms of PCM.
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Regarding the allelic distribution and frequencies of IL18-607 C/A SNP, unconditional logistic regression with adjustments for ethnicity and sex shows significant differences between AF and UC [p = 0.015; OR = 3.1 (95% CI: 1.24–7.77)] with a higher frequency of the A-allele in AF (53.8%) than in UC (26.5%) (Tables 4, 5). The same is observed in the comparison between MC and UC [p = 0.023; OR = 2.61 (95% CI: 1.14–5.96)]. Concerning alleles of IL12A-504 G/T and IFNGR1-611 A/G SNPs, no statistical differences were found. Furthermore, Table 5 shows the statistical data on sex and ethnicity as covariates of IL18-607 C/A SNP in the distribution of genotypes and alleles. There was a significant difference of sex distribution between AF and MC with a higher proportion of women in AF (p = 0.000); this is the opposite of the comparison between MC and UC, in which the proportion of female patients is significantly lower in the MC group (p < 0.015). This same effect occurred with the codominant, dominant, recessive, and allelic analyses, confirming and detailing the data of Table 2. There were no differences regarding sex distribution between AF and UC, and ethnicity had no statistically significant effect as a covariate in this analysis.


Table 5. Association studies between the groups of patients with Acute (AF), Multifocal Chronic (MC), and Unifocal Chronic (UC) forms of PCM including sex, ethnicity, and the IL18-607 C/A SNP as covariates and results of p-values, Odds Ratio (OR), and 95% Confidence Interval (95% CI).
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DISCUSSION

Genetic studies are relevant to understanding the mechanisms involved in the pathogenesis of diseases (50, 51). Some genetic polymorphisms are shown to directly interfere in cytokine expression, therefore directing the immune response of the host and possibly influencing the outcome of the disease.

In the present study, we investigated the possible association between the IL12A-504 G/T, IL18-607 C/A, and IFNGR1-611 A/G SNPs in Brazilian patients with PCM and disease susceptibility. The distribution of genotypes and alleles of the IL12A-504 G/T SNP was similar in all evaluated comparisons on our study. Although this SNP was related to immune responses against rubella vaccination and HBV and protection in tuberculosis, we did not observe a clear association with PCM (52–54).

As for IFNGR1-611 A/G SNP, genotypic and allelic distributions were similar in all evaluated comparisons, confirmed by unconditional logistic regression analysis (adjusted for sex and race). The absence of association with risk or protection reported here is similar to the data reported in tuberculosis and liver fibrosis progression due to recurrent hepatitis C (55–58). An association between tuberculosis and the IFNGR1-611 A/G and -56 T/C haplotype was observed by Bullak-Kardum et al. (41). In fact, the promoter activity is supposed to be stronger in -611 A/G than -56 T/C, and the variant A is estimated to decrease the binding of GATA-1 and TFIID factors to this site (40, 58). Because previous associations with risk or protection have been described in other SNPs, further studies should include the IFNGR1-611 A/G SNP.

In our analysis of the IL18-607 C/A SNP, we found no differences on allelic and genotypic distributions between patients and controls or between AF and CF groups of patients. On the other hand, the adjustment for sex and ethnicity in the unconditional regression logistic analysis confirmed the presence of the A-allele as a risk factor for the AF and MC groups when compared to the UC group.

The association of the A-allele/AA-genotype and higher risk is shown in various infectious diseases, such as chronic hepatitis B in Thailand and in India, gingivitis in the Czech Republic, pulmonary tuberculosis in China, Chagas disease in Colombia (mainly driven by rs360719), and infection by the hepatitis C virus in Egypt (37, 43, 52–62). Similarly to our results, the mutant allele/genotype of IL18-607 C/A is also associated with more severe outcomes in other infectious diseases: higher virus shedding of the severe acute respiratory syndrome-associated (SARS) coronavirus in Taiwan, lipodystrophy syndrome on HIV-positive Brazilian individuals, immune restoration disease on HIV–tuberculosis coinfected Indian patients, bacterial infections after liver transplantation in China, and hepatitis C–related hepatocellular carcinoma in Egypt (63–67).

The effect of the A-allele/AA-genotype on PCM and other infectious diseases could be explained by changes in IL-18 levels introduced by this mutant allele in the -607 position. In effect, the IL-18 human gene is composed of six exons and five introns with three very well-known SNPs in the promoter region: -656 G/T (rs1946519), -607 C/A (rs1946518), and -137 G/C (rs187238). Two of these positions, -607 and -137, are thought to be nuclear factor binding sites for cAMP responsive element binding protein and H4TF-1 nuclear factor, respectively, and mutation on both sites can affect the IL-18 levels (50).

The -607 C-allele/CC-genotype carriage has been associated with higher levels of IL-18 in the serum and/or of mRNA expression (50, 66, 68–70). In our study, we found higher C-allele carriage on patients with the UC form of PCM (73.5%), whereas the AF and MC groups (with 46.2 and 51.1% of C-allele carriage, respectively) had already been reported to have higher serum IL-18 levels than those from the former group (19, 20).

We hypothesize that the higher C-allele carriage on patients with the UC form of PCM may induce higher IL-18 levels at the early stages of infection, determining increased levels of IFN-γ and a more efficient cellular response that controls fungal dissemination and the consequential tissular inflammation. In parallel, previous work in our lab shows that phytohemagglutinin-stimulated cells from IL18-607 C-allele-unifocal patients apparently produce more IFN-γ than C-allele carriers from the acute or the chronic multifocal groups, although without statistically significant difference (unpublished data). However, because both infection and disease in humans are recognized in a later and undefined period after fungal entrance, those initial events can only be evaluated in experimental PCM and have been elegantly shown in deficient mice models. The intravenous infection of IL-18-deficient mice (IL-18−/−) with P. brasiliensis yeast cells resulted in a higher fungal burden in the lungs compared with wild-type (WT) animals and absence of granuloma formation (71). Furthermore, P. brasiliensis intratracheally infected mice deficient for NLRP3 inflammasome components (Nlrp3−/−, Casp1/11−/−, Asc−/−) as well as deficient for the ATP receptor (P2x7r−/−) also had a higher fungal burden in their lungs and liver; predominance of CD4+IL-4+, CD4+TGF-β+, and T-reg cells; a lower number of pulmonary PMN cells; and less IL-18 and IL-1β compared with their WT controls (7).

In this context, it is possible that patients with the less severe UC form of PCM present a more balanced IL-18/IL-12/IFN-γ axis, resulting in more localized and milder clinical manifestations compared with the other groups, in which the higher IL-18 levels are accompanied by other immunomodulating cytokines. The more severe form of PCM, the acute form, has been characterized by IL-4 with IL-18 inducing a Th2 immune response (high levels of IL-4, IL-5, and IL-13), by IL-4 and TGF-β inducing a Th9 pattern (high levels of IL-9), and both Th2 and Th9 inhibiting the Th1 response. Patients with chronic PCM were previously shown to have a mixed immune response of Th1 (IL-12 and IL-18 leading to IFN-γ production), Th17 (induced by IL-18, IL-1 and IL-23), and Th22 (induced by IL-18, IL-1, IL-23, and IL-21), which result in heterogeneous clinical symptoms (12, 13, 20).

In our study, the UC group included only patients with mild and restricted disease to the skin, mucosae, or lymph nodes. The exclusion of patients with lung involvement was based on the possible misclassification of MC patients who are more prone to develop pulmonary lesions. Although these criteria resulted in fewer patients in the UC group, it also revealed specific immunogenetic characteristics, such as the association of a more favorable outcome with the IL18-607 C-allele in the present study and the IL12RB1 641 AG-genotype and the HLA-DRB1*11 allele carriage, previously reported by our group (26, 31).

Additionally, the association of the IL18-607 A-allele with the more severe forms of PCM described herein collaborates with previous reports on different genes emphasizing the influence of genetic background on the outcome of this mycosis. The GG-genotype of IL10-1082 G/A SNP, the RP2/RP2-genotype of the intron-3 microsatellite polymorphism of the IL4 gene, the AA-genotype of IL12RB1 641 A/G SNP, the GG-genotype of the DCSIGN rs4804803 A/G SNP, and the CC-genotype of the VDR rs7975232 A/C SNP have all been previously associated with susceptibility or the more severe outcome in PCM (26, 29–31, 34, 35, 49). In parallel, HLA class I antigens and the GLO-1 phenotype of the glyoxalase enzyme have been associated with the progression of disease (pulmonary form) or infection (23–25, 27, 28).

We reinforce that our present data and all the genetic associations previously described may be considered in the same context of association of autosomal gene dominance with resistance in murine PCM, which is a model that reproduces several characteristics of the human disease (22).

The comparison between patients and controls in our study shows a greater number of male than female subjects, particularly in the MC group. As previously described, there has been a male predominance among cases of chronic PCM (72–74). This mycosis manifests more frequently in male farmers who are constantly working in direct contact with the soil where Paracoccidioides spp. probably occurs (1). In addition, infected women are less likely to manifest the chronic form because of the putative role of estrogen (17-β-estradiol) as a protective factor that impairs conidia transformation into yeast form during murine infection (75–77). Although this effect has been less commonly registered in human PCM, epidemiological data reported in Brazil show that the disease is rare in adult females (4.3%) and usually occurring in the menopausal period (91.3%) (78). Contrarily, it has been demonstrated that 17-β-estradiol can exert an anti-inflammatory role by decreasing TNF-α and IL-6 while increasing IL-4 levels, which further results in a Th2 response (79). In oral PCM lesions, a positive correlation between the amount of estradiol receptors and the fungal burden was observed only in female patients (80). These recent findings may explain the more even distribution of the acute form of PCM among sexes, and the higher frequency of females in UC and lower in MC could be evidence of protection for women in developing the more severe chronic form of the disease.

Possible limitations in our study are the inclusion of only one health center, mixed ethnic groups in the Brazilian population, and lack of detection of IL-18 levels and functional analyses. Although reflecting the distribution of PCM in endemic areas, our cohort with a low number of patients with the UC form is also a limitation for further inquiry.

In summary, our study did not show an association between PCM and the evaluated IL12A and IFNGR1 SNPs or between the acute and chronic forms or between multifocal and unifocal chronic forms. For the IL18-607 C/A SNP, no association was shown with infection or among acute and chronic forms. However, we show an association between the IL18-607 A-allele and the more severe clinical forms of PCM, acute and multifocal chronic forms, when compared to the UC form, the less severe form of this disease, associated with the IL18-607 C-allele. To the best of our knowledge, this is the first study that evaluates the association between IL12A, IFNGR1, and IL18 SNPs and PCM.

The present data suggest a novel role of IL18-607 C/A SNP as a contributor to a more favorable outcome of this disease, potentially leading to a more balanced and more efficient cellular response for the control of fungal dissemination at the early stages of infection in UC. Furthermore, our work highlights the need for new studies with other SNPs on the IL18 gene and on other components of the immune response for a better understanding of the pathophysiology and the clinical expression of PCM.
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The interplay between M. tuberculosis (Mtb) and humans is multifactorial. The susceptibility/resistance profile and the establishment of clinical tuberculosis (TB) still remains elusive. The gain-of-function variant rs10754558 in the NLRP3 gene (found in 30% of the world population) confers protection against the development of TB, indicating a prominent role played by NLRP3 inflammasome against Mtb. Through genotype-guided assays and various Mtb strains (BCG, H37Rv, Beijing-1471, MP287/03), we demonstrate that Mtb strains activate inflammasome according to the NLRP3/IL-1ß or NLRC4/IL18 preferential axis. NLRP3 and NLRC4 genetic variants contribute to the presentation of TB. For the first time, we have shown that loss-of-function variants in NLRC4 significantly contribute to the development of extra-pulmonary TB. The analysis of inflammasome activation in a cohort of TB patients and their “household contacts” (CNT) revealed that plasma IL-1ß/IFN-α ratio lets us distinguish patients from Mtb-exposed-but-healthy individuals from an endemic region. Moreover, NLRP3 inflammasome seemed “exhausted” in TB patients compared to CNT, indicating a more efficient activation of inflammasome in resistant individuals. These findings suggest that inflammasome genetics as well as virulence-dependent level of inflammasome activation contribute to the onset of a susceptible/resistant profile among Mtb-exposed individuals.

Keywords: tuberculosis, inflammasome, genetics, NLRP3, Nlrc4


INTRODUCTION

Tuberculosis (TB) is caused by a Mycobacterium tuberculosis (Mtb) infection. Only 5–10% of Mtb-infected individuals develop active TB and, in the majority of cases, the bacteria is either eliminated or remains in a latent state (1, 2). The cross-talk among host, pathogen and environment determines the outcome of an infection (3).

Host innate immune genes have been recently taken into account to explain how the first host/pathogen contact could shape one's subsequent response to Mtb (resistance vs. susceptibility). After accessing the host airways, Mtb is phagocyted by alveolar macrophages which initiate an innate immune response that leads to pathogen eradication, with the occasional contribution of an adaptive cell-mediated response (mainly driven by interferon (IFN)-γ) (4). Alternatively, a chronic inflammatory process begins with Mtb persistance in the lung and that may result in tissue damage through the formation of granulomas and lung fibrosis. In more severe infections, a dramatic lung parenchyma destruction occurs (5, 6). As such, the host innate immune response and further tissue inflammation could either be beneficial or detrimental in the fight against Mtb, possibly due to a delicate balance among several mediators.

Recently, Mayer Barber et al. showed that the plasma level of interleukin (IL)-1ß, type I IFN (IFN-I) and prostaglandin (PG)-E2—among several other inflammatory mediators—characterized the clinical presentation (severe vs. mild) of Mtb infections in TB patients (7), suggesting that a fine-tune regulation of innate immune response is crucial for TB outcomes.

Inflammasome is a cytosolic multi-protein complex that mediates the maturation and release of IL-1β and IL-18 (8). Pathogen- or damage-associated molecular patterns (PAMPs and DAMPs, respectively) activate the inflammasome through a group of cytosolic pathogen recognition receptors (PRRs), including NLRP1, NLRP3, NLRC4, NAIP, AIM2, and pyrin (8, 9). During infection, pathogens carry or inject PAMPs into cell cytosol and/or induce damage and break into the host homeostasis through the release of DAMPs. These are detected by inflammasome sensors, which in turn can recruit the adaptor molecule ASC and the effector molecule caspase-1, which is responsible for the maturation of IL-1ß and IL-18. Moreover, caspase-1 can mediate the cleavage of the pore-forming protein gasdermin D, leading to pro-inflammatory active cell death called pyroptosis (8).

Inflammasome activation constitutes a very efficient and rapid mechanism for host defense against pathogens. In this case, the inflammation is triggered either by leukocyte recruitment, via IL-1ß and IL-18 or by the destruction of the pathogen niche and inflammation amplification through pyroptosis. However, pathogen-induced response may be excessive with inflammasome-mediated tissue damage or, on the other hand, pathogens may evade host detection and/or inflammasome activation itself (9).

In murine bone marrow-derived macrophages, Mtb activates inflammasome through NLRP3 (10, 11) and mice lacking NLRP3 showed a reduced IL-1β production in response to an Mtb infection (12), suggesting that this sensor is crucial to trigger an animal response to this bacteria.

Besides being one of the most studied inflammasome sensors, researchers still have not completely demonstrated how NLRP3 is activated, as it responds to several PAMPs and DAMP, such as bacterial lipopolysaccharide (LPS), bacterial secretion systems, bacterial toxins, viral proteins, nucleic acids, increased extracellular concentration of ATP and alarmins (released by dead cells), organic and inorganic crystal or fibers (i.e., uric acid, cholesterol, ß-amyloid). Scientific evidence indicate that PAMPs and DAMPs activate NLRP3 through the induction of cytosolic alterations, such as K+ efflux, mediated by membrane pore-forming toxins or the binding of extracellular ATP to the purinergic receptor P2X7; or even in the case of damage in cell organelles (mitochondria or lysosome) with the consequent release of their contents, including reactive oxygen species, mitochondrial DNA or lysosomal cathepsins (8). As NLRP3 can be activated by such a plethora of signals, it is strongly regulated at several levels, including transcription and post-transcriptional events, including the feed-back mechanism induced by nitric oxide (NO), interferons and PGE2 (13–15).

Intriguingly, Mtb not only induces NLRP3 inflammasome activation but also the production of NO and IFN-I in mice (16). Accordingly, Wasserman et al. have shown that in THP-1, the human monocytic cell line, Mtb H37Rv triggers both NLRP3 and AIM2 inflammasome activation and IFN-1 production, most likely as an escape mechanism (17). In TB patients, the relative balance between the serum level of IL-1ß, IFN-I, and PGE-2 allows for classification according to disease severity (7). Altogether, these findings suggest that correct NLRP3 inflammasome activation can certainly contribute to bacterial clearance.

We previously reported the protective gain-of-function effect of a Single Nucleotide Variant (SNV) in the NLRP3 3'UTR region (rs10754558; found in about 30% of the world population) against the development of pulmonary TB (18). This led us to hypothesize genes coding factors taking part in the inflammasome assembling and function, which directly influences the IL-1ß and/or IL-18 production, could affect the outcome of an Mtb infection, therefore determining either the susceptibility and/or the prognosis for a TB patients.

In this study, we proposed a model of host/pathogen interplay including host inflammasome genetics, Mtb aggressiveness and inflammasome response rate, to evaluate the relative contribution of each parameter in individual TB susceptibility and outcome.



MATERIALS AND METHODS


Cohort for Cellular Assays

Three groups of adult volunteers were recruited for the in vitro study: healthy donors (HD) from TB non-endemic area, TB patients and their household contacts from TB endemic area. Thirty unrelated healthy volunteers from the metropolitan area of São Paulo (SP, Brazil) were recruited at the Blood Bank of “Oswaldo Cruz” hospital. Twenty-seven unrelated adults recently diagnosed with active pulmonary TB were recruited at the Reference Centre for Sanitary Pneumology “Cardoso Fontes” (Manaus, AM, Brazil). Twenty-seven unrelated adults in daily contact with TB patients (“household contacts”) but without TB symptoms and negative for Mtb detection tests were included in the study as Mtb-exposed TB negative individuals. Diagnosis of active pulmonary TB is based on the evaluation of clinical symptoms together with Mtb detection tests: sputum smears analyses (19, 20) and/or GeneXpert MTB/RIF tests (Cepheid). Main characteristics of the volunteers recruited for the study are presented in Table 1.


Table 1. Characteristics of the individuals recruited for the cellular assays.
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Cohort for Genotyping Study

Genomic DNA from 352 unrelated TB patients and 288 healthy adults (without clinical signs or symptoms of TB) from the Brazilian State of Amazonas (not indigenous people from the Amazon forest) was used for the genetic association study. Diagnosis of TB is based on the evaluation of clinical symptoms together with Mtb detection tests, as above mentioned. Main characteristics of this cohort are presented in Table 2.


Table 2. General characteristics of the TB cohort for genotyping study.
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Mycobacterial Culture Conditions and Preparation for Cell Infection

Non-virulent Bacillus Calmette-Guerin (BCG), common virulent H37Rv and hyper-virulent Beijing 1471 (Bj) and MP287/03 (MP) mycobacterium strains were used in this study. M. tuberculosis H37Rv and Beijing 1471, M. bovis strains Bacillus Calmette-Guerin and MP287/03 were sourced from the laboratory of Professor Maria Regina D'Imperio Lima (Department of Immunology, Institute of Biomedical Sciences, University of São Paulo). Mtb were grown at 37°C, either in 7H9 medium (Difco) supplemented with 10% albumin-dextrose-catalase (ADC, Middlebrook) or on 7H10 agar plates supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC, Middlebrook). Bacteria were grown to the exponential phase (optical density at 600 nm, OD600, of 0.1), washed once in a 7H9 medium, and resuspended in 7H9 to an OD600, of 1—equivalent to 2 x 108 bacilli/ml for BCG, 1 x107 bacilli/mL for H37Rv and Bj, 2 x 107 for MP. The required volume for Mtb bacterial suspension was then added to the cell culture medium for infection of human monocyte-derived macrophages (MDM) at a multiplicity of infection (MOI) of 0.033. This MOI was selected after pilot experiments as the minimum MOI capable of activating IL-1ß production in MDM. We avoided using a higher MOI in an attempt to mimic natural infection in humans (21). For colony formation unit (CFU) assays, infected MDM were lysed and serial dilutions were plated in a complete agar medium. After 21 days, bacterial growth in MDM was evaluated by CFU counting.



MDM Generation and in-vitro Infection

Peripheral blood mononuclear cells (PBMC) were isolated from donor blood using the Ficoll-Paque® density gradient centrifugation (GE Healthcare, Biosciences). Monocytes were separated from total PBMC by plastic adherence and cultivated at 0.4 × 106 cells/mL in RPMI-1640 (Gibco, ThermoFisher Scientific), supplemented with 10% fetal bovine serum (FBS; Gibco) and 25 ng/mL monocyte colony stimulating factor (M-CSF; PreproTech) for 5 days at 37°C in 5% CO2 atmosphere to obtain MDM. Monocytes-to-MDM differentiation was confirmed by flow cytometry analyses of the CD14 and CD68 surface markers (Supplementary File 1). MDM were infected with H37Rv, Bj, MP, and BCG strains at MOI 0.033 for 3 h, washed, and then cultivated for 24 h. In some experiments. MDM were treated with 10 μM parthenolide (PTD; Sigma-Adrich), a general inhibitor of inflamamsome (22); or 10 μM MCC-950 (InvivoGen), a specific inhibitor of NLRP3 (23); or 10 μM CA074-Me (CA074; Merck), an inhibitor of intracellular cathepsin B; or 10 μM of cytocalasin-D (Cyt-D; Sigma-Aldrich), an inhibitor of actin polymerization which impairs phagocytosis. PTD, MCC-950, and Ca074 were added to MDM cultures for 1 h prior to bacterial infection. Cyt-D was added to MDM cultures during in vitro infection. In some experiments, 1 mM ATP (Sigma-Aldrich) was added at the end of treatment for another 15 min. The treatment with 1 μg/mL LPS (E. coli strain O111:B4; Sigma-Aldrich) for 24 h and 1 mM ATP for another 15 min were used as positive control for NLRP3 inflammasome activation (24, 25). For CFU assays, 10 ng/mL of recombinant human IL-1ß (rh-IL-1ß; Peptotech) or 10 μM PTD were added to the culture. Inflammasome activation was analyzed by IL-1ß and IL-18 release in the culture supernatants, ‘cleaved/activated caspase-1 and “speck” formation.



Cytokines Quantification

IL-1ß, IL-18, IFN-ß, and TNF levels in serum and culture supernatants were measured using commercial ELISA Kits (Biolegend, R&D Systems) according to the manufacturer's instructions.



Caspase-1 Activity Assay

The detection of caspase-1 activity in MDM FAM-FLICA® Caspase-1 Assay Kit (Immunochemistry Technologies) and flow cytometry, according to the manufacturer's instructions. Briefly, 2 x 105 MDM were stimulated according to the above-mentioned protocol, and then incubated with the fluorescent inhibitor probe FAM-YVAD-FMK for 1 h at 37°C, 5% CO2. The samples were then washed, incubated with Live/Dead Fixable Cell Stain Kit (Thermo Fisher Scientific), and analyzed by flow cytometry. The caspase-1 activity was expressed as percentage of FAM-FLICA positive (+) live cells.



Cell Cytotoxicity

Cell cytotoxicity was assessed by the quantification of Lactate dehydrogenase (LDH) release in supernatants using the LDH Cytotoxicity Assay Kit (ThermoFisher Scientific), according to the manufacturer's protocol. The cytotoxicity is expressed as percentage of LDH release relative to the positive control (Triton).



“Specks” Formation

Inflammasome complex assembly was evaluated by the detection of “specks" formation using immunofluorescence microscopy. MDM were fixed and permeabilized with Cytofix/Cytoperm reagent (BD Biosciences) for 30 min at 37°C and 5% CO2 and incubated with primary antibody for NLRP3 (1:100 mouse anti-human NLRP3, Abram) and/or NLRC4 (1:200 rabbit anti-human NLRC4; Biolegend) overnight at room temperature. Fluorescent secondary antibodies (Alexa 488-conjugated goat-anti-mouse IgG1, or Alexa 647-conjugated goat-anti-rabbit IgG1; Thermofisher Scientific) were then added for 1 h. 4',6-Diamidine-2'-phenylindole dihydrochloride (DAPI; Sigma-Aldrich) was used for nuclear counterstaining. Image acquisition was performed at the microscope facility at the Laboratory of Cellular Biology from the Butantan Institute (São Paulo, SP, Brazil) using a DMi8 confocal laser scanning microscope equipped with a digital camera DFC310 FX (Leica). The counting of NLRP3+ and NLRC4+ specks in MDM was performed manually by observing speck formation within the cells in 10 fields (26).



Inflammasome' Genes Expression Analysis

Total RNA was isolated from 0.4 × 106 MDM using the RNAqueous-Micro kit (Ambion, Thermo Fisher Scientific), according to the manufacturer's protocol, and quantified using Nanodrop N-1000 (Agilent). Total RNA was converted into cDNA using Superscript III RT kit and random primers (Invitrogen, Thermo Fisher Scientific). NLRP3 (Hs00366465), NLRC4 (Hs00368367), IL1B (hs01555410), and IL18 (Hs01038788) genes were amplified using TaqMan® gene-specific assays (Applied Biosystems, Thermo Fisher Scientific) and qPCR on the QuantStudio 3.0 Real-Time PCR equipment (Applied Biosystems). The QuantStudio 3.0 software was used to obtain cycle threshold values (Ct) for relative gene expression analysis according to the Fold Change (FC) method (27). Raw expression data (Ct) were normalized with the expression of the house-keeping gene glyceraldehyde-3-phosphate dehydrogenase/GAPDH (Hs02758991; TaqMan® assay) (ΔCt), and the FC was calculated comparing stimulated and unstimulated (UN) conditions (FC=2−−ΔΔCt; ΔΔCt = ΔCtstimulated−ΔCtUN). Alternatively, basal (constitutive) gene expression was calculated as 2−ΔCt.



SNVs Genotyping

NLRP3 rs10754558 C>G and NLRC4 rs479333 G>C single nucleotide variants were selected based on their known functional effect, and elevated minor allele frequency (MAF) in the general population (0.30 and 0.49 respectively, from www.ensembl.org). NLRP3 rs10754558 is a 3'UTR variant previously associated with increased NLRP3 mRNA stability and supposed augmented inflammasome activation (28). NLRC4 rs479333 is an intronic polymorphism which negatively affects NLRC4 expression (29) and serum IL-18 level (30). They were genotyped in the TB cohort with TaqMan®-type allele-specific commercial assays (Applied Biosystems) and qPCR on the QuantStudio 3.0 Real-Time PCR equipment. The QuantStudio 3.0 software was used for allelic discrimination.



Data Analysis

All data were collected and analyzed from at least three independent experiments. A normality test was applied to the data, and a parametric or non-parametric analysis was used accordingly to compare two or more data sets, as specified for each graph. The level of significance was p < 0.05. Calculations were performed using the statistical software package GraphPad Prism (v8.01). Genotyping data were analyzed through multivariate analysis according to the general linear model (GLM) using the package SNPassoc and R-project. Bonferroni correction for multiple comparisons (2 SNVs) required a p < 0.025 (0.05/2).




RESULTS


M. tuberculosis Induces Inflammasome Activation and IL-1ß Production Plays a Major Role in Bacterial Restriction in vitro as Well as in vivo

Mtb triggers NLRP3 inflammasome in mice (10–12), as well as in some in-vitro models of human macrophages (17, 31, 32); however, the multiplicity of infection (MOI) implied is always high (1–10 or more) compared to what expected during natural infection (<<1) (21).

Considering this, we first investigated whether the common virulent reference strain Mtb H37Rv activates the inflammasome at a physiologic MOI. For this, we measured cytokine production and caspase-1 activation at a MOI of 0.033 in Mtb-infected monocyte-derived macrophages (MDM).

At this MOI, H37Rv was also able to induce a significant release of inflammasome cytokines IL-1ß (Figure 1A) and IL-18 (Figure 1B) from MDM, which was accompanied by the increase of caspase-1 cleavage (Figure 1C) but not by a significant release of LDH (Figure 1D), suggesting the induction of the canonical pathway of inflammasome activation, but without high rates of pyroptosis.
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FIGURE 1. M. tuberculosis strain H37Rv induces inflammasome activation in human MDM and IL-1ß production plays a major role in bacterial restriction. The healthy donors' monocyte-derived macrophages (MDM; n = 14) were challenged with the M. tuberculosis (Mtb) strain H37Rv (MOI: 0.033) for 3 h, then washed and cultured for 24 h. The release of IL-1ß (n = 14) (A) and IL-18 (n = 8) (B) was measured in culture supernatants of untreated (UN) and infected (H37Rv) MDM. Cells were harvested for an analysis of caspase-1 activity by a FAM-FLICA® assay and flow cytometry from three independent experiments. The percentage of FAM-FLICA+ cells was reported for H37Rv-infected (H37Rv) and untreated (UN) MDM (C). Lactate Dehydrogenase (LDH) liberation was measured in culture supernatants in three independent experiments. Data are expressed as a percentage in respect to the positive control (Triton, 100% cell lysis) (D). The healthy donors' MDM (n = 5) were infected with Mtb H37Rv (MOI: 0.033) for 3 h in the presence of exogenous recombinant human IL-1ß (rh-IL-1ß) or parthenolide (PTD; 10 μM), then lysed. Serial dilutions were plated in a complete agar medium. Bacterial growth was evaluated after 21 days by counting colony formation units (CFU) (E). The healthy donors' MDM (n = 4) were infected with Mtb H37Rv (MOI: 0.033) for 3 h in the presence of cytochalasin D (Cyt D; 10 μM), then washed and cultured for 24 h. The release of IL-1ß was measured at the end of incubation in infected MDM (H37Rv) and infected MDM in the presence of a phagocytosis inhibitor (Cyt D) (F). Individual data are reported with their mean. The Mann–Whitney test was used to compare treated and untreated groups (A–C,F). The Kruskall–Wallis test followed by a Bonferroni post-test were used to compare H37Rv, rh-IL-1ß, and PTD groups (E). Differences with a p < 0.05 were considered statistically significant (*).


Little is known about a possible function of IL-18 against mycobacteria, while IL-1ß plays a role in macrophages phagocytosis (33) Therefore, we performed a bacterial growth assay in Mtb-infected MDM in the presence of exogenous recombinant IL-1ß or pre-treated with the inflammasome inhibitor parthenolide (PTD). H37Rv bacterial growth was significantly inhibited by IL-1ß (70.2% CFU inhibition). At the same time, a significant increase of Mtb growth was observed when PTD was added to cultures (160% CFU increase) (Figure 1E). H37Rv-driven inflammasome activation seems to be direct, as the inhibition of mycobacterial phagocytosis completely abolished IL-1ß production (Figure 1F).

These data emphasize that the activation of inflammasome and IL-1β production are mandatory for Mtb containment.



NLRP3 Contributes to Inflammasome Activation by the Mtb Common Virulence Strain H37Rv in Human MDM

As our previous results pointed out the protective role of a gain-of-function genetic variant in NLRP3 (rs10754558) (18), and given the central role of this receptor in the mouse model of Mtb infection as well (10–12), we next asked whether the observed activation of inflammasome complex by Mtb H37Rv in MDM could be dependent on NLRP3. The formation of specks indicates the activation of inflammasome and also allows for the visualization of a mounted complex platform, including the activated sensor (26). Thus, we subsequently replicated MDM infection with Mtb H37Rv to confirm NLRP3 participation in inflammasome responses. To do so, cells were stained using specific antibodies and samples analyzed at the end of infection assay under a fluorescence microscope. A significant increase of NLRP3+ specks were detected in Mtb-infected MDM compared to untreated cells (Figures 2A,B).
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FIGURE 2. NLRP3 contributes to inflammasome activation by Mtb H37Rv in human MDM. The healthy donors' monocyte-derived macrophages (MDM; n = 4) were cultivated (0.08 × 106) in 16-well chamber slides (Thermo Fisher Scientific), challenged with M. tuberculosis (Mtb) H37Rv (MOI: 0.033) for 3 h, then washed and cultured for 24 h. Mouse anti-human NLRP3 and a fluorescent secondary antibody (Alexa 488-conjugated goat-anti-mouse IgG1) were used to label NLRP3. DAPI was used to counterstain the nuclei. NLRP3+ speck formation in untreated (UN) and infected MDM (H37Rv) was analyzed using fluorescence microscopy. A representative experiment was reported. Arrows indicated NLRP3+ specks. (A). The number of NLRP3+ specks was manually counted for each independent experiment (B). The healthy donors' monocyte-derived macrophages (MDM; n = 6) were treated with 10 μM MCC-950 or 10 μM parthenolide (PTD) 1 h before infection with M. tuberculosis H37Rv (MOI: 0.033) for 3 h, then washed and cultured for 24 h. The release of IL-1ß (C), IL-18 (D), and TNF (E) was measured in culture supernatants. Individual data are reported with their mean. The Mann–Whitney test was used to compare treated and untreated groups (B). The Kruskall–Wallis test followed by a Bonferroni post-test were used to compare H37Rv, MCC-950 and PTD groups (C–E). Differences with a p < 0.05 were considered statistically significant (*). **p < 0.001.


Next, we applied another approach, based on the use of known chemical inhibitors, to confirm NLRP3 involvement in the response. IL-1ß and IL-18 release was measured in Mtb infected-MDM and pre-treated with the NLRP3 inhibitor MCC-950 (10 μM) (23). As a positive control of inhibition, we also pre-treated MDM with the general inflammasome inhibitor parthenolide (PTD; 10 μM) (22). As expected, PTD entirely abolished cytokines production, while MCC-950 significantly reduced, but not completely abrogated, the release of IL-1ß (Figure 2C) and IL-18 (Figure 2D) in infected-MDM (48.7 and 71.7% inhibition, respectively). The secretion of a non-inflammasome-dependent pro-inflammatory cytokine, TNF, was not significantly affected by the use of inhibitors (Figure 2E).

Altogether, these findings corroborate previous data about the importance of NLRP3 in macrophage' response against virulent Mtb (10–12, 17, 31, 32), including at physiologic condition of infection (MOI: 0.033), and support the protective effect observed for NLRP3 rs10754558 against the development of active pulmonary TB (18).



TB Patients Present an Impaired NLRP3 Response and IL-1ß Release

In order to better understand the relative contribution of inflammasome activation and IL-1ß release in Mtb infection in vivo, we analyzed IL-1ß, IL-18, IFN-α, and TNF levels in the plasma of patients recently diagnosed with active pulmonary TB (TB) and their “household contacts” (CNT) from an endemic TB area (Brazilian State of Amazonas). A group of healthy donors from a non-endemic area (São Paulo, SP, Brazil) was also included. All cytokines, with the exception of IL-18, were up-regulated in TB and CNT individuals with respect to HD (Figures 3A–D). Of note, a significant difference was observed in the plasma level of IL-1ß (Figure 3A) and IFN-α (Figure 3C) between the TB and the CNT groups. The IL-1ß concentration is significantly lower in the TB than in the CNT samples, while the IFN-α level increased in the TB compared to the CNT sample (Figures 3A,C).
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FIGURE 3. TB patients present an impaired NLRP3 inflammasome response. IL-1ß (A) level were measured in plasma from recently diagnosed untreated TB patients (TB; n = 27) and some of their “household contacts” (CNT; n = 15) from an endemic TB area (Manaus, metropolitan region, AM) and from healthy donors in a non-endemic area (São Paulo metropolitan region, SP) (HD; n = 5). IL-18 (B), IFN-a (C), and TNF (D) dosage was executed in a group of samples (HD, n = 6; TB, n = 8; CNT, n = 6). (E) A Principal Components (PC) analysis was executed including the plasma level of IL-1ß, a mycobacteria count in a sputum analysis and a diagnosis of TB (TB or CNT). Monocyte-derived macrophages (MDM) were isolated from HD (n = 6), TB patients (n = 6), and CNT (n = 6) and challenged with 1 μg/mL of LPS for 24 h (LPS), or 1 μg/mL of LPS for 24 h plus 1 mM of ATP for another 15 min (LPS+ATP). Cells were lysed for RNA isolation and expression analysis. The release of IL-1ß was measured in culture supernatants. (F–H) Basal expression of NLRP3, IL1B, and IL18 genes were analyzed in untreated MDM using gene-specific Taqman® assays and qPCR. Row target gene expression was normalized by the expression of the GAPDH house-keeping gene (ΔCt). Relative expression was calculated as 2−ΔCt. Data are expressed as arbitrary units (AU). (I) IL-1ß was measured in culture supernatants of treated MDM. (J–L) LPS-induced expression of NLRP3, IL1B, and IL18 genes were analyzed in treated MDM using gene-specific Taqman® assays and qPCR. Row target gene expression was normalized by the expression of GAPDH house-keeping gene (ΔCt). Modulation of gene expression was calculated as Fold Change (FC = 2 −−ΔΔC) in respect to untreated (UN) cells. Individual data are reported with their mean. The Mann–Whitney test was used to compare two groups. The Kruskall–Wallis test followed by a Bonferroni post-test were used to compare more than two groups. Differences with a p < 0.05 were considered statistically significant (*).


These results emphasize that the TB patients presented an imbalance between IL-1ß and IFN-α, as suggested from animal models and in-vitro assays (17). These results also show that “household contacts” from endemic areas are characterized by a different plasma cytokine profile compared to TB patients or to the general population from non-endemic TB areas. In part, our findings also correspond with Mayer-Barber et al. (7), even if the unbalance was described specifically for severe TB vs. mild form of the disease in that study.

When we performed a canonical correlation between plasma IL-1ß levels and sputum positivity for Mtb, we observed that the IL-1ß level inversely correlated with the Mtb positive sputum, leading us to clearly separate the CNT and TB groups (Figure 3E). This once more confirms that the production of IL-1ß is an important contributing factor for Mtb infection control, and that this response could be measured systemically.

Next, taking in account the role of NLRP3 in the IL-1ß release by Mtb-infected MDM and the fact that IFN-I is a known inhibitor of NLRP3 (31), we questioned whether the imbalance between IL-1ß and IFN-α, observed in the plasma of TB patients could be related to an impairment of NLRP3 inflammasome.

In an attempt to respond to this tricky question, we first compared the constitutive expression of NLRP3, CASP1, IL1B, and IL18 in MDM from the TB patients, their household contacts (CNT) and heathy donors from a non-endemic region (HD); however, no significant difference resulted among the groups (Figure 3F).

We then treated MDM with 1 μg/mL of LPS for 24 h—with or without the further addition of 1 mM ATP for 15 min—and compared the IL-1ß release among the TB, CNT and HD groups. In cells with normal NLRP3, the addition of ATP significantly increased the LPS-induced release of IL-1ß (24). As expected, ATP boosted IL-1ß release in LPS-treated MDM from HD, and intriguingly also from CNT; however, it did not significantly affect the cytokine release in LPS-treated MDM from TB patients (Figure 3G).

This unresponsiveness of MDM seems to be, at least in part, due to the poor induction of NLRP3 and IL1B expression in TB-treated cells, compared to MDM from HD or CNT (Figure 3H). This condition could be a consequence of high IFN-α production, which possibly prevents NLRP3 inflammasome response (13).

Altogether, these results demonstrate that recently diagnosed TB patients present defective NLRP3 inflammasome and IL-1ß release and, conversely, increased IFN-α production, which can be at least in part responsible for NLRP3 inhibition. Moreover, for the first time to our knowledge, we showed that exposed but healthy subjects (“household contacts”) display an inflammasome response similar to non-exposed healthy donors, allowing us to hypothesize that “Mtb-resistant” individuals may have an IL-1ß production that is better able to counteract IFN-I induction by mycobacteria.



Inhibition of Cathepsin Activity Abolished IL-1ß and IL-18 Release Suggesting the Contribution of NLRC4 in Inflammasome Activation by Mtb H37Rv

Among typical NLRP3 activation pathways, P2X7-mediaded K+ efflux and lysosomal cathepsins release have been reported as possible mechanisms for an inflammasome activation by mycobacteria (11, 34). To investigate the contribution of these two mechanisms in our model, exogenous ATP (1 mM) or Ca074-Me (10 μg/mL) were added for 15 min after or 1 h before Mtb infection, respectively. As a positive control for NLRP3 activation, MDM were also stimulated with 1 μg/mL of LPS for 24 h with or without 1 mM ATP for another 15 min (24).

Exogenous ATP did not significantly alter inflammasome cytokine production in H37Rv-treated MDM, or in LPS-treated ones (Figures 4A,B), suggesting that, at least in this model, ATP did not amplify mycobacterial stimulation as previously observed in mice (34). On the other hand, the inhibitor of lysosomal cathepsin activity Ca074-Me completely abolished IL-1ß and IL-18 release (96.7 and 97% of inhibition, respectively) (Figures 4A,B), reinforcing previous findings about the role of lysosomal cathepsins release in inflammasome activation by mycobacteria (11).
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FIGURE 4. Cathepsins activity is the major mechanism for inflammasome activation by M. tuberculosis H37Rv in human MDM, triggering NLRP3 and NLRC4. The healthy donors' monocyte-derived macrophages (MDM; n = 6) were treated or not with Ca074-Me (Ca074; 10 μM) before the infection with M. tuberculosis H37Rv (MOI: 0.033) for 3 h, then washed and cultured for 24 h. ATP (1 mM) was eventually added for another 15 min in H37Rv-infected MDM. The stimulation of MDM using LPS (1 μg/mL) for 24 h with or without ATP (1 mM) was included as a positive control for NLRP3 inflammasome activation. The release of IL-1ß (A) and IL-18 (B) was measured in culture supernatants. Healthy donors' monocyte-derived macrophages (MDM; n = 4) were cultivated (0.08 × 106) in 16-well chamber slides (Thermo Fisher Scientific), challenged with M. tuberculosis H37Rv (MOI: 0.033) for 3 h, then washed and cultured for 24 h. Rabbit anti-human NLRC4 and fluorescent secondary antibody (Alexa 647-conjugated goat-anti-rabbit IgG1) were used to label NLRC4. DAPI was used to counterstain the nuclei. NLRC4+ speck formation in untreated (UN) and infected MDM (H37Rv) was analyzed using fluorescence microscopy. The number of NLRPC+ specks was manually counted for each independent experiment (C). A representative experiment was reported. Arrows indicated NLRC4+ specks. (D) Individual data are reported with their mean. The Kruskall–Wallis test followed by a Bonferroni post-test were used to compare more than two groups (A,B). The Mann–Whitney test was used to compare treated and untreated groups (C). Differences with a p < 0.05 were considered statistically significant (*). **p < 0.001.


Taking into account the discrepancy between the only partial reduction in inflammasome activation by MCC-950 (Figures 2A,B), the complete inhibition by Ca074-Me (Figures 4A,B), and the fact that cathepsin release activates another complex receptor, the NLRC4 (35), we hypothesized that this molecule could also be involved in the macrophage response to Mtb. To visualize the NLRC4 participation in inflammasome activation, we once again performed MDM infection with Mtb H37Rv assays and stained the specks using specific antibodies. Samples were observed under a fluorescence microscope. A significant increase in the number of NLRC4+ specks was observed in Mtb-infected MDM compared to untreated cells (Figures 4C,D).

These findings show that lysosomal cathepsins represent the main pathway for NLRP3 triggering by H37Rv, and maybe also for NLRC4, a receptor which is poorly investigated in TB and pulmonary diseases.



Genetic Variants in NLRP3 and NLRC4 Genes Distinctively Affect the Host Response to M. tuberculosis Infection and Outcome

Once confirming the central role exerted by NLRP3 in the inflammasome activation and host response against virulent Mtb, we next investigated the contribution of the TB protective NLRP3 variant rs10754558 (18) on this response.

For this purpose, IL-1ß and IL-18 release from Mtb-challenged HD MDM was compared in carriers and non-carriers of the variant. As expected, individuals carrying the gain-of-function rs10754558 C>G variant in homozygosis (G/G) produced more IL-1ß when stimulated with the Mtb H37Rv than non-carriers (Figure 5A), confirming that NLRP3 is a crucial inflammasome sensor for Mtb. Moreover, in the presence of high levels of NLRP3 (28), macrophages respond to Mtb processing a larger amount of IL-1ß. Intriguingly, the IL-18 release in Mtb-treated HD MDM was not significantly affected by this SNV (Figure 5B). Then we performed the genotype-guided analysis with plasma cytokines levels in TB patients TB patients carrying rs10754558 G/G displayed an increased level of IL-1ß compared to non-carriers (Figure 5C), emphasizing that the effect of the NLRP3 gain-of-function variant against Mtb is detectable also in vivo. The SNV did not affect the inflammasome-dependent cytokine TNF (Supplementary File 2A).
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FIGURE 5. Genetic variants in NLRP3 and NLRC4 genes affect host response to M. tuberculosis. The healthy donors' monocyte-derived macrophages (MDM; n = 14) were treated with M. tuberculosis H37Rv (MOI: 0.033) for 3 h, then washed and cultured for 24 h. The IL-1ß and IL-18 level was measured in culture supernatants at the end of experiment (n = 14 and 8, respectively), and in the plasma of TB patients (n = 27 and 20, respectively). NLRP3 rs10754558 and NLRC4 rs479333 SNVs were genotyped in the genomic DNA of healthy donors and TB patients. IL-1ß and IL-18 release data were then grouped by individual NLRP3 rs10754558 genotype into homozygotes for the minor G allele (G/G) and the others (C/C+C/G), according to a recessive model of inheritance for the minor allele (A–C); or by individual NLRC4 rs479333 genotype into homozygotes for the minor C allele (C/C) and the others (G/G+G/C) according to a recessive model of inheritance for the minor allele (D–F). Individual data are reported with their mean. The Mann–Whitney test was used to compare the groups. Differences with a p < 0.05 were considered statistically significant (*).


In our previous genotyping analysis (18), we did not include the NLRC4 gene. At that time, genetic association studies did not refer to NLRC4 as an important locus for Mtb infection. Only recently, it was reported that NLRC4 SNVs may affect the outcome of TB in chronically infected HIV patients (36). As our in vitro results indicate the participation of NLRC4 in inflammasome activation by virulent Mtb (Figure 4), we selected a known functional variant in NLRC4 (rs479333 G>C; found in 45% of the general population) and performed a genotype-guided analysis. The loss-of-function rs479333 variant did not affect IL-1ß in our in-vitro model of infection (Figure 5D), but was associated with a lower level of IL-18 both in vitro (Figure 5E) and in vivo (TB patients' plasma) (Figure 5F). The SNV did not affect the inflammasome-independent cytokine TNF (Supplementary File 2B).

These findings functionally demonstrate the effect of NLRP3 rs10754558 SNV on TB protection (18), emphasizing the key role of NLRP3 in the first contact host/mycobacteria. Moreover, they suggest that NLRC4 genetics may also affect Mtb/host interplay, even if in a different way.

Trying to assess whether NLRC4 rs479333 can represent a susceptibility factor for TB, we performed an association study in a case/control cohort of TB. A multivariate analysis was first executed comparing NLRC4 rs479333 and NLRP3 rs10754558 distribution between TB patients and healthy donors. Then, to detect the possible effect on clinical presentation, we compared SNVs distribution in TB patients with pulmonary and with extra-pulmonary forms. The results are presented in Table 3.


Table 3. Association results for SNVs in inflammasome-encoding genes in the TB cohort from the Brazilian State of Amazonas.
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As we have previously shown (18), NLRP3 rs10754558 represents a protective factor against TB susceptibility, being more frequent in controls (G/G: 0.13) than in patients (0.04). On the other side, and for the first time to our knowledge, we observed that the loss-of-function variants in NLRC4 (rs479333), which did not affect susceptibility to TB per se (padj = 0.658), results significantly less frequent in patients with the more severe form of infection (extra-pulmonary TB) compared to pulmonary TB, according to a dominant model of inheritance for the minor C allele (G/C+C/C: 0.40 vs. 0.61) (Table 3).

This genetic approach was not only useful for supporting the previously published association of the NLRP3 rs10754558 variant with Mtb infection (18), but also for revealing that NLRC4 could be another genetic factor important for the outcome of infection. It is interesting to emphasize that the two studied SNVs (rs10754558 and rs479333) principally affect one or the other inflammasome cytokine in Mtb-infected MDM (IL-1ß and IL-18, respectively), suggesting the distinct contribution of the mediators in TB.



Mtb Strains of Different Virulence and the Host's Genetic Background Shape NLRP3 Inflammasome Response to Mycobacteria

As the development of active TB is the complex outcome of several factors, including genetics, environment and pathogen biology (3), the next step was to evaluate the impact of Mtb phenotype on the inflammasome activation together with the host's genetic background. For this purpose, and considering the emergence of TB patients with a severe presentation caused by hyper-virulent strains (37, 38), MDM were challenged with different strains of mycobacteria: BCG and MP287/03 (MP) non-virulent and hyper-virulent strains from M bovis respectively; and the hyper-virulent strain Beijing-1471 (Bj) from M. tuberculosis. IL-1ß and IL-18 release was compared with the common virulent strain H37Rv, also from M. tuberculosis.

H37Rv and Bj strains induced a similar amount of IL-1ß, but higher than MP, providing to be a poor IL-1ß producer. BCG was the major inductor of IL-1ß, leading to about a 3-fold increase in cytokine compared to H37Rv or Bj (Figure 6A). This difference among BCG, H37Rv, and Bj was not as important in the case of IL-18 production, even if BCG tends to induce a higher amount of cytokine, especially when compared to H37Rv (Figure 6B). MP was able to induce significant IL-18 release compared to untreated MDM, even if in a lower amount compared to other strains (Figure 6B). Of note, the production of TNF was similar in all conditions (Figure 6C), as well as the LDH release (Figure 6D).
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FIGURE 6. Mtb strains of different virulence and host genetic background shaped the inflammasome response to mycobacteria. The healthy donors' monocyte-derived macrophages (MDM) were treated with 10 μM MCC-950 or 10 μM parthenolide (PTD) 1 h before infection with M. tuberculosis (MOI: 0.033) H37Rv (n = 14), Beijin-1470 (Bj-1470; n = 9), MP287/03 (MP; n = 6) and Bacillus Calmette Guerin (BCG; n = 6) for 3 h, then washed and cultured for 24 h. The release of IL-1ß (A), IL-18 (B), TNF (C), and LDH (D) was measured in culture supernatants. Dosage for IL-1ß was executed for all samples, while for IL-18 and TNF in six samples, for LDH in three sample. Cytokines and LDH release were compared among different Mtb strains. Cells were lysed for RNA isolation and gene expression analysis. NLRP3 rs10754558 and NLRC4 rs479333 SNVs were genotyped in the genomic DNA of healthy donors. The effect of MCC-950 and PTD on inflammasome activation in infected MDM was analyzed by the meaning of IL-1ß (E) and IL-18 (F) release. Mtb-induced expression of NLRP3, NLRC4, IL1B, and IL18 genes in H37Rv-, Bj-1470-, MP- and BCG-infected MDM was calculated as 2−ΔΔCt (fold-change, FC) and reported as log2FC in a heat-map graph (G). IL-1ß release data were grouped by individual NLRP3 rs10754558 genotype into homozygotes for the minor G allele (G/G) and the others (C/C+C/G), according to a recessive model of inheritance for the minor allele (H). IL-18 release data were grouped by NLRC4 rs479333 genotype into homozygotes for the minor C allele (C/C) and the others (G/G+G/C) according to a recessive model of inheritance for the minor allele (I). Individual data are reported with their mean. The Kruskall-Wallis test followed by a Bonferroni post-test were used to compare groups (A–F). The Mann-Whitney test was used to compare two groups (H,I). Differences with a p < 0.05 were considered statistically significant (*). **p < 0.001.


To depict the relative contribution of NLRP3 in sensing distinct Mtb strains, we performed assays in the presence of the NLRP3 specific inhibitor MCC-950 or the general inhibitor PTD. MCC-950 inhibited about half of IL-1ß and IL-18 production in H37Rv-, Bj-, and BCG-treated -MDM. Due to the low production of IL-18 induced by MP the inhibition rate observed for MCC-950 was not statistically significant (p = 0.08) (Figures 6E,F). As expected, PTD completely abolished IL-1ß and IL-18 production in all the conditions (Figures 6E,F).

The pattern of IL-1ß and IL-18 release by MDM was distinct depending on the Mtb strain, and these differences may be related to the different ability of Mtb strains to induce inflammasome genes expression (Figure 6G). In terms of cytokine production, BCG promotes the highest expression of the 4 analyzed genes (NLRP3, NLRC4, IL1B, and IL18), and MP the lowest.

Finally, to assess the contribution of host genetics on the inflammasome activation toward different Mtb strains, we performed genotype-guided assays for the two functional variants NLRP3 rs10754558, and NLRC4 rs479333. Despite the limited number of tested samples (n = 12), MDM from donors carrying the gain-of-function NLRP3 variant (G/G) responded to Beijin-1470 and BCG strains, producing a higher level of IL-1ß compared to MDM from non-carriers (C/C+C/G) (Figure 6H).

At the same time, and contrary to what was observed for H37Rv-treated MDM, the loss-of-function variant NLRC4 rs479333 did not significantly affect IL-18 release in MDM challenged with BCG. Beijin-1470 or MP287/03 (Figure 6I).

This last set of experiments demonstrated that different strains of Mtb display a unique capacity to induce inflammasome activation at a rather physiologic condition (MOI: 0.033) with virulence (non-virulent more than virulent) playing a greater role than the type of bacteria (M.bovis BCG more than M.bovis MP287/03; M. tuberculosis H37Rv similar to M. tuberculosis Beijin-1470). Moreover, we showed that host genetics may affect the inflamamsome activation rate toward different Mtb strains, especially for NLRP3 rs10754558 SNV—once again corroborating the important role of inflammasome genetics in individual responses to mycobacteria.




DISCUSSION

Extensive efforts have been made to better understand the mechanisms involved in Mtb/host interactions and how this complex interplay may determine resistance vs. susceptibility to Mtb and the development of TB. Innate immunity and first-line immune responses, including inflammasome and related cytokines, have recently been taken into account as important determinants in TB outcomes. Notwithstanding, our knowledge of the mechanisms underlying progression of Mtb infections and the development of the active disease in humans is not yet fully understood, in part due to the lack of appropriate models of study, and also due to the difficulty of interpreting complex genetics, immunologic, and microbiologic interactions.

Starting from our previous genetic data (18), we designed a study for the contemporary evaluation of how inflammasome genetics and Mtb phenotype affect inflammasome activation in primary human monocytes-derived macrophages, in turn contributing to individual responses to Mtb and/or to Mtb-susceptibility vs. resistance establishment.

Our findings show that the common virulent strain H37Rv induces NLRP3 inflammasome activation (but not pyroptosis) in human macrophages and that IL-1ß is mandatory for bacterial containment (Figures 1, 2). These findings corroborate previous studies in murine and human macrophages (10–12, 17, 31, 32); however, it is important to mention that in those studies, the MOI level was very high (10 or higher), while we decided to infect cells with an MOI level that was as physiologic as possible (0.033). This protective response can be modulated by host genetics, as macrophages from individuals carrying the gain-of-function rs10754558 in NLRP3 produce significantly more IL-1ß than non-carriers (Figure 5A), as well as by the type of Mtb strain, as non-virulent BCG strains trigger a large amount of cytokine while the hyper-virulent MP287/03 none at all (Figure 6A). These data support the protective effect observed for NLRP3 rs10754558 against the development of active pulmonary TB (18).

Trying to better understand how the host/mycobacteria interplay acts in vivo, we analyzed the plasma levels of inflammasome cytokines, IFN-α and TNF in a group of recently diagnosed TB patients (before treatment) and their “household contacts”—representing a group of exposed but healthy subjects. As expected, responder individuals (“household contacts”) presented a higher level of IL-1ß, suggesting that their inflammasome is functioning well (Figure 3). On the contrary, susceptible individuals (TB patients) were characterized by an imbalance between IL-1ß and IFN-α, a known inhibitor of NLRP3 inflammasome (13). This concept of fine tuning between innate immune mediators was previously proposed by Mayer-Barber et al. (7), referring to the severity of the TB presentation; however, our study demonstrates that a “good” inflammasome activation is determinant for Mtb resistance in exposed population such as endemic TB areas. Intriguingly, TB patients also appeared to be less prone to an efficient response against PAMPs/DAMPs, as suggested by impaired NLRP3 activation by common stimuli (Figure 3). A similar impairment of NLRP3 was first reported in the dendritic cells of HIV patients (39), which are also characterized by elevated IFN-I levels, emphasizing a common inhibitory mechanism mediated by the antiviral mediator. Wassermann and colleagues aptly demonstrated that Mtb evolved some strategies to by-pass inflammasome activation, one being to activate pathways leading to IFN production (17).

According to Amaral et al. (11), H37Rv also activates the inflammasome in human macrophages through lysosomal damage and cathepsins release, as demonstrated by the complete inhibition of cytokine release by Ca074-Me (Figures 4A,B). However, the discrepancy between the dramatic effect of Ca074-Me and only partial inhibition obtained with the NLRP3 specific inhibitor MCC-950 (23) led us to hypothesize the contribution of another pathway for inflammasome activation. Besides NLRP3, other inflammasome receptors, such as the NLRC4, have been shown to contribute to the host's response to intracellular bacteria (9). Differently from NLRP3, NLRC4 can either directly recognizes bacterial patterns, such as flagellin (40), or be activated by lysosomal cathepsins release, at least in mice (35). The role of NLRC4 in TB remains elusive because it has been poorly investigated in TB and pulmonary diseases. Microscopic visualization of inflammasome aggregates (“specks”), allowed us to observe NLRC4 in the mounted complex, suggesting that it can contribute to macrophages response against Mtb; however, further investigation will be needed to better depict the role of this molecule in TB pathogenesis.

Through a genetic approach and genotype-guided assay, for the first time to our knowledge, we found a significant association between NLRC4 and the outcome of TB in an endemic area. The loss-of-function variant rs479333 in the NLRC4 gene (minor allele frequency, 49%; from ensembl.org) was less frequent in patients with extra-pulmonary TB than in patients with pulmonary disease (Table 3). This SNV, previously associated to reduced NLRC4 transcription (29) and diminished plasma level of IL-18 (30), was associated with a lower release of IL-18 in H37Rv-challenged MDM as well as the plasma level of the cytokine (Figures 5E,F), reinforcing its loss-of-function effect at both local and systemic levels.

We would like to emphasize that our data reveal two situations in Mtb/host interplay: one characterized by the preferential NLRP3/IL-1ß axis and another by NLRC4/IL18 axis. The first exerts a central role in first host/pathogen contact and in mycobacterial containment while the other is apparently more important in the outcome of Mtb infection. As we know, IL-1ß and IL-18 assume distinct roles within immune response. While IL-1ß is mainly involved in endothelium and phagocytes activation, IL-18 is involved in epithelium homeostasis and CD4+ T lymphocytes polarization toward Th1 IFN-γ-producer cells.

Considering the importance of IFN-γ-producer cells in typical TB granuloma formation, we therefore hypothesize that individuals with a defective NLRC4/IL18 axis are not able to effectively contain mycobacteria within granulomas, leading to eventual extra-pulmonary dissemination. Accordingly, at least in HIV-infected patients, the expression of NLRC4 significantly increased in the blood of individuals with a more severe form of TB (41). Moreover, it is interesting to remember that loss-of-function SNVs in NLRC4 have been found in HIV patents with severe TB (36) and in patients with cystic fibrosis affected by severe lung infections (42), reinforcing the important and poorly investigated role of NLRC4 in lung immunity and pulmonary diseases.

Mtb strains induce inflammasome activation in a “virulence-dependent” way. The non-virulent strain BCG promotes a dramatic inflammasome activation compared to common virulent (H37R) and rare hyper-virulent (Beijing 1471, MP287/03) strains, suggesting that Mtb virulence evolved together with some mechanism of inflammasome escape (17), and corroborating once more the importance of inflammasome activation in the immune response against Mtb.

Of note, the pattern of IL-1ß and IL-18 release is not identical in Mtb-challenged MDM (Figure 6), being IL-18 levels higher than IL-1ß for all tested strains. Moreover, IL-1ß production appears to be more virulence-dependent than IL-18. These findings suggest that Mtb could activate several and distinct inflammasome pathways (i.e., NLRP3/IL-1ß or NLRC4/IL-18 axis) compared to a unique PAMP, such as LPS, and these pathways could alternatively process IL-1ß or IL-18, as previously proposed (8, 9). The different level of inflammasome activation in response to distinct Mtb strains has also been observed in the murine model of infection, showing that MP287/03 is a poor inducer of IL-1ß both in vivo and in vitro compared to H37Rv or Beijing; IL-18 was not, however, evaluated in these models (34).

Masters et al. (43) proposed that the difference in the level of inflammasome activation by distinct Mtb strains is due to the virulence factor Zmp1. Interestingly, this group has also noted that MP287/03, which does not express Zmp1, activates inflammasome through NLRC4. In our assays, MP287/03 induced IL-18 but not IL-1ß. However, this Mtb strain is not able to trigger NLRC4, nor NLRP3 expression (Figure 6). Consequently, we cannot conclude whether Mtb strains which preferentially induce IL-18 do so through NLRC4. Nevertheless, taking into account the long co-evolution period of Mtb and humans, it would not be surprising that several inflammasome sensors could contribute to mycobacterial defense, as it was demonstrated for NLRP3 and AIM2 (17).

In conclusion, for the first time, our findings show the intricate interaction among inflammasome genetics, Mtb virulence and the resultant inflammasome activation profile at the local (in vitro model) as well at the systemic (plasma) level. According to our hypothesis, during the first host/pathogen contact, the Mtb activates a strong inflammasome response in term of IL-1ß as well as IL-18, especially for non-virulent strain BCG and the common virulent one, H37Rv. This response is mediated by the NLRP3/IL-1ß axis in a cathepsin-dependent way, and the gain-of-function variant in NLRP3 contributes to the elevated production of IL-1ß, which in turn is specifically responsible for bacterial containment.

In-vitro assays and genetic association data support the involvement of the NLRC4/IL18 pathway in individual responses to mycobacteria and determine the outcome of an Mtb infection as well as TB severity. These original findings highlight that the same pathogen could activate inflammasome-dependent cleavages of cytokine pro-forms based on events that are not yet fully understood, such as a bacterial strain (i.e., MP287/03), distinct steps of the disease (i.e., first host/pathogen contact, or response to the pathogen in an individual with an established infection), or even based on an individual's genetic background (Figure 7).
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FIGURE 7. Host genetic background and M.tuberculosis (Mtb) determine the outcome of TB. Schematic representation of the main results of this study.
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Background

Chagas disease caused by Trypanosoma cruzi (T. cruzi) affects approximately six million individuals worldwide. Clinical manifestations are expected to occur due to the parasite persistence and host immune response. Herein we investigated potential associations between IL1B, IL6, IL17A, or IL18 polymorphism profiles and cardiomyopathy or T. cruzi parasitemia, as well as the impact of HIV infection on cardiopathy.



Methods

Two hundred twenty-six patients and 90 control individuals were analyzed. IL1B rs1143627 T>C, IL6 rs1800795 C>G, IL17A rs2275913 G>A, IL18 rs187238 C>G, and IL18 rs1946518 C>A SNVs were analyzed by real-time PCR and T. cruzi parasitemia by PCR.



Results

Our data revealed association between a cytokine gene polymorphism and parasitemia never previously reported. The IL6 rs1800795 CG genotype lowered the risk of positive parasitemia (OR = 0.45, 95% CI 0.24–0.86, P = 0.015). Original findings included associations between IL17A rs2275913 AA and IL18 s1946518 AA genotypes with decreased risk of developing cardiomyopathy (OR = 0.27, 95% CI 0.07–0.97, P = 0.044; and OR = 0.35, 95% CI 0.14–0.87, P = 0.023, respectively). IL18 rs1946518 AA and IL1B rs1143627 TC were associated with reduced risk for cardiomyopathy severity, including NYHA (New York Heart Association) class ≥ 2 (OR = 0.21, 95% CI 0.06–0.68, P = 0.009; and OR = 0.48, 95% CI 0.24–0.95, P = 0.036, respectively) and LVEF (left ventricular ejection fraction) <45% for IL18 rs1946518 AA (OR = 0.22, 95% CI 0.05–0.89, P = 0.034). A novel, unexpected protective effect of HIV infection against development/progression of cardiomyopathy was identified, based on a lower risk of developing cardiopathy (OR = 0.48, 95% CI 0.23–0.96, P = 0.039), NYHA class ≥ 2 (OR = 0.15, 95% CI 0.06–0.39, P < 0.001), and LVEF < 45% (OR = 0.03, 95% CI 0.00–0.25, P = 0.001). Digestive involvement was negatively associated with NYHA ≥ 2 and LVEF < 45% (OR = 0.20, 95% CI 0.09–0.47, P < 0.001; and OR = 0.24, 95% CI 0.09–0.62, P = 0.004, respectively).



Conclusions

Our data support a protective role of IL17A AA, IL18 AA, and IL1B TC genotypes against development/progression of cardiomyopathy and a modulatory effect of the IL6 CG genotype on the risk of parasitemia in Chagas disease. Notably, HIV infection was shown to protect against development/progression of cardiopathy, potentially associated with a synergistic effect of HIV and highly active antiretroviral therapy (HAART), attenuating a Th1-mediated response in the myocardium. This proposed hypothesis requires confirmation, however, in larger and more comprehensive future studies.
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Introduction

Chagas disease, a potentially life-threatening illness caused by the protozoan Trypanosoma cruzi (T. cruzi) and endemic in Latin America, affects approximately 6 million individuals worldwide. The natural course of the infection comprises acute and chronic phases. A clinically relevant acute form is observed in only 1/30 infected people, including fever, adenopathy, palpebral or legs edema and/or hepatosplenomegaly and, less often, myocarditis and meningoencephalitis. In the chronic phase, on the other hand, ~30% of the patients develop the cardiac form, expressed as arrhythmia, heart failure, and/or thromboembolic events. The chronic phase also includes a digestive form, which comprises dysphagia and/or constipation in 10–15% of the cases and, in ~5% of them, a cardio-digestive form. The indeterminate form, in turn, represented by asymptomatic patients with normal electrocardiogram and thorax and digestive tract X-rays, constitutes the most frequent chronic form, affecting 60–70% of the referred group (1, 2).

Chagas cardiopathy is a major cause of cardiovascular-related mortality within the 30–50-year age range in Latin American endemic areas (1, 3). Previous studies have recognized the fundamental role of host features in Chagas disease pathophysiology, revealing different immunological profiles in patients affected and not affected by cardiopathy (4). While the development of cardiopathy has been linked to a Th1 response in heart tissue associated with mononuclear cell infiltrate, cardiomyocyte damage, and fibrosis, a Th2 response predominates in the indeterminate form (5, 6). Reports of higher levels/expression of IL-6, IL1β, TNFα, and IFNγ in the cardiac form (7, 8) and IL6 and/IL1β or C-reactive protein in the cardiac and/or cardio-digestive forms (9, 10) support a potential role for such cytokines in the adaptative immune response at heart tissue damaging process. IL6 and IL1β could be considered, therefore, a marker of cardiac lesion. In contrast, the finding of higher plasma levels of IL17A directly associated with better systolic function in the indeterminate form suggests a protective role for this cytokine against the development of clinically relevant chronic Chagas cardiopathy, despite inverse association with diastolic performance indices (11, 12).

Previous studies in patients with indeterminate and cardiac forms suggested a role for T reg cells in the modulation of inflammatory immune responses associated with the cardiac form (6, 13). Increased number of Foxp3+, CD25+, CD4+ T cells, T reg cells that stimulate secretion of IL-17 A, IL-10, and granzyme B, was observed in the indeterminate form, in association with less inflammation and better myocardium function. In contrast, more pronounced immune responses to the parasite, associated with higher levels of inflammatory cytokines and myocardial lesion, correlated with higher densities of IL6+, IFNγ+, TNFα+, CTLA4+ T reg cells. Such findings suggest a role for T reg cells in controlling the exacerbated immune response and morbidity as well as mortality in T. cruzi infection, likely by stimulating Th17 cells and modulating killing effector cells (14).

An important role in the control of cardiac inflammatory lesions and remodeling has been proposed for IL18 (15, 16). This cytokine stimulates IFNγ expression independently of IL12, allowing an IL18-IFNγ cross-talk at the myocardium level during T. cruzi infection (17). IL18 upregulation and correlation between IL18 messenger RNA (mRNA) and IFNγ expression have in fact been reported in human Chagas heart tissue (6, 18).

T. cruzi parasitemia is another major factor implicated in the progression of chronic Chagas cardiopathy, even if intermittent and low at this disease stage (19–22). Available reports, however, are controversial on this point (23–25). Cytokines have also been shown to control T. cruzi parasitic burden and myocardial inflammatory lesions in both chronic and acute phases of murine infection. In chronic infection induced with the Colombian strain in IL18-KO mice, a significant reduction in the myocardium parasitic load was observed (26). Acute infections of IL17A-KO mice, on the other hand, were associated with lack of activation of immune-related cells that are critical for the killing of T. cruzi (27) and with increased mortality and higher-degree myocarditis. Variable parasitic loads were detected, however, depending on the mouse line and the parasite strain (27, 28). This finding unraveled a protective effect of IL17 A, evinced by the association between better cardiac function and higher plasma levels of IL17A in patients without cardiomyopathy (11, 12). In addition, in acute murine infection IL6 was shown to drive the survival of T. cruzi infected cardiomyocytes. IL6-KO mice lack the innate immunity crucial for host survival and rapidly die with high levels of IL1 β and inflammatory products, a process reverted by adding recombinant IL6 (29). This finding suggests a critical role for IL6 in modulating inflammatory lesions. Due to the modulating effect of IL6 on Chagas disease cardiomyopathy, the data on human disease likely represent a less severe degree of this inflammation (7, 10).

In immunosupressed patients with HIV infection, elevated IL18 serum concentrations have been reported to influence both Aids and the course of associated infections (30). Interestingly, whereas Chagas disease reactivation does not occur in immunocompetent subjects, this illness natural history is changed in HIV infected patients, being associated with increased morbidity and mortality (31).

As part of the genetic assessment of cytokine roles in Chagas disease, single nucleotide variants (SNVs) associated with various cytokine genes have been previously analyzed in T. cruzi infection and cardiopathy progression. No significant association involving the IL6 SNV rs1800795 −174 C>G was identified in Colombia (32), in a context where the G allele has been associated with higher IL6 levels (33, 34) and patients with heart Chagas disease have been found to present higher IL6 levels (7, 10). Positive findings, in turn, included association between increased risk of cardiomyopathy and the CT haplotype for the IL1B −31 T>C and +3954 C>T (rs1143634, synonymous coding sequence variant) polymorphisms in Colombia (35). The possible proinflammatory nature of this haplotype (35) is unclear, since the IL1B −31 T allele has been associated with increased IL1β secretion (36), and other haplotype TCT, for IL1B −511 C>T, IL1B −31 T>C, and IL1B +3954 C>T, in turn, has been considered a proinflammatory haplotype, with a predominant role of ILB −511 C>T (37). Moreover, association between cardiomyopathy and the IL1B +5810 G>A (rs1143633, intronic SNV) G allele and GG genotype was also identified, despite no established effect of this allele or genotype on IL1β production (35). It is possible, however, that other biological effects or linkage disequilibrium with other polymorphisms related to functional significance may exist. By comparing seronegative individuals with seropositive cardiac patients in Colombia, a study suggested protection against T. cruzi infection and development of cardiopathy for patients that carry the C allele of IL17A rs8193036 C>T (promoter SNV) (38). These data were a priori not expected, since the C allele has been associated with lower IL17A mRNA expression (39) and previous reports revealed a role of IL17A in resistance to T. cruzi in infected mice (27) and higher IL17A levels in patients with no cardiopathy (11, 12). It should be noted, however, that this study conducted with Colombian patients shows that the IL17A rs8193036 SNV is probably in linkage disequilibrium with some causative variant that modulates IL17A production (38). This investigation also found no association between the IL17A rs7747909 G>A 3’ UTR SNV and Chagas cardiopathy and between two other IL17A promoter SNVs (rs4711998 and rs3819024) or IL17A rs2275913 and heart disease, in a context where the latter A allele is associated with increased IL17 A levels (40, 41). A previous study, in turn, reported association of the IL17A rs2275913 G>A (promoter SNV) A allele and AA genotype with chronic cardiomyopathy in Brazil (42). This observation disagrees with previous studies that detected association between higher IL17A levels and absence of cardiomyopathy (11, 12) and are not in line with the often reported association between the A allele and increased IL17A levels (40, 41). Associations between T. cruzi infection and the IL18 rs187238 C>A (promoter SNV) C, rs360719 A>G (promoter SNV) G, rs2043055 A>G (intronic SNV) A, and rs1946518 C>A (promoter SNV) A alleles were also found in Colombia, a finding mainly driven by the rs360719 G allele (43). Of note, this observation was confirmed in a larger cohort in Latin America (44). Importantly, another study detected association between the rs360719 G carrier status and higher serum IL18 mRNA expression in healthy individuals (45) while an additional report revealed increased IL18 mRNA expression at the myocardium level in Chagas disease cardiomyopathy (18). In addition, the IL18 rs2043055 G allele was found to associate with absence of cardiomyopathy in Colombia (44). In Brazil the IL18 rs2043055 AG genotype was more frequent in patients with a moderate than a severe cardiac phenotype. This study also suggested that it is possibly that this intronic SNV is in linkage disequilibrium with another variant functionally relevant (46). This SNV, however, has not yet been shown to affect IL18 production.

While meaningful progress has been made in linking cytokine gene polymorphisms to Chagas disease mechanisms, associations between cytokine-related SNVs with different clinical scenarios of this disease remain largely limited. Establishing their consequences in the corresponding cytokine circulating and local levels, moreover, as well as their implications on specific biological pathways at the host environment, comprise even more complexes problems to be addressed. In spite of such challenges, thoughtful and well supported hypotheses can be made to progressively add pieces to this ongoing puzzle. In this context, association studies involving appropriate cytokine-related SNVs and strategic immune-affected medical conditions, in one side, and key Chagas phenotypes, on the other side, should be encouraged as potentially significant contributors to the comprehension of this disease pathogenesis.

Facing the biological and clinical scenarios just described, in the current study we investigated potential associations between SNVs linked to IL1B, IL6, IL17A, or IL18 and the risks of positive T. cruzi parasitemia or development/progression of cardiomyopathy. With the assumption that immunocompromised conditions frequently associated with Chagas disease could potentially bring key mechanistic and clinical insights to the understanding of this illness, we also analyzed possible associations involving HIV infection and Chagas disease phenotypes. Surprisingly, our data revealed that positiveness for HIV protected against the development and/or progression of cardiomyopathy. We also describe novel associations between specific IL18, IL17A, and IL1B variant profiles and the risk of cardiomyopathy as well as between a specific IL6 polymorphic genotype and the risk of positive T. cruzi parasitemia.



Patients, Materials, and Methods


Study Subjects

Our cohort included 206 patients with Chagas disease: 78 from the Heart Institute of Hospital das Clínicas da Faculdade de Medicina, University of São Paulo (HCFMUSP), and 129 from the Infectious Diseases Division of HCFMUSP, 49 of whom with HIV co-infection. These 49 cases were followed at Serviço de Extensão e Atendimento aos Paciente com Infecção por HIV/Aids of the same Division. All participants were adults. The diagnosis of trypanosomiasis was based on the 2nd Brazilian Guidelines for Chagas Diseases (1). Two positive tests of the following ones, therefore, were used to establish the diagnosis: ELISA—enzyme linked immunosorbent assay, indirect immunofluorescence, and hemagglutination (47). All patients from the Infectious Diseases Division with positive epidemiology were sent to the HIV/Aids Clinic, where HIV infection was confirmed by ELISA and immunoblot (31). Patients from the Heart Institute were tested for HIV as previously described (31). When included in the current protocol, 26 of the 49 HIV patients were not on regular HAART therapy or had therapeutic failure due to antiretroviral resistance (three patients). In 23 of them, the median viral load was 14,000 (2,618–100,000, 25th–75th percentiles) DNA viral copies/µl while the median CD4 count was 340 (93–510) cells/mm3. Data from 23 patients under HAART for 1 to >5 years showed a median viral load of 0.0 (0.0–0.0) DNA viral copies/µl. In these 23 patients, the median CD4 count was 631 (439–715) cells/mm3.

The patients underwent electrocardiography, echocardiography, and thorax, esophagus, and colon radiological examinations, being then classified within one of the clinical forms of Chagas disease (1). Individuals without signs and symptoms and with no alteration in the mentioned tests were classified as having the indeterminate form (n = 51), patients with abnormalities suggestive of Chagas disease on electrocardiography or on dynamic electrocardiography and without digestive involvement as with the cardiac form (n = 96), the cases with abnormal findings on esophagus and/or colon without Chagas cardiac manifestation as presenting the digestive form (n = 32). Twenty-seven patients presented both digestive and cardiac alterations, constituting the cardio-digestive group. Cardiac involvement was detected in 123 patients (cardiac and cardiac/digestive forms) while heart disease was not identified in 83 patients, a group composed of individuals with the indeterminate and digestive forms.

Patients with cardiomyopathy were evaluated for heart failure according to the New York Heart Association (NYHA) classification (48), which includes the following criteria: class 1. Patients with cardiac disease without limitation of physical activity; class 2. Patients with cardiac disease with mild limitation of physical activity and symptomatic in routine physical activity; class 3. Patients with cardiac disease with marked limitation of physical activity and symptomatic in less than ordinary physical activity; and class 4. Patients with cardiac disease and unable to carry any physical activity without discomfort, symptoms may be present even at rest. For the purposes of our study, however, Chagas patients were classified according to two different scenarios related to their cardiac status, being divided in two groups in each of the cases: A) based on the NYHA classification/absence of cardiopathy—group 1: patients without cardiopathy (no CA) and with mild cardiopathy (NYHA 1), and group 2: patients with more severe cardiopathy (NYHA ≥ 2); and B) Based on the left ventricular ejection fraction (LVEF) yielded by echocardiography—group 1: patients with LVEF ≥ 45%, and group 2: patients with LVEF < 45%.

The control group for the SNV analyses consisted of 90 healthy individuals with negative serological tests for T. cruzi antigens. Controls and patients comprised a total population of 296 individuals, including 149 females and 147 males: 215 white and 73 non-white. This classification was not available for eight control individuals. Among the 206 patients included in this study, 135 were classified within these groups according to self-declaration; 71 of them, in turn, following a distinct institutional policy, were classified according to their government-issued identification document or by the hospital employee who processed their hospital registration.



Ethics Statement

The present study was approved by the Ethics Committee for Research Project Analysis of Hospital das Clínicas da Faculdade de Medicina da Universidade de São Paulo (HCFMUSP), São Paulo, Brazil (CAPPesq 0174/11). All subjects gave written informed consent in accordance with the Declaration of Helsinki.



Evaluation of Parasitemia

Patients’ peripheral blood samples were collected in EDTA (ethylenediaminetetraacetic acid) tubes. DNA extraction was performed using the QIAmp DNA Mini Kit (Qiagen). DNA concentration and purity were analyzed with a spectrophotometer. The parasitemia status was determined employing a qualitative polymerase chain reaction (PCR) performed with the S35/S36 primers designed to the kinetoplastic DNA of T. cruzi (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA), as previously described (49).



DNA Extraction and Genotyping

In most patients genomic DNA was extracted from peripheral blood samples using the QIAampTM DNA Mini Kit (Qiagen, Hilden, Germany). For the cases the DNA concentration was inappropriately low, an additional extraction was carried out using the salt precipitation method (DTAB/CTAB; Sigma-Aldrich, Merck, St. Louis, MO, USA) (50). The DNA samples underwent spectrophotometric evaluation to assess yield and purity. SNVs were investigated by real-time PCR with the TaqMan® Genotyping Master Mix assay and the corresponding SNV-specific primers in the StepOnePlus platform (Applied Biosystems, Thermo Fisher Scientific, Foster City, CA, USA). The investigated SNPs included IL1B −31 rs1143627 T>C, IL6 −174 rs1800795 C>G, IL17A −152 rs2275913 G>A, IL18 −137 rs187238 C>G, and IL18 −607 rs1946518 C>A.



Serum IL-18 Quantification

IL-18 levels were measured using commercial ELISA Kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. Sera from 43 patients, 15 HIV-infected and 28 non-infected, were stored at −70°C. Twenty-four of such patients had cardiac disease. At the time of blood collection, the median viral load in the 15 HIV-infected patients was 0.0 DNA copies/µl. In 14 of them the median of CD4 count was 873.5 (769.8–974.0) cells/mm3. Three of the 15 HIV-infected patients were not on regular antiretroviral therapy. Two had detectable viremia, with one of them displaying a CD4 count below 350 cells/mm3. The third is an HIV-1-infected patient with an undetectable viral load and high CD4 level despite the absence of HAART therapy, belonging to the rare group named as “elite suppressor” (51).



Statistical Analyses

The calculations of Hardy-Weinberg equilibrium (HWE) were performed using chi square tests in MS Excel 365 (Microsoft Corporation, Redmond, WA). Multiple contingency analyses were performed to investigate potential associations among elected dependent variables and covariates. Fisher’s exact test was used for 2x2 contingency tables; otherwise the chi-square test was applied. When chi square test was used and was applicable, we performed a post-hoc test using standardized and adjusted residues with the Bonferroni correction. The P values obtained with single association tests (Fisher exact test or Pearson chi square test) were used as triage to elect candidate variables for multivariable analyses. We included in the logistic regression all variables that reached P < 0.2 in the single variable association test with the dependent variable. In the genetic models, when more than one model reached P < 0.2, we assumed the model with lower P value as the best-fit model and included it in the logistic regression analysis. To increase the modeling performance, continuous variables were categorized using a ROC (receiving operator characteristic) curve and clinical/biological criteria. Some variables presented missing values in 1–20% of cases and displayed a non-monotone missing pattern. In such cases, we performed multiple imputations including 100 imputed values for each missing one (52). This step was accomplished using MCMC (Markov chain-Monte Carlo simulation) for value imputation. The genotypes were clustered according to four possible models of genetic effects: additive (each genotype was analyzed separately), dominant (the presence of at least one SNV allele is associated with the effect), heterozygous (the heterozygous genotype is associated with the effect on phenotype), and recessive (the presence of SNV homozygosity is associated with the effect on phenotype). We adopted the best-fit model in the chi-square/Pearson exact test analyses, defined by the most significant P-value.

Since rs1946518 and rs187238 are just 470 bp apart from each other in the IL18 promoter, we investigated linkage disequilibrium between these two SNVs using the Haploview software (53) and evaluated potential associations involving the haplotypes.

Chagas cardiopathy, NYHA (New York Heart Association) score, LVEF, and parasitemia were selected upfront as dependent variables for the multiple logistic regressions. Since there was potential interference of the clinical form in the analyzed endpoints, we considered the digestive form as an independent variable in addition to traditional potential confounding factors. To address this point, such a variable was included in the triage as a potential predictor in the model applied to the logistic regression analysis.

Continuous variables were tested for normality with the Shapiro-Wilk test. Continuous parametric variables were analyzed using t test to compare two groups, with the Welch correction if the Levine test pointed to unequal variance between the groups. Continuous non-parametric variables were analyzed using the Mann-Whitney U test when comparing two groups, or Kruskal-Wallis test when comparing more than two groups, followed by post-hoc analysis with the Bonferroni correction. Categorical variables were compared using the chi-square or Fisher exact test. Categorical variables are expressed as the number of cases and percentages while continuous variables as mean ± standard deviation when parametric, and median (25–75% range) when non-parametric. We accepted an α risk of 5% in this exploratory research. The statistical analyses were run in SPSS 24.




Results


Single Nucleotide Variant Genotype and Allele Distribution in the Analyzed Patient Population and Potential Implications

The studied Chagas disease patient population presented a balanced gender composition, predominance of whites and a median age of 50 (42-60) years (Table 1). Notably, 49 patients (23.8%) had HIV co-infection. The distribution of SNV-related genotypes, additional clinical features and the Brazilian state of birth are shown in Supplementary Table 1.


Table 1 | Patient distribution according to demographic features, HIV status, parasitemia, cardiac phenotypes, and single nucleotide variant (SNV) genotypes.



The entire study population was in Hardy-Weinberg equilibrium (HWE) (Supplementary Table 2). The genotype frequencies were also in HWE in whites and non-whites (Supplementary Table 2). Interestingly, HWE equilibrium was not present in some disease conditions. We detected HWE violation in IL6 −174 rs1800795 C>G in patients with detectable T. cruzi DNA in peripheric blood; in patients without cardiopathy (IL17 rs2275913 G>A and IL18 −137 rs187238 C>G) and in patients with cardiopathy (IL1B rs1143627 T>C); in individuals with NYHA < 2 (NYHA 1) or without heart failure (IL17 rs2275913 G>A and IL18 −607 rs1946518 C>A); and in subjects with NYHA ≥ 2 (IL1B rs1143627 T>C) (Supplementary Table 2). Those data suggest that the mentioned disease conditions could be influenced by the allelic composition in the selected loci.

We analyzed self-declared/documented ancestry as a potential confounding factor for all dependent variables. The P values are mentioned in Supplementary Table 3 and the comparisons can be appreciated in Supplementary Table 4, which comprises the frequencies of self-declared/documented ancestry for each of the dependent variables. The P values show that there was no significant interference of self-declared/documented ancestry in the analyzed comparisons carried out in this study.



IL1B, IL17A, and IL18 Polymorphic Genotypes Decrease the Risk or Attenuate Progression of Cardiomyopathy in Chagas Disease

Preliminary univariate analyses showed potential associations between cardiomyopathy and sex (P = 0.023), IL18 −607 rs1946518 C>T applying the recessive model (P = 0.011), IL18 −137 rs187238 C>G using the recessive model (P = 0.078), IL17 rs2275913 G>A based on the recessive model (P = 0.039), and digestive involvement (P = 0.012) (Supplementary Table 3).

These initial analyses also predicted potential associations between NYHA score ≥ 2 and gender (p = 0.019), IL1B rs1143627 T>C using the heterozygous model (P = 0.008), IL18 −607 rs1946518 C>A applying the recessive model (P = 0.009), IL18 −137 rs187238 C>G applying the recessive model (P = 0.194), and digestive involvement (P = 0.001) (Supplementary Table 3). LVEF-based analyses, in turn, showed potential associations between LVEF < 45% and sex (P = 0.128), IL18 −607 rs1946518 C>A applying the recessive model (P = 0.003), IL18 −137 rs187238 C>G applying the recessive model (P = 0.052), IL1B rs1143627 T>C using the heterozygous model (P = 0.033), IL6 rs 1800795 C>G applying the recessive model (P = 0.028), IL17 rs2275913 G>A using the recessive model (P = 0.157), and digestive involvement (P < 0.001) (Supplementary Table 3).

As for Parasitemia, potential associations were shown with LVEF < 45% (P = 0.031), NYHA score ≥ 2 (P = 0.180), and IL6 rs1800795 heterozygous model (P = 0.023) (Supplementary Table 3).

In this scenario, we performed multiple logistic regression analyses for each of the elected dependent variables. This assessment revealed that males with Chagas disease had an OR of 2.22 (P = 0.011, 95% CI 1.20–4.09) to develop cardiomyopathy (Table 2). Interestingly, homozygosity for the IL17 rs2275913 A allele carried a heart protective effect, being associated with an OR of 0.27 (P = 0.044, 95% CI 0.07–0.97) (Table 2). A similar effect was detected for homozygosity of the IL18 −607 rs1946518 A allele (OR = 0.35; P = 0.023, 95% CI 0.14–0.87).


Table 2 | Multiple logistic regression for cardiopathy.



Our analyses also established a positive association between NYHA score ≥ 2 and male gender (OR = 2.62, P = 0.007, 95% CI 1.30–5.27) and a negative association between this NYHA score range and the IL18 −607 rs1946518 AA genotype (OR = 0.21, P = 0.009, 95% CI 0.06–0.68) and IL1B rs1143627 T>C using the heterozygous model (OR = 0.48, P = 0.036, 95% CI 0.24–0.95) and digestive involvement (OR = 0.20, P < 0.001, 95% CI 0.09–0.47) (Table 3). A similar effect was observed for the IL18 −607 rs1946518 AA genotype with respect to LVEF < 45% (OR = 0.22, P = 0.034, CI 0.05–0.89), and digestive involvement (OR = 0.24, P = 0.004, 95% CI 0.09–0.62) (Table 4).


Table 3 | Multiple logistic regression for New York Heart Association (NYHA) ≥ 2.




Table 4 | Multiple logistic regressions for left ventricular ejection fraction (LVEF) < 45%.



When investigating linkage disequilibrium between rs1946518 and rs187238, we found D` of 0.89 and r2 of 0.43, indicating strong linkage disequilibrium between the two loci. Our analysis also revealed that the haplotype IL18 −607 C/IL18 −137 C was associated with Chagas cardiopathy (P = 0.0186) and LVEF < 45% (P = 0.0149) (Supplementary Table 5). This same haplotype also reached a marginal P value for association with NYHA ≥ 2 (P = 0.0554). No haplotype involving these two SNVs showed significant association with the parasitemia status.



A Specific IL6 Polymorphism Profile Modulates the Risk of Trypanosoma cruzi Parasitemia

Based on univariate analyses, potential associations were predicted to occur between positive T. cruzi parasitemia and IL6 rs1800795 C>G applying the heterozygous model (P = 0.023), NYHA ≥ 2 (P = 0.180) and HIV infection (P = 0.008) (Supplementary Table 3).

Notably, multiple logistic regression analyses uncovered a negative association between parasitemia and the IL6 rs1800795 CG genotype (OR = 0.45, P = 0.015, 95% CI 0.24 −0.86) and a positive association between parasitemia and HIV infection (OR = 2.18, P = 0.039, 95% CI 1.04–4.58) (Table 5).


Table 5 | Multiple logistic regressions for parasitemia.





HIV Infection Is Protective Against Development and Progression of Cardiomyopathy in Chagas Disease

Our preliminary univariate analyses suggested a protective cardiac effect of HIV infection in patients with Chagas disease, based on the development of cardiomyopathy (P = 0.045), the NYHA score (P < 0.001), and the LVEF values (P < 0.001) (Supplementary Table 3).

To evaluate the potential effect of HIV infection on the cardiac form of Chagas disease, we initially compared the HIV population with the non-HIV patients with respect to potentially interfering parameters (Table 6). This analysis showed no differences in age, sex, groups (white x non white), and the SNV genotypes analyzed in the current study.


Table 6 | Comparisons between Chagas disease patients with and without HIV infection.



Remarkably, multiple logistic regression analyses revealed a protective effect of HIV infection against the development of cardiomyopathy, displaying an OR of 0.48 (P = 0.039, 95% CI 0.23–0.96) (Table 2). In the same line, negative associations were shown for NYHA score ≥ 2 and HIV infection (OR = 0.15, P < 0.001, 95% CI 0.06–0.39) (Table 3) as well as for LVEF < 45% and positive HIV status (OR = 0.03, P < 0.001, 95% CI 0.00–0.25) (Table 4).



IL18 Levels, Cardiopathy, New York Heart Association, Left Ventricular Ejection Fraction, and HIV

IL18 levels were analyzed in 43 patients and assessed with respect to the genotypes/alleles and the presence of cardiopathy, HIV infection, NYHA score, and LVEF (Table 7). The IL18 levels did not significantly vary among IL18 −607 or IL18 −137 SNV genotypes/alleles. No significant differences in this interleukin levels were detected either between patients with and without cardiopathy or HIV infection as well as among the different NYHA score or LVEF-related groups. Three patients without HAART therapy displayed serum levels of 737.49, 739.87, and 744.29 pg/ml. These last two were viremic and only one had a CD4 count below 350 cells/mm3. The 13 aviremic individuals under HAART therapy presented a median value of 308.24 pg/ml and all of them had CD4 cells higher than 350 cell/mm3.


Table 7 | IL18 serum levels in Chagas disease patients according to the HIV status, cardiac phenotypes, parasitemia, and IL 18 −607 and IL 18 −137 genotypes.






Discussion


IL6, IL1B, IL17A, and IL18 Single Nucleotide Variants and Parasitemia in Chagas Disease

In a still largely unclear scenario relating cytokines and pathogenesis of Chagas disease, our study seeked for potential associations between strategic cytokine-related SNVs and key Chagas phenotypes restricted to the disease or combined with immune dysregulation.

T. cruzi parasitemia has been recognized as an element that accelerates chronic Chagas cardiopathy (19, 20, 22), although some reports question this effect (23–25). PCR-based T. cruzi detection in human biopsies supports that parasite persistence in the heart favors the progression of cardiomyopathy (19, 21). Identification of T. cruzi DNA in human blood, moreover, has been associated with a higher risk of development and deterioration of cardiomyopathy (20, 22).

IL6 is a key cytokine in mouse-induced T. cruzi myocarditis, triggering protection mechanisms in cardiomyocytes but favoring a higher parasite load (29). Acute T. cruzi experimental infection in mice with high inoculum, in fact, was followed by increased IL-6, high parasite load in tissue and marked inflammation (54, 55) while IL6-KO mice developed different levels of parasite load in the blood and myocardium depending on the T. cruzi strain (29, 54). These animals, however, presented increased mortality (29, 54). Such findings suggest that avoidance of high IL6 levels may play a role in lowering the parasite load whereas a certain tissue level of IL6 must be reached to allow a protective response against the parasite-induced lesion. A balanced level of IL6, therefore, is expected to reduce tissue damage and cardiomyocyte death, mitigating the disease. Of note, our data revealed that IL6 −174 CG heterozygosity is protective against T. cruzi parasitemia. This original finding raises an enticing mechanistic hypothesis for the relationship between IL6 and parasitemia. This SNV is located in the IL6 promoter, having the G allele been associated with higher IL6 blood levels than the C allele (33, 34, 56, 57). It is likely, therefore, that the low IL6 levels associated with the CC genotype lead to a lack of immune-mediated protection against parasitemia, while the high IL6 levels observed in GG individuals create a relatively severe inflammatory background that also favors T. cruzi replication. On the other hand, a balanced scenario of protection and controlled inflammation, displayed by heterozygous patients, would provide the best setting to fight parasitemia.

Facing the possible role of IL18 in reducing parasitic load in IL18-KO mice (26), we investigated the influence of IL18 SNVs on T. cruzi parasitemia. The IL18 human gene harbors several SNVs in its promoter. IL18 −607 C>A and IL18 −137 C>G are located in nuclear factor binding sites for CREB (cyclic AMP-responsive element binding protein) and H4TF-1 (human histone H4 gene specific transcription fator-1), respectively. Variants of these two sites can not only affect IL18 transcription but also IFNγ expression (58). The −607 A allele and AA genotype have been associated with lower IL18 transcriptional rate and/or protein levels than the C allele and CC genotype in different clinical and physiological settings (59–63), whereas the haplotype C-607/G-137 is associated with higher expression of IL18. Our analyses, however, did not identify a significant impact of IL18 −607 or IL18 −137 alleles/genotypes on the T. cruzi parasitemic status.

The observation of increased parasitemia in IL17A-KO mice infected by Leishmania infantum supports a role of IL17A in controlling parasitemia (64). IL17A and IFNγ activate macrophages to phagocyte T. cruzi for further killing in the endosomal/lysosomal compartment (65). This finding is not a surprise, since association between higher levels of IL17A and resistance to Leishmania donovani had been previously reported (66).

The IL17A −152 G>A SNV is a critical regulator of the IL17A promoter, being located within a binding motif for NFAT (nuclear factor activated T cells) (67). The A allele is more often associated with higher IL17A serum levels (40, 41, 67). Despite these observations, our analysis did not show association between IL17A −152 G>A and T. cruzi parasitemia, not supporting a protective role of the A allele against parasitemia in human Chagas disease.



Effects of IL1B, IL17A, IL18, and IL6 Single Nucleotide Variants on Cardiomyopathy in Chagas Disease

Previous studies showed direct correlation between IL-6 serum levels and cardiomyopathy (7–9) and an inverse correlation between IL-6 levels and LVEF in the setting of cardiopathy (7). Based on these observations and the association of IL6 −174 C with lower IL6 levels (33, 34, 56, 57), we hypothesized that this allele might be protective. Our findings, however, did not reveal such an impact, corroborating results from Colombia and Peru obtained in an ethnically distinct population affected by different parasite lineages (32, 68). It is possible, therefore, that other factors may also play a role in determining IL6 levels that modulate the cardiac phenotype in Chagas disease.

IL1β triggers an inflammation cascade, leads to generation of reactive free radicals, and may promote IFNγ production (69) and facilitate the differentiation of pro-inflammatory cells such as human Th17 (70). The assessed IL1B −31 T>C transition causes disruption of a TATA‐box, potentially changing the binding site affinity to regulatory proteins (36). We showed association between the IL1B −31 TC genotype and lower NYHA in Chagas disease. It is known that IL1β promotes inflammatory activity in acute experimental myocarditis induced by T. cruzi (71) and induces hypertrophy in primary cultures of cardiomyocytes infected by this parasite (72). Based on these data and because the IL1B −31 T allele is associated with increased IL1B transcription (36), heterozygosity may attenuate inflammation and cardiomyocyte hypertrophy in Chagas myocarditis, still allowing enough IL1β to fight T. cruzi infection. This balanced response likely explains the observed protective effect of the IL1B −31 TC genotype against cardiac disease severity. Interestingly, the CT haplotype for IL1B −31 T>C and +3,954 C>T was more prevalent in patients with Chagas cardiomyopathy in a Colombian population (35).

Higher frequencies of CD4+ IL-17A+ T-cells, lower levels of IL10 and IL10, and higher levels of IFNγ and TNFα are observed in individuals with more severe cardiomyopathy (6, 7). These findings are in agreement with the observation of lower lymphocyte IL17A expression in chronic Chagas cardiomyopathy than in seronegative individuals and patients with the indeterminate form (6). In addition, high IL17A levels were also associated with better heart function in Chagas disease (11). Based on these observations, IL17A was expected to potentially modulate inflammation in cardiac tissue and protect against T. cruzi infection (27, 28). A study in Brazil, however, unexpectedly revealed associations between the IL17A −152 A allele and the AA genotype with chronic cardiomyopathy (42). In contrast, another study in a Colombian cohort reported a protective effect of the C Allele of IL17A rs 8193036 C>T in seronegative individuals in comparison with cardiac seropositive patients (38), in a context of previously established association between the C allele and lower IL 17A mRNA expression (39). These data were a priori not expected, since previous reports showed a role for IL17A in mouse resistance to T. cruzi infection (27) and/or higher IL17A levels in patients without cardiopathy (11, 12). This study also found no association between the IL17A G>A 3’ UTR rs7747909 SNV, other two IL17A promoter SNVs (rs4711998 and rs3819024) or IL17A rs2275913 and Chagas cardiopathy.

In agreement with the expected role of IL17A, but in contrast to most clinical results, we found association between IL17A rs2275913 G>A and cardiac protection following a recessive model. Indeed, carriers of the A allele and the AA genotype were found to have a lower risk to develop cardiomyopathy. Since A allele has been found in association with higher IL17A serum levels (40, 41, 67), our data are in accordance with reports that show association between better cardiac function and higher IL17 A levels (11, 12). Our findings suggest that IL17A modulates the host inflammatory response to parasites in the myocardium, impacting the risk of developing cardiac dysfunction. Additional studies are necessary, however, to establish the effect of the AA genotype on IL17A serum levels in Chagas disease patients. It must be pointed out that our study differs from the previous ones (38, 42) with respect to patient geographical origin, ethnicity, classification, sample size, subgroup design, and possibly parasite lineage (68). Given the significant ethnical differences among Brazilian, Colombian, and Bolivian populations, genetic background may be a major determinant for the different results.

Since IL18 induces pathological cardiac remodeling (16), cardiomyocyte hypertrophy (73) and increased fibronectin expression (74), high levels of IL18 are expected to lead to cardiac hypertrophy and fibrosis, with a deleterious impact on heart function. IL18 is expressed in myocardium early in the course of experimental myocarditis induced by T. cruzi (15), leading to production of IFNγ. IL18 upregulation and correlation between IL18 mRNA and IFNγ expression have been shown in human Chagas heart tissue (18). Standing as a novel observation, we showed association between the IL18 −607 AA genotype and decreased risk of developing cardiomyopathy, progressing to NYHA ≥ 2, and progressing to LVEF < 45%. These data are in accordance to previously reported association between this AA genotype and low IL18 production in the presence and in the absence of mitogen stimuli (60–66). Unlike these studies, however, our data did not reveal significant associations between IL18 levels and any of the IL18 −607 or IL18 −137 genotypes/alleles. Such differences may rely on the nature and size of the studied populations (55–101 patients), including other diseases, and/or the nature the biological samples and/or experimental conditions, including plasma and mucosal biopsies and peripheral blood cells under mitogen stimuli (58–63). The lack of association between IL18 serum levels and IL18 −607 C>A or IL18 −137 C>G genotypes/alleles observed in our study does not allow a straight association between the mentioned cardiac findings and IL18 serum levels. This finding raises the hypothesis that IL18 serum levels may not significantly correlate with IL18 heart tissue levels in Chagas disease. However, since our study did not reproduce the association between IL18 levels and the IL18 −607 SNV in other contexts, more representative patient samples should be evaluated under different conditions to more conclusively investigate this relationship in this disease. It must be noted that a previous study conducted in Colombian and Latin American Chagas patients did not detect significant frequency differences of IL18 −607 A allele and AA genotype between asymptomatic patients and ones with cardiac dysfunction (43, 44). Data from an Argentinian population, on the other hand, display a trend similar to our study (44). Our data strengthens the potential benefit of targeting IL18 as a therapy in Chagas cardiomyopathy. IL18 levels have indeed been associated with increased mortality and are inversely correlated with LVEF in heart failure (75). Moreover, neutralization of IL18 has been proposed in heart failure (76), Fabry cardiomyopathy (77) and sepsis-induced cardiac dysfunction (78). Our data also revealed association of the IL18 −607 C/IL18 −137 C haplotype with Chagas cardiopathy and LVEF < 45%. Our results on IL18 −137, however, do not support an additive susceptibility status linking such SNVs.

Our study revealed that men have higher risks for cardiopathy and NYHA ≥ 2. These findings are in line with previous data that report male gender as one of the six independent variables that constitute risk factors for death in Chagas heart disease (3, 79). Male sex, therefore, appears as a robust risk factor for worse prognosis in Chagas cardiomyopathy. As a novel finding, digestive involvement associated negatively with NYHA ≥ 2 and LVEF < 45%, suggesting that such patients may develop a milder cardiopathy than affected individuals without digestive disease. This observation has never been reported (1, 31, 80). Alternative explanations for this finding may comprise a potential inclusion of more severely affected cardiac patients in our study and a potentially smaller than real proportion of patients with the indeterminate form due to underdiagnosis and/or loss of follow-up, raising the cardiac form/indeterminate form ratio. The relatively high proportion of cardio-digestive cases previously reported (1, 31), however, adds further support to the influence of digestive involvement in NYHA and LVEF.



Impact of HIV Infection on Development and Progression of Cardiomyopathy in Chagas Disease

In immunosuppressed patients with HIV infection, elevated IL18 serum concentrations have been shown to favor the development of Aids and associated infections (30). In addition, Chagas disease reactivation does not occur in immunocompetent subjects, while in HIV-infected patients this illness has been associated with increased morbidity and mortality (31). Based on a severe combined immunodeficient (SCID) animal model (81), this observation may be explained by dissociation between a high parasite load and lower tissue inflammation, which is associated with decreased IFNγ levels and early mortality. Interestingly, T. cruzi inhibits HIV replication in macrophage-derived monocyte culture (82). In our study the HIV infected and non-infected groups did not differ with respect to the evaluated SNV profiles, age or gender. In the HIV-infected group, 53.1% of the patients were not on HAART therapy. Our findings revealed higher parasitemia in HIV-infected Chagas individuals, confirming previous data (83). Of note, in T. cruzi/HIV coinfection a Th2 response likely contributes to the impairment of parasite control (84). Altogether, our data suggest that antiretroviral therapy interferes positively in the host-HIV-T. cruzi interaction.

To our surprise, our analyses revealed a previously not described finding: HIV infection exerts a strong protective effect on Chagas disease cardiomyopathy. HIV infection was associated with lower risks to develop cardiopathy and to progress to NYHA ≥ 2 and LVEF < 45%. This a priori unexpected effect may be based on actions of the HAART regimens, reported to decrease the prevalence of HIV-associated cardiomyopathy in about 30% of the HIV-infected patients (85). In contrast, HAART failure was associated with continued IL18 elevation (86).

IL18 contributes to Aids pathogenesis by increasing viral replication, death of endothelial cells, and cardiomyocyte proliferation (30). A previous study from our service showed that Chagas reactivation occurred only in patients not in HAART therapy, and progression to a more severe chronic disease and death were observed in 35 and 30% of them, respectively (31). Moreover, progression to severe chronic forms was verified in less than 10% of patients on HAART. In those under HAART therapy, we detected high levels of IL18 (>700 pg/ml) in two of viremic cases and a median of 308.24 pg/ml in 13 aviremic individuals. The small number of analyzed patients, however, did not allow statistical evaluation with respect to IL18 levels and viral load, and no differences in IL18 levels were detected between HIV and non-HIV patients. A previous report did not find difference between 32 HIV viremic and 15 aviremic patients either (87). While our data suggest that IL18 serum levels may not correlate with IL18 levels in cardiac tissue in Chagas disease, a larger future study should address a still possible IL18-reducing effect of HAART on Chagas cardiomyopathy.

Another potential explanation for this positive impact of HIV infection on Chagas disease could be a growth-reduction effect of antiretroviral drugs on T. cruzi. HIV protease inhibitors have in fact been reported to restrain epimastigote, trypomastigote, and amastigote growth (88–90). Pretreatment of trypomastigotes with nelfinavir and lopinavir inhibited their association with LLC-MK2 epithelial cells and RAW macrophages and decreased the number of intracellular amastigotes (88). In addition, interaction of ritonavir, lopinavir and nelfinavir and T. cruzi epimastigotes showed potent anti-proliferative effects and led to changes in differentiation (89).

Nelfinavir and lopinavir target vital cellular structures of trypomastigotes, leading to irreversible, lethal metabolic injuries in the size and structure (90). A trypanocidal effect of HIV proteinase inhibitors on the T. cruzi aspartyl peptidase intracellular target was also reported using a docking simulation model (91), showing a great affinity of ritonavir and lopinavir to bind to this active enzyme intracellular site. In this setting, saquinavir has been integrated to the computer-guided drug repositioning as a potentially new treatment for Chagas disease (92).

A synergistic interaction between a Th2 predominant response in T. cruzi-HIV infected patients and HAART could also potentially lead to reduction in IL18 levels (30). This combined effect might decrease the predominant Th1 response in myocardium (5) and reduce inflammatory cardiac lesions. Other cardiovascular actions of antiretrovirals are unlikely to contribute to the cardioprotective effect, since HAART has been linked to increased risk of cardiovascular illness (30).

While the scientific relevance and possible clinical applications raised by the HIV-related cardioprotective effect on Chagas cardiomyopathy are potentially remarkable, its underlying mechanisms remain unclear. Future studies with larger and more diverse coinfected patient populations, expansion of cardiac function/lesion markers, detailed characterization of the cardiac microenvironment associated this coinfection, and deep characterization of cardiac tissue response to HAART should bring significant contributions to this elucidation.

Our study brought novel and meaningful data to field of Chagas disease, but it also carries some limitations. Such limitations comprise the inclusion of a single center, Brazilian heterogeneous ethnicity, limited analyses of interleukin levels and respective functional impact, and lack of data integration involving the use of HAART, CD4+ count, HIV load, and molecular genetics assessment. The appropriate statistical model employed for small samples and the level of significance detected in key analyses, however, strongly support our conclusions and provide a robust platform for sequential future studies.

In conclusion, our findings revealed a novel association between the IL6 −174 C>G SNV and parasitemia in Chagas disease, expressed as a decreased risk of its detection in patients with the CG genotype. As additional original findings, our data showed that the IL17A −152 AA and the IL18 −607 AA genotypes are associated with a reduced risk of developing cardiomyopathy in individuals affected by this illness. The IL18 −607 AA and IL1B TC genotypes were also found to associate with a lower risk of manifesting severe cardiac dysfunction. Most of our findings are consistent with previously reported clinical data on Chagas disease and data on cytokine expression. Unexpectedly, our results uncovered a novel protective effect of HIV infection in Chagas disease patients, translated into a decreased risk of developing cardiomyopathy. Available information suggests that a synergistic effect of HIV and HAART may mitigate a Th1-mediated response in the myocardium. The findings revealed by this report not only expand the understanding of Chagas disease pathogenesis and its relationship with other clinical scenarios but also add pieces of information to the field that can be potentially employed in the development of therapeutic interventions.
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HLA-G is considered to be an immune checkpoint molecule, a function that is closely linked to the structure and dynamics of the different HLA-G isoforms. Unfortunately, little is known about the structure and dynamics of these isoforms. For instance, there are only seven crystal structures of HLA-G molecules, being all related to a single isoform, and in some cases lacking important residues associated to the interaction with leukocyte receptors. In addition, they lack information on the dynamics of both membrane-bound HLA-G forms, and soluble forms. We took advantage of in silico strategies to disclose the dynamic behavior of selected HLA-G forms, including the membrane-bound HLA-G1 molecule, soluble HLA-G1 dimer, and HLA-G5 isoform. Both the membrane-bound HLA-G1 molecule and the soluble HLA-G1 dimer were quite stable. Residues involved in the interaction with ILT2 and ILT4 receptors (α3 domain) were very close to the lipid bilayer in the complete HLA-G1 molecule, which might limit accessibility. On the other hand, these residues can be completely exposed in the soluble HLA-G1 dimer, due to the free rotation of the disulfide bridge (Cys42/Cys42). In fact, we speculate that this free rotation of each protomer (i.e., the chains composing the dimer) could enable alternative binding modes for ILT2/ILT4 receptors, which in turn could be associated with greater affinity of the soluble HLA-G1 dimer. Structural analysis of the HLA-G5 isoform demonstrated higher stability for the complex containing the peptide and coupled β2-microglobulin, while structures lacking such domains were significantly unstable. This study reports for the first time structural conformations for the HLA-G5 isoform and the dynamic behavior of HLA-G1 molecules under simulated biological conditions. All modeled structures were made available through GitHub (https://github.com/KavrakiLab/), enabling their use as templates for modeling other alleles and isoforms, as well as for other computational analyses to investigate key molecular interactions.
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Introduction

The Human Leukocyte Antigen G (HLA-G) is a nonclassical Major Histocompatibility Complex class I (MHC-I) molecule that possesses immunomodulatory properties (1). Its presence is tissue-restricted, being expressed in fetal tissues [trophoblast cells (2)] and constitutively expressed in adult thymic medulla (3), cornea (4), pancreatic islets (5), erythroid, and endothelial cell precursors (6). However, the expression of HLA-G can be induced in several conditions (1), including cancer (7, 8), transplantation (9), viral infections (10, 11), and autoimmune and inflammatory diseases (12, 13).

A well-recognized function of the HLA-G molecule in these pathological and physiological conditions is the inhibition of the cytotoxic activity of Natural Killer (NK) and CD8+ T lymphocytes. This function is mediated by interaction with leukocyte receptors, particularly with the Leukocyte Ig-like Receptors (LILRs), also known as Immunoglobulin-like Transcripts (ILT2, ILT4). ILT2 and ILT4 interact with several classical class I HLA molecules, but have higher affinity for HLA-G (14). ILT2 is expressed by B cells, some subtypes of T cells and NK cells, and all monocytes/dendritic cells (15). It is also described as a receptor for HLA-G associated with β2-microglobulin. On the other hand, ILT4 is myeloid-specific and only expressed by monocytes/dendritic cells (16), being capable of recognizing HLA-G free heavy chains (17, 18). Through these differentially expressed receptors, HLA-G can interact with all these different cell types, primarily inhibiting their functions. In addition, HLA-G may also generate regulatory/suppressor cells. For instance, human tolerogenic dendritic cells (DC-10) express high levels of membrane-bound HLA-G1 and are potent inducers of adaptive allospecific Type 1 regulatory T (Tr1) cells (19). The HLA-G gene is located within the MHC region, presenting low polymorphism, in contrast with the highly polymorphic classical class I genes, i.e., HLA-A, -B, -C (20). Geragthy et al. (21) first described the HLA-G gene in 1987, and its structure is homologous to other HLA class I genes. The HLA-G primary transcript may generate at least seven alternative splicing mRNAs that encode membrane-bound (HLA-G1, G2, G3, G4) and soluble (HLA-G5, G6, G7) protein isoforms (22–25). HLA-G1 may also be detected in plasma after proteolytic cleavage by metalloproteases, and presents the same domains (α1, α2, and α3) of classical class I molecules, being also associated with a β2-microglobulin. HLA-G2 is devoid of the α2 domain encoded by exon 3. HLA-G3 does not have the α2 and α3 domains encoded by exons 3 and 4, and HLA-G4 lost the α3 domain. The soluble HLA-G5 and HLA-G6 isoforms have the same extra globular domains as HLA-G1 and HLA-G2, respectively, and are generated by transcripts retaining intron 4, which block translation of the transmembrane domain (exon 5). The 5’ region of the intron, in the reading phase with exon 4, is translated into a stop codon and generates the HLA-G5 and HLA-G6 isoforms. These isoforms contain a specific 21 residues long tail involved in molecule solubility. The soluble HLA-G7 isoform is limited to the α1 domain and retains two intron 2 specific amino acids. All alternative transcripts are devoid of exon 7 (26, 27).

Sequence comparison of the HLA-G molecule to other HLA class I proteins reveals some interesting particularities. First, HLA-G has an unusually long half-life on the cell surface, resulting from the absence of an endocytosis motif in its truncated cytoplasmic domain (28). Second, HLA-G sequences have two unique Cysteine residues located at positions 42 and 147. Dimerization of HLA-G occurs through the creation of disulfide bonds between the two unique Cysteine residues at position 42 (Cys42-Cys42 bonds). Since all isoforms carry Cys42, all translated isoforms could potentially form membrane-bound homodimers, soluble homodimers, β2-microglobulin-free homodimers, and possibly homotrimers (associated or not to β2-microglobulin) (29, 30). Noteworthy, HLA-G dimers: i) do not induce significant structural changes to the main backbone of the protomers (i.e., chains forming the dimer) (17); ii) may exhibit distinct inhibitory functions as compared to monomers [e.g., dimers bind to ILT receptors with higher affinity in vitro (29) and in vivo (31)]; and iii) exhibit slower dissociation rates than monomers (17). ILT recognition of HLA-G dimers has a pivotal role on immune suppression at the maternal-fetal interface, possibly contributing to the prevention of pregnancy complications such as pre-eclampsia and recurrent miscarriages (17, 20).

Since HLA-G5 isoform has the same extra globular domains as HLA-G1, it could potentially be recognized by the same receptors. In fact, it has been reported that ILT2 can interact with β2-microglobulin-associated HLA-G5, while ILT4 could be able to recognize isoforms that are not associated to β2-microglobulin (17, 32). Such β2-microglobulin-free heavy chain has been detected in cell culture supernatants expressing HLA-G5 (33). It has also been shown that the expression of soluble HLA-G5 could inhibit the cytotoxicity of NK cells, and that the degree of inhibition was more evident when induced by HLA-G5, as compared to the membrane-bound HLA-G1. Most importantly, it was shown that the combination of HLA-G1 and HLA-G5 leads to significantly greater suppression than the effects of HLA-G1 or HLA-G5 alone (34). The direct involvement of HLA-G5 in inducing graft acceptance in vivo after human transplantation was provided by the observation that HLA-G5 purified from the plasma of transplanted HLA-G-positive patients suppressed alloproliferation of T cells in vitro (35).

Considering all the aforementioned structural diversity of known HLA-G isoforms, and the multiple roles of HLA-G in different immunological pathways, it is astonishing how little is known about the structure and dynamics of these molecules. As of today, there are only seven crystal structures of HLA-G receptors in the Protein Data Bank (PDB) (36). Note that these structures are limited to HLA-G1, and that even for this particular isoform they do not capture the full molecule (see Supplementary Table 1). In addition, there is only so much that can be understood from a static crystal structure in which relates to the dynamic behavior of these molecules. For instance, previous analysis of the membrane-bound HLA-G1 has indicated an oblique orientation of the protomers. Such orientation makes the ILT2 and ILT4 binding sites slightly more accessible to the interaction with these receptors (17). However, it does not tell us if this oblique orientation is stable in the soluble HLA-G1 dimer, or if other arrangements are possible. Finally, available structural data cannot inform us about the structure and dynamics of all other HLA-G alleles and isoforms.

As a step forward in addressing all these open questions, the present work reports for the first time the complete structure and dynamic behavior of the membrane-bound HLA-G1 model. In addition, it also characterizes the dynamics of the soluble HLA-G1 dimer. These efforts allowed for the first time the observation of a tilting movement of the membrane-bound HLA-G1 monomer, and the total rotational freedom of the HLA-G1 dimer in solution (Figure 1). Finally, it investigates the stability of three different proposed structures for the soluble HLA-G5 isoform.




Figure 1 | (A) Tilting motion of the membrane-bound HLA-G1structure. (B) Membrane-bound HLA-G1 dimer representation, showing the oblique orientation (~45° angle) observed by X-ray crystallography. (C) Representation of the complete rotational freedom of the soluble HLA-G1 dimer in solution.





Material and Methods


Molecular Modeling

To obtain the complete HLA-G1 model for the molecule encoded by the HLA-G*01:01 allele group, homology modeling was performed using Modeller 9.15 software (37) and the PDB_ID: 1YDP structure as a template (38). The selected template structure was obtained by X-ray diffraction crystallography with a 1.9 Å resolution (38), is encoded by the HLA-G*01:04 allele group, and exhibits 275 resolved residues. It includes the nonapeptide RIIPRHLQL in the binding cleft, and the coupled β2-microglobulin chain. The Rosetta cyclic coordinate descent algorithm (CCD) ab initio modeling (39) was applied to unresolved extracellular and intracellular regions in the crystallographic template. Two thousand models were generated in each ab initio modeling step. For the transmembrane portion, the GPCR-ITASSER online server was used (40). The complete membrane-bound HLA-G1 model was then applied as template for three possible HLA-G5 isoform structures: monomer, monomer containing the nonapeptide in the cleft, and monomer containing the nonapeptide in the cleft coupled to β2-microglobulin. Isoform residues not included in the membrane-bound HLA-G1 model were resolved using the Rosetta CCD ab initio modeling. The existing structural gaps in the HLA-G1 soluble dimer template (PDB_ID: 2D31) were completed by homology modeling using PDB_ID: 1YDP structure as template. All models were evaluated using several validation software, including QMEAN (41), MODFOLD (42), Verify 3D (43, 44), ERRAT (45), and PROCHECK (46). Images and structure visualization were performed using PyMOL software (47). The BioPython package (48) was applied to identify the interacting residues. The Cα Root Mean Square Deviation (RMSD) and Root Mean Square Fluctuations (RMSF) values were calculated using the initial structures as reference. All structures and simulation movies are available in the Supplementary Material and at GitHub (https://github.com/KavrakiLab/).



Lipid Bilayer Insertion

The complete HLA-G1 model was inserted into a phospholipid bilayer (DLPA, 1,2-Dilauroyl-sn-glycero-3-phosphate). This step was performed with the CHARMM-GUI online server (49, 50).



Molecular Dynamics (MD) Simulations

Three simulations of 100 ns were performed for the complete HLA-G1 inserted into the lipid bilayer, using GROMACS v5.1.4 (51) and CHARMM36m force field (52). MD simulations were also performed in triplicate using GROMACS v4.6.5 package and the G54a7 force field, for a total of 600 ns for the soluble HLA-G1 dimer and a total of 2.1 μs for the HLA-G5 isoform. A cubic box was defined with at least 9 Å of liquid layer around the protein (exact dimensions were different for each protein), using single-point charge water model and periodic boundary conditions. An appropriate number of sodium (Na+) and chloride (Cl−) counter-ions were added to neutralize the system at the final concentration of 0.15 mol/L. Besides the complete membrane-bound HLA-G1, the dynamic system contained 32,560 DLPA molecules, 184,197 water molecules and 380 counter-ions. As for the soluble dimer, it contained 383,325 water molecules and 470 counter-ions. The HLA-G5 monomer dynamic system contained 90,375 water molecules and 187 counter-ions; the monomer containing the nonapeptide in the cleft system had 90,135 water molecules and 185 counter-ions; and the monomer containing the nonapeptide in the cleft coupled to β2-microglobulin had 83,676 water molecules and 179 counter-ions. The algorithms v-rescale (τt = 0.1 ps) and parrinello-rhaman (τp = 2 ps) were used for temperature and pressure coupling, respectively. Cutoff values of 1.2 nm were used for both van der Waals and Coulomb interactions, with Fast Particle-Mesh Ewald (PME) electrostatics. For all MD simulations, the production stage was preceded by: i) three steps of Energy Minimization (alternating steepest-descent and conjugate gradient algorithms), and ii) eight steps of Equilibration as previously described (53). Briefly, the Equilibration stage started with position restraints for all heavy atoms (5,000 kJ−1mol−1nm−1) and a temperature of 310 K, for a period of 300 ps, to allow for the formation of solvation layers. The temperature was then reduced to 280 K and the position restraints were gradually reduced. This process was followed by a gradual increase in temperature (up to 300 K). Together, these Equilibration steps represented the first 500 ps of each simulation. During the production stage, the system was held at constant temperature (310 K) without restraints.



Dimensionality Reduction Analysis

Principal component analysis (PCA) was performed using the Python libraries MDTraj (54) and PyEmma (55). PCA is a dimensionality reduction method used to analyze the sampling done by the MDs. PCA maximizes the variance of the transformed coordinates, which is ideal for finding conformations that are geometrically diverse. The residue-residue distances (defined as the distance between the nearest two heavy atoms) between one copy of the dimer and the other were extracted. Only every tenth residue in the system was considered to save memory, resulting in 1,444 features for the dimensionality reduction analysis.



Peptide-Bound Ensemble Modeling and Stability Analysis

A structure-based stability analysis was performed to compare two different HLA-G binders, RIIPRHLQL and RLPKDFRIL. The aforementioned complete model of HLA-G1 (HLA-G*01:01), after removed the bound peptide structure, was used as input to the Anchored Peptide-MHC Ensemble Generator (APE-Gen) (56). Generated ensembles of peptide conformations were later minimized with OpenMM (57), and the lowest energy conformation for each peptide was selected using the Vinardo scoring function (58). All these steps were performed using a customized workflow from the HLA-Arena modeling environment (59). Finally, selected conformations (i.e., lowest energy) were used as input for a structure-based random forest classifier trained on a large dataset of immunopeptidomics experiments (60). This analysis predicted the stability of both complexes, and the individual contribution of each peptide residue toward peptide-MHC complex stability.



Protein-Protein Docking With ILT4

A protein-protein docking study was conducted with the ClusPro webserver (61). A crystal structure of ILT4 was obtained from PDB (PDB_ID: 6AED), and gaps (residues 134 to 143) were filled with loop refinement algorithm from Modeller 9.15 software (37) using UCSF Chimera software (62). This structure was used for protein-protein docking against (i) HLA-G monomer and (ii) HLA-G dimer structures. The best output structure was chosen considering the frequency of members inside each cluster and the Lowest Energy score.




Results


Membrane-Bound HLA-G1 Molecule Displays Tilting Motion in Solution

A complete model of the mature protein encoded by the HLA-G*01:01 allele group was generated, containing all 314 residues (Figure 2A). The complete modeled system included the HLA-G molecule, sodium (Na+) and chloride (Cl−) counter-ions, and a phospholipid bilayer (Figure 2B). During the MD simulations, the average cleft width was 23.2 Å, ranging from 19.4 Å to 25.6 Å (measured at each 10 ns), and the peptide cleft depth was 15.8 Å (Figure 2A). The RIIPRHLQL peptide remained stable during the simulations, as observed by the low Root Mean Square Fluctuation (RMSF) (data not shown). The RMSD values for the MD simulations did not exceed 11.46 Å for any of the replicated trajectories, oscillating in the range from 4 Å to 10 Å (Supplementary Figure 1). Note that the observed RMSD variation does not reflect unfolding or large conformational changes in the protein, but it relates to oscillations on the angle of the transmembrane region and its impact on the orientation of the extracellular domain (Figure 2C). In fact, the RMSD value calculated between the initial and final conformations of the protein is of only 3.13 Å. This conformational stability can also be observed by the PCA analysis, which demonstrates great overlap of sampled conformations among all three simulations. Taken together, these results point to the stability and compactness of the complete membrane-bound HLA-G1 model generated (Figure 2D). The transmembrane region extended for 32.7 Å and, alongside the cytoplasmic tail, presented an all direction swinging movement, spanning 22.5 Å.




Figure 2 | (A) Complete membrane-bound HLA-G1 protein encompassing the α1, α2, α3, transmembrane (T), and intracytoplasmic (I) domains (purple), coupled with β2-microglobulin (pink) and the RIIPRHLQL peptide (green). W (average cleft width) = 23.2 Å, and D (cleft depth) = 15.8 Å; T = 32.7 Å. (B) Complete membrane-bound HLA-G1 molecular dynamics simulation system, including: i) water molecules seen in the blue background, ii) Na+ and Cl- ions (golden spheres), and iii) phospholipid bilayer (green). (C) Initial (blue) and final (red) conformations of the 100 ns complete membrane-bound HLA-G1 dynamics (left) and for the transmembrane portion (right). Intermediate conformations obtained at 10ns intervals are displayed in light gray, showing the molecular movement inside the lipid bilayer. M, transmembrane swinging movement over 100 ns. (D) Principal component analysis (PCA) depicting the distribution of conformations extracted from three independent MD trajectories (r1, r2, and r3).





ILT2 and ILT4 Interacting Residues Are Not Fully Accessible in the Membrane-Bound HLA-G1 Molecule

According to previous studies, ILT2 binds to HLA-G residue F195, while ILT4 binds to F195 and Y197 (17, 38). All these residues are located at the end of the α3 domain, and our model shows that these binding sites are very close to the lipid bilayer (Figure 3). Limited access to these residues could explain the lower overall affinity of the HLA-G1 monomer to ILT2/ILT4, when compared to the soluble dimer, as previously demonstrated by Shiroishi and collaborators (17). Locations of other potential binding sites are also depicted. CD8α/α contacts the α3 domain of HLA-G1 at residues 223 to 229 (63, 64). Q79 and M76 are candidate interacting residues for KIR2DL4 (26, 65, 66).




Figure 3 | (A) Complete membrane-bound HLA-G1 protein (without lipid bilayer), indicating the interacting residues for CD8 receptor (blue: residues D223, Q224, T225, Q226, D 227, V228, E229), ILT2 receptor (red: residues F195), and ILT4 receptor (red: residues F195, Y197). Residues suggested to interact with KIR2DL are also depicted (green: residues Q79, M76) (B) Complete membrane bound HLA-G1 protein (including the lipid bilayer), emphasizing the localization and distance of the ILT2 (red: residues F195, 20.4 Å to the membrane) and ILT4 receptors (red: residues F195, Y197, 30.8 Å to the membrane), both of which are close to the lipid bilayer. (D, Aspartic acid; E, Glutamic acid; F, Phenylalanine; M, Methionine; Q, Glutamine; T, Threonine; and V, Valine).





Soluble HLA-G1 Dimer Displays Full Rotational Freedom of Protomers

Three simulations of 200 ns were performed for the soluble HLA-G1 dimer, starting from the oblique orientation (~45° angle) observed by X-ray crystallography (Figure 4A) for the disulfide-linked HLA-G1 dimer. The RMSD values for the MD simulations oscillated between 9 Å and 25 Å, depending on the simulation (Supplementary Figure 2). Once again, these high RMSD values do not reflect conformational changes of the protomers (Figures 4B, C). Instead, they reflect the great conformational freedom of the protomers during the MD simulation, as enabled by the rotation of the disulfide bond (Figure 4C). Although the dimer as a whole is very flexible, the folding of the protomers is very stable, and the RIIPRHLQL peptide remained stably bound in the cleft; data consistent with the low Root Mean Square Fluctuation (RMSF) obtained (Supplementary Figure 3).




Figure 4 | (A) Soluble HLA-G1 protein indicating the interacting for CD8 receptor (blue: residues D223, Q224, T225, Q226, D 227, V228, E229), ILT2 receptor (red: residue F195) and ILT4 receptor (red: residues F195, Y197). Residues suggested to interact with KIR2DL are also depicted (green: residues Q79, M76) (B) Initial (blue) and final (red) conformations of the 200 ns soluble HLA-G1 dimer dynamics. Twenty-nanosecond intervals (light gray) showing the significant dimer rotation. (C) Initial (blue) and final (red) conformations of the 200-ns soluble HLA-G1 dimer dynamics, depicting the zoomed area showing the disulfide bridge. (D) Principal component analysis (PCA) depicting the distribution of conformations extracted from three independent MD trajectories (r1, r2, and r3).



Interestingly, the PCA analysis revealed that each soluble dimer simulation described a different trajectory, exploring different regions of the conformational space (Figure 4D). In our PCA analysis, PC1 is most correlated with the distance between LEU81 in one copy and ILE214 in the other copy (Figure 5A), while PC2 is most correlated with the distance between GLN141 in one copy and SER91 in the other copy (Figure 5B).




Figure 5 | Measurement of the distance between residues to evaluate the dimer flexibility at the disulfide bridge. Measurement data extracted from three dimer simulations (r1, r2, and r3) showed that the residues exhibited similar spatial behavior in all simulations, depending on the residue-residue distance that is observed. (A) Measurement data from LEU81 and SER91, (B) Measurement data from LEU81 and ILE214. (LEU, Leucine; ILE, Isoleucine; GLN, Glutamine; SER, Serine).





HLA-G5 Is More Stable When Associated With β2-Microglobulin and a Peptide Ligand

In this work, we evaluated three HLA-G5 structural possibilities: (i) monomer (Figure 6A), (ii) monomer containing the nonapeptide in the cleft (Figure 6B), and (iii) monomer containing the nonapeptide in the cleft coupled to β2-microglobulin (Figure 6C). Considering Cα residue fluctuation of all the HLA-G5 structural possibilities, the most stable structure was the monomer containing the nonapeptide in the cleft coupled to β2-microglobulin, which suffered minimal structural deformations during the MD simulation (Figure 6D). As seen in (Supplementary Material—HLA-G5 Monomer, nonapeptide, and coupled β2-microglobulin Simulation Video; Supplementary Figure 4), the stability is mainly due to the interaction of the tail from intron 4 and the coupled β2-microglobulin, which prevents the tail from reaching up and destabilizing the peptide cleft. In fact, this disruptive behavior was observed in the absence of β2-microglobulin, leading to complete dissociation of the nonapeptide from the HLA-G5 cleft (Figure 6D and Supplementary Material—HLA-G5 Monomer and nonapeptide Simulation Video). Specifically, the interaction with the tail from intron 4 (last 21 residues) resulted in an increase of the cleft’s width, causing the peptide’s anchor residues to lose important interactions with residues in the cleft’s β-sheet floor and surrounding α-helices (Supplementary Figure 4). At the beginning of the simulation the cleft width measured 15.6 Å (Figure 7A), increasing its size up to 17.4 Å around 200 ns of the simulation, when the peptide escapes the cleft (Figure 7B). The cleft width reduces to about 14.6 Å after the unbinding of the peptide (Figure 7C). The superimposed images reveal the variation in cleft’s width during the simulated time (Figure 7D).




Figure 6 | (A) Soluble HLA-G5 isoform (pink) and 21 amino acid tail from intron 4 (black, but represented in the following figures in pink). Domain location (α1, α2, and α3) shown. (B) Soluble HLA-G5 isoform (pink) and nonapeptide RIIPRHLQL (green). (C) Soluble HLA-G5 isoform (pink), nonapeptide RIIPRHLQL (green) and β2-microglobulin (lavender). (D) RMSF of all three HLA-G5 structural possibilities: monomer (black), monomer containing the nonapeptide in the cleft (red), and monomer containing the nonapeptide in the cleft coupled to β2-microglobulin (blue). (E) Zoomed α-1 domain residues (residue number 1–100), taken from RMSF plot (D), showing HLA-G5 monomer (black), monomer containing the nonapeptide in the cleft (red), and monomer containing the nonapeptide in the cleft coupled to β2-microglobulin (blue).






Figure 7 | (A) HLA-G5 cleft in the absence of the β2-microglobulin, demonstrating the nonapeptide RIIPRHLQL in the initial moments of the simulations. (B) Around 200 ns of simulation, due to structural instability, the cleft widens and the nonapeptide RIIPRHLQL loses all interactions with the surrounding structures, escaping the cleft. (C) As there is no peptide left in the cleft, its width is diminished. (D) Superimposition of Figures 6A–C.



Some structural instability was also observed for the soluble HLA-G5 monomer alone (Figure 6D). Both monomer and monomer containing the nonapeptide in the cleft showed much higher RMSF values for the α1-domain region, which constitutes residues 1 to 100. Such residues were extremely important in order to keep the peptide cleft folded, and suffered the majority of the destabilizing interactions induced by the movement of the portion relative to the tail from intron 4 (Figure 6E and Supplementary Material—HLA-G5 Monomer Simulation Video, Supplementary Material—HLA-G5 Monomer and nonapeptide Simulation Video).



Produced Models Can Be Used for Additional Structural Analysis

All produced 3D models were made available through GitHub (github.com/KavrakiLab/hla-g-models) and can now be used as input for additional structural analysis. To demonstrate this point, we conducted a (i) peptide-docking analysis comparing two different HLA-G peptide-binders, and a (ii) protein-protein docking analysis of binding modes for ILT4.

Our structural analysis of the peptide-ligands indicated a similar overall contribution to complex stability. A structure-based machine learning method predicted a ~70% probability of stable binding for both peptides (Supplementary Figure 5). Moreover, the decomposition of the individual contributions of peptide residues indicated the dominant role of the conserved Leucine in p9 toward complex stability in both systems. As expected, there were differences in secondary interactions with other peptide’s residues, with a slight advantage toward RLPKDFRIL. Therefore, our analysis suggests that RLPKDFRIL would provide similar or slightly better stability to the tested HLA-G systems. This prediction is in agreement with recent experimental data showing no significant differences between these peptides regarding the binding of HLA-G1 to ILT2/ILT4 (67).

Our protein-protein docking analysis further corroborated the findings that better interaction with ILT4 is possible when using conformations of the soluble HLA-G1 dimer, as compared to the the membrane-bound HLA-G1 monomer. The putative ILT4-binding site is formed by a relatively hydrophobic patch formed by F195/Y197 residues. This is conserved in HLA-G molecules, but not in other classical HLAs (30). Indeed, our best HLA-G1 dimer/ILT4 interaction models are represented by hydrophobic-favored interactions involving these two HLA residues. Moreover, the ILT4 domains involved in this interaction were domains 1 and 2, which is in accordance to previous binding experiments (30) (Supplementary Figure 6). The best interaction model between the monomer of HLA-G and ILT4 was favored by electrostatic interactions and it is depicted in Supplementary Figure 6A. Note that the best results indicated a binding mode in which ILT4 approaches HLA-G1 from the “bottom” (Supplementary Figure 6C). This binding mode is different from that previously described by Wang et al. (67), and might only be possible for the soluble forms of HLA-G.




Discussion

HLA-G plays an important role on the suppression of immune responses, and both membrane-bound and soluble isoforms may exert this function. As of September 2020, the IMGT-HLA database includes 80 HLA-G alleles, encoding 21 complete and 4 truncated proteins (HLA-G1*01:05N, G*01:13N, G*01:21N and G*01:25N) (68, 69). All alleles encoding the complete protein have the potential to i) form dimers through the conserved Cysteine at position 42, ii) form the seven commonly described HLA-G isoforms (HLA-G1 to HLA-G7), and iii) interact with the leukocyte receptors (26). This remarkable structural diversity must be studied in detail in order to clarify the diverse roles played by HLA-G molecules in both physiological and pathological conditions. Unfortunately, many questions remain unanswered about the structure, dynamics, expression and interaction patterns of different HLA-G alleles and isoforms. For instance, previous experimental studies have provided structures for the membrane-bound HLA-G1, and HLA-G1 dimer, either alone or interacting with other receptors. However, even in these cases the structures were incomplete. In addition, there was no available information on the dynamics of membrane-bound and soluble isoforms. Our goal was to conduct accurate structural modeling and molecular dynamics analysis of i) the complete membrane bound HLA-G1, ii) the soluble HLA-G1 dimer, and the soluble HLA-G5 monomer. This work moves the field forward, providing both insights on the dynamics of these complexes and complete 3D models that can now be used by other groups for further analysis.

Our complete model of HLA-G1 encompasses the heavy-chain (α1, α2, and α3 domains), connecting peptide, transmembrane portion and cytoplasmic tail of the most frequently observed HLA-G*01:01 molecule. The HLA-G*01:01 allele group encompasses 25 synonymous substitutions, as reported for the HLA-G*01:01:01:01 to HLA-G*01:01:25 alleles (68, 69). The associated light-chain (β2-microglobulin) was also included in our complete model. Finally, the RIIPRHLQL peptide, derived from histone H2A, was selected to be used in this study since (i) it is known to confer stability to the HLA-G molecule (64), (ii) is one of the most abundant peptides displayed by HLA-G (70), and (iii) was present in the cell cultures used for previous HLA-G X-ray diffraction studies (70). Note that an additional structural analysis comparing the binding of RIIPRHLQL with another HLA-G-binder, RLPKDFRIL, suggested that both peptides should provide similar level of stability to HLA-G complexes.

As expected, the MD simulations (Figure 2B) showed a stable membrane-bound HLA-G1 molecule, without evidence of unfolding of secondary structures (i.e., α-helices and β-sheets) (Figure 2D). In addition, both the β2-microglobulin and the coupled peptide ligand remained stably-bound during all simulations. Interestingly, we observed for the first time the natural “tilting” movement of the membrane-bound HLA-G1 in solution (Supplementary Figure 1). This motion, in addition to the lateral swinging movement of the transmembrane portion in the lipid bilayer (spanning 22.5 Å), is reflected on the observed RMSD values. However, the PCA analysis shows great agreement between simulations in terms of sampled conformations. The superposition of frames from the beginning and end of the simulation (Figure 2D) also shows that all secondary and tertiary structures were preserved during MD. These results confirms the stability and compactness of the complete membrane-bound HLA-G1 model generated (Figure 2C), which could now be used for additional structural analyses.

We also report for the first time the complete model of the soluble HLA-G1 dimer (Figure 4A), and the great conformational flexibility of this molecule in solution (Figure 4B). While the disulfide-linked dimer is locked into a 45° angle between the protomers (Figure 1), our simulations demonstrate that the soluble dimer is able to explore the full rotational flexibility enabled by the disulfide bridge (Figure 4C). Note that the secondary and tertiary structures of each protomer were very stable in solution (Figure 4D), despite overall dimer flexibility. The peptide-ligands also remained stably-bound to the respective clefts (Figures 4A, B). The PCA analysis of the three independent simulations of the soluble HLA-G1 dimer (Figure 4B) demonstrated that every dimer explored a different region of the conformational space, while still presenting similar collective motions, as demonstrated by the residue-residue distance comparisons (Figures 5A, B). A direct comparison between the PCAs for the membrane-bound HLA-G1 monomer and soluble HLA-G1 dimer is not possible, since the principal components used in each case reflect features that better capture the movements observed in each system. However, it is possible to observe that the soluble HLA-G1 dimer PCA captures a much greater conformational freedom.

Our HLA-G1 dimer model includes residues located at positions 195, 196, 197, 266, and 267, which were missing in the available crystal structure of the disulfide-linked dimer (17). All these residues are located in the α3 domain, where major leukocyte receptor binding sites are located. For instance, they include the putative binding sites for ILTs (residues 195 and 197) and CD8 (residues 223-229 residues). Note that these sites are very close to membrane in the membrane-bound HLA-G1 monomer (Figure 3B), which might limit interaction with these protein-ligands. It has indeed been observed that HLA-G1 dimers display higher affinity for leukocyte receptors than monomers (17, 20). This advantage has been associated with the 45° angle of the protomers in the disulfide-linked dimer, which can help exposing these sites for interaction (17, 67). Note that the free rotation of the protomers in the HLA-G1 soluble dimer, as observed in our simulations, would enable even greater exposure of these biding sites. In order to further explore our models and investigate the interaction with ILT4, we decided to conduct a protein-protein docking experiment with ClusPro. As expected, ClusPro successfully identified binding modes in which the D1 domain of ILT4 interacts with the α3 domain of HLA-G1, specifically involving F195 and Y197. Some of the predicted binding modes displayed ILT4 approaching HLA-G from the “top,” as previously described by Wang et al. (67). The authors of that study discuss the limited flexibility of ILT4 in terms of bending between Ig-like domains, and describe this “top-down” binding mode as the only interaction possible for membrane-bound forms of HLA-G1. Interestingly, in the absence of the membrane, ClusPro predicted better binding modes in which ILT4 approaches HLA-G1 from the “bottom,” while still preserving interactions between D1 and F195/Y197. Based on these results, we can speculate that higher affinity of soluble HLA-G1 dimer for ILT2/ILT4 ligands could be explained by the possibility of using this alternative “bottom-up” binding mode. Further computational and experimental studies would be necessary to investigate the occurrence and stability of alternative binding modes involving ILT2 and ITL4.

The interaction of HLA-G with T CD8+ cells may induce FasL up-regulation, soluble FasL secretion and CD8+ cell apoptosis by Fas-FasL interaction, whose binding sites have not been determined yet (71). Compared to classical class I molecules (e.g., HLA-A, -B, -C), HLA-G binds to CD8α/α loop (residues 223-229) with medium affinity (63, 64), thus inhibiting the T CD8+ cytotoxic function. Although little is known regarding the HLA-G dimer interaction with CD8, it is possible that the interaction confers increased avidity in a proper structural orientation, permitting an efficient signaling to CD8 as well as it does for ILT2/ILT4 (17, 38). The freedom of rotation reported in this study for the soluble HLA-G1 dimer, exposing two easily accessible binding sites for ILTs/CD8 receptors, corroborates the potential for multiple orientations of the dimer. Considering that these major leukocyte receptors are adjacent to each other, it is possible the formation of complexes containing multiple combinations of one HLA-G dimer and two leukocyte receptors (ILT2/ILT2, ILT4/ILT4; ILT2/ILT4, ILT2/CD8, ILT4/CD8, CD8/CD8).

It has been proposed that HLA-G could interact with the killer cell immunoglobulin-like receptor KIR2DL4 (25), and that such interaction could induce both inhibitory as well as activating signals (28, 72, 73). Although the inhibition of the innate and adaptive immune response is the most accepted role of HLA-G, activating responses have also been reported (74). The soluble form of HLA-G could be the natural KIR2DL4 ligand, since it accumulates in KIR2DL4+ endosomes and induces endosome signaling (75). In fact, structural representations (17) indicate that steric constraints would prevent KIR2DL4 from interacting with HLA-G dimers (65, 66, 75). Considering that KIR2DL binding residues are located in the α1 domain of the HLA-G molecule, and considering the HLA-G1 dimer rotation presented here, it is possible that the KIR2DL4 binding area would be more accessible in the soluble HLA-G1 dimer as opposed to the membrane-bound HLA-G1 dimer. However, it is important to stress that we have not tested this interaction in our study, and that recent studies have not found evidence of HLA-G/KIR2DL4 interaction. Once again, the models produced in this work can now be used to further investigate this potential interaction.

Contrary to what was observed for the aforementioned systems, greater instability was observed in two of our HLA-G5 models. Specifically, the only stable system was the one containing both the nonapeptide RIIPRHLQL and ß2-microglobulin (Figure 6 and Supplementary Material – HLA-G5 Monomer, nonapeptide, and coupled β2-microglobulin Simulation Video). Previous studies have reported HLA-G5 isoforms both with and without β2-microglobulin (33, 76). However, our results suggest that the monomeric form of HLA-G5 would not be stable without these other chains (Supplementary Material – HLA-G5 Monomer Simulation Video). On the other hand, it is possible that HLA-G5 dimers could be stable in the β2-microglobulin-free form, which was not tested here. For instance, the intronic tails of both protomers could interact with each other, not causing the effect of cleft deformation observed in our simulations (Supplementary Material – HLA-G5 Monomer and nonapeptide Simulation Video). Such dimeric structures for HLA-G5 without β2-microglobulin could be similar to the dimers composed by the α1–α3: α1–α3 domains, as in the work published by Kuroki et al., in which HLA-G2 isoform (membrane bound α1–α3) naturally formed a β2-microglobulin-free homodimer which did not have disulfide bridges keeping the structures in place (77). Electron microscopy revealed that the general structure and domain organization of such HLA-G2 homodimers resembled those of class II HLA heterodimers (α1–α2: β1–β2) (20). Published data (77) described the binding of β2-microglobulin and β2-microglobulin-free forms of HLA molecules to members of ILT receptor family and demonstrated that, in addition to ILT4, β2-microglobulin-free structures are recognized by several other members of this receptor family. In fact, the “activating” members of the ILT family showed a preference for such structures. Therefore, it is possible that this could also be the case for HLA-G. This would support the notion that structural variations of HLA-G may be relevant in the modulation of biological function (32). It’s also intriguing to consider that, similar to classic class I HLA molecules, HLA-G may have activating receptors. In fact, it is possible that there are other receptors for HLA-G, specific for isoforms or not, and the study of HLA-G structures other than HLA-G1 and HLA-G5 may allow us to identify them (32).

In conclusion, the present study describes for the first time the complete membrane-bound HLA-G1 3D structure and its dynamic behavior in solution. Our study also described the dynamics of the soluble HLA-G1 dimer. Our simulations highlighted the great flexibility enabled by the disulfide bridge, which could even promote alternative binding modes with ILT2/ILT4 receptors. Our study of the HLA-G5 isoform and its structural alternatives demonstrated greater structural instability when the peptide or β2-microglobulin were absent. More comprehensive structural studies will be necessary to verify the existence of other structural conformations for HLA-G5. This work produced insights on the structure, dynamics, and interaction patterns of important HLA-G variants. It also produced 3D models that can now be used to further investigate these and other HLA-G molecules, to identify new HLA-G ligands, and to design potential pharmacological interventions.
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The binding of immunoglobulin (Ig) to Fc gamma receptors (FcgR) at the immune cell surface is an important step to initiate immunological defense against malaria. However, polymorphisms in receptors and/or constant regions of the IgG heavy chains may modulate this binding. Here, we investigated whether polymorphisms located in FcgR and constant regions of the heavy chain of IgG are associated with susceptibility to P. falciparum malaria. For this purpose, a clinical and parasitological follow-up on malaria was conducted among 656 infants in southern Benin. G3m allotypes (from total IgG3) were determined by a serological method of hemagglutination inhibition. FcgRIIA 131R/H and FcgRIIIA 176F/V genotypes were determined using the TaqMan method and FcgRIIIB NA1/NA2 genotypes were assessed by polymerase chain reaction using allele-specific primers. Association analyses between the number of malaria infections during the follow-up and polymorphisms in IgG G3m allotypes and FcgR were studied independently by zero inflated binomial negative regression. The influence of combinations of G3m allotypes and FcgRIIA/FcgRIIIA/FcgRIIIB polymorphisms on the number of P. falciparum infections, and their potential interaction with environmental exposure to malaria was assessed by using the generalized multifactor dimensionality reduction (GMDR) method. Results showed that individual carriage of G3m24 single allotype and of G3m5,6,10,11,13,14,24 phenotype was independently associated with a high risk of malaria infection. A risk effect for G3m6 was observed only under high environmental exposure. FcgRIIIA 176VV single genotype and combined carriage of FcgRIIA 131RH/FcgRIIIA 176VV/FcgRIIIB NA1NA2, FcgRIIA 131HH/FcgRIIIA 176FF/FcgRIIIB NA1NA1, FcgRIIA 131HH/FcgRIIIA 176VV/FcgRIIIB NA2NA2 and FcgRIIA 131HH/FcgRIIIA 176VV/FcgRIIIB NA1NA2 genotypes were related to a high number of malaria infections. The risk was accentuated for FcgRIIIA 176VV when considering the influence of environmental exposure to malaria. Finally, the GMDR analysis including environmental exposure showed strengthened associations with a malaria risk when FcgRIIA/FcgRIIIA/FcgRIIIB genotypes were combined to G3m5,6,11,24 and G3m5,6,10,11,13,15,24 phenotypes or G3m10 and G3m13 single allotypes. Our results highlight the relevance of studying IgG heavy chain and FcgR polymorphisms, independently as well as in combination, in relation to the individual susceptibility to P. falciparum infection. The intensity of individual exposure to mosquito bites was demonstrated to impact the relationships found.
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Introduction

Malaria remains the most lethal parasitic disease in the world. According to the latest world malaria report in 2019, 228 million estimated cases of malaria occurred in 2018 while the estimated number of deaths remained a concern, 429 000 in 2017 and 405 000 in 2018 (1). Data for the 2015–2018 period highlight that no significant progress in reducing global malaria cases was made. Therefore, it seems urgent to identify new targets and new tools to fight the disease.

The pioneering work of Cohen et al. in 1960 demonstrated that IgG from malaria immune Gambian adults contributed to diminish the P. falciparum parasitemia when transferred to non-immune African infected children (2). Since then, there has been an increased interest in exploring the role of IgG in malaria immunity. Namely, the same experimentation was made with IgG from malaria immune African adults passively transferred to Thai patients, demonstrating that efficacy was independent of the type of infecting isolate (3). Further studies established that firstly, cytophilic IgG1 and IgG3 isotypes were mostly associated with P. falciparum malaria protection (4–6) including protection of the newborn partly conferred by transplacental transfer of malaria-specific IgG3 (7). Secondly, they showed that it was crucial to investigate the functionality, and not only the levels of IgG directed to asexual stages of P. falciparum when evaluating malaria protection parameters (8).

IgG can act on P. falciparum in two ways: directly by agglutinating the parasites and therefore preventing their reinvasion of red blood cells and indirectly by binding to Fc gamma receptors (FcgR) expressed at the surface of immune cells such as monocytes, macrophages, or neutrophils (9). This fixation triggers cell activation signals and immune response (opsonization, phagocytosis, reactive oxygen species-ROS, and nitric oxide-NO production). FcgR are important in providing a significant link between the humoral and cellular immunity by bridging the interaction between specific antibodies and effector cells. Nevertheless, genetic variability in constant regions of IgG heavy chains (10) and in FcgR (11) could modulate the susceptibility to malaria infections.

Indeed, most of the interactions between FcgR and IgG involve constant regions (CH1, CH2, and CH3) of the heavy IgG chains. Allelic variations found in the CH1, CH2, and CH3 IgG chains can lead to variations in the amino acid sequences of IgG subclasses and therefore in their efficiency to bind to their receptors. These amino acid changes are responsible for antigenic determinants named human immunoglobulin Gm (gamma markers) allotypes. There are four allotypes for IgG1 in the CH1 and CH3 constant domains called G1m [1, 2, 3, 17], one allotype for IgG2 in the CH2 constant domain called G2m23 and thirteen allotypes for IgG3 in the CH2 and CH3 constant domains called G3m [5, 6, 10, 11, 13, 14, 15, 16, 21, 24, 26, 27, 28] (12, 13). The most polymorphic G3m allotypes are distinguished by variations on nine amino acids (13, 14). Gm allotypes, which are inherited in fixed combinations called haplotypes, vary qualitatively and quantitatively according to human population groups (15).

Facer (16) was the first author to highlight the relationship between Gm allotypes and malaria. She showed, in a sample of Gambian children with past or acute P. falciparum malaria, a preferential expression of G3m10, G3m11, and G3m14 allotypes associated with a risk of anemia (16). According to Pandey et al. (17), G3m6 carrying haplotypes may explain the difference in susceptibility to malaria infection between the Fulani and Masaleit ethnic groups in Sudan. Indeed, a lower frequency of G3m6 in Fulani was associated with a lower parasitamia compared to Masaleit. Migot-Nabias et al. (10) demonstrated the existence of an inverse relationship between the carriage of the Gm5,6,13,14; 1,17 phenotype (G3m; G1m) and the presence of uncomplicated malaria in Benin, while for Giha et al. (18) the Gm5,6,13,14; 1,17 phenotype was associated with a higher incidence of malaria in Sudan. Finally, Pandey et al. (19) showed that the carriage of Gm5,13,14; 3; 23 phenotype (G3m; G1m; G2m) was associated with a high level of IgG1 to P. vivax PvMSP1-19 and PvAMA-1 antigens, response considered as protective against malaria.

The FcgRs are key components of the immune response, by operating on activation and modulation of the pro-inflammatory and cytotoxic pathways, by influencing the number of white blood cells as well as the transport of circulating antibodies (20, 21). In the family of FcgR receptors, FcgRIIA, FcgRIIIA, and FcgRIIIB appear to play an important role in malaria susceptibility.

FcgRIIA initiates endocytosis, phagocytosis, and the release of inflammatory mediators. There are two variants for FcgRIIA, 131R (Arginine) and 131H (Histidine) firstly described according to their IgG2 binding efficiency, which is more affine for the 131H variant (22). Binding affinity for IgG is more important for IgG3 and IgG1 than for IgG4 and IgG2 (23). Ouma et al. (24) showed that 131R homozygosity confers protection against high parasite densities in contrast to 131H homozygosity.

FcgRIIIA receptor plays an important role in phagocytosis and degranulation and presents two allotypes variants consisting in either F (Phenylalanine) or V (Valine) in position 176, the 176V variant offering a better affinity for IgG1 (25).

FcgRIIIB is a C-terminus linked glycosylphosphatidylinositol (GPI) receptor expressed at the surface of neutrophils and eosinophils. A strong affinity for IgG1 and IgG3 was described (11). The FcgRIIIB presents a polymorphism named NA1/NA2 that refers to neutrophil antigen (NA) 1 and 2 forms which differ in amino acids at positions 65 and 82 in two extra-glycosylation sites (11, 26, 27). The FcgRIIIB NA1 form is capable of better ingestion of IgG1 or IgG3 opsonized particles than the NA2 form (28). The FcgRIIA and FcgRIIIB receptors play an important role in phagocytosis and degranulation. Indeed, in order of decreasing affinity, we have for FcgRIIA, IgG3 > IgG1 > IgG2 = IgG4, for FcgRIIIA, IgG3 > IgG1 >> IgG4 > IgG2 while FcgRIIIB binds generally IgG1 and IgG3 and not IgG2 and IgG4 (23).

Various studies have investigated the relationships between polymorphisms in FcgRIIA, FcgRIIIA, and FcgRIIIB receptors and malaria immunity. Omi et al. (29) showed an association between the FcgRIIIB NA2 allele and an increased susceptibility to cerebral malaria in Thailand. Those results were strengthened by the study of Adu et al. (30) which described an association between FcgRIIIB NA2 allele and a higher risk of malaria infection. Moreover, the authors showed that the FcgRIIA 131R allele was associated with protection against malaria. The presence of the FcgRIIA 131RH heterozygous polymorphism was associated with malaria protection in some studies (31, 32) while for Maiga et al. (33), a marginal protective effect on parasitemia was observed in a Fulani group from Mali harboring the 131RR genotype. Munde et al. (11) demonstrated that the FcgRIIA 131R-FcgRIIIA 176F-FcgRIIIB NA2 haplotype was important in conditioning susceptibility to malaria anemia (or increased levels of circulating parasites) in West Kenya. Ouma et al. (34) reinforced the results obtained from independent analysis of FcgR (31, 32) by showing a negative association between the FcgRIIA 131H-FcgRIIIB NA1 haplotype and severe malaria anemia and a positive one when considering the FcgRIIA 131H-FcgRIIIB NA2 haplotype.

As presented above, the individual susceptibility to malaria has yet been related to polymorphisms located either in the constant domains of the IgG heavy chain or in several FcgR, considered independently. We can hypothesize that the anchoring of IgG on its cellular receptors can be favored according to the respective variants on both sides. For this purpose, the present study investigated the combination of polymorphisms at both IgG constant domains and FcgR with the aim to evaluate their joint impact on susceptibility to P. falciparum malaria. More precisely, the relationships between FcgRIIA 131R/H, FcgRIIIA 176 F/V, FcgRIIIB NA1/NA2, Gm allotypes, and malaria phenotypes were determined in a cohort of Beninese infants.



Methods


Study Area and Design

The study was conducted in three health centers from the district of Tori Bossito located in southwest Benin, where 656 infants were included at birth (35) and 567 of them followed up from birth to 18 months of age (36). Health workers performed an active follow-up of these infants. It consisted of scheduled home visits every week to detect fever. In case of axillary temperature higher than 37.5°C, a questionnaire was fulfilled and both a Plasmodium rapid diagnostic test (RDT) and a thick blood smear examination (TBS) by optical microscopy were performed.

A symptomatic malaria infection was defined by the combined presence of an axillary temperature >37.5°C and a positive RDT and/or a positive TBS. In this case, an antimalarial treatment was administered according to the national guidelines that were applied at the time of the study. It consisted in an artemisinin-based combination therapy (artemether and lumefantrine). TBS were also performed every month to detect asymptomatic malaria infections. In addition, mothers were invited to bring their infants to the health center, at any time, in case of fever (suspected by the mother) or clinical signs, whether or not they were related to malaria, and the same protocol was applied.

Venous blood samples were collected quarterly for hematological and immunological measurements. Venous blood was centrifuged for plasma isolation, and genomic DNA extraction was performed from buffy coat using the QIAamp® DNA blood Mini Kit (QIAGEN) according to the manufacturer’s instructions.

To assess the environmental risk of malaria exposure, environmental (information on house characteristics and its immediate surrounding) and geographical data (satellite images, soil type, watercourse nearby, vegetation index, rainfall) were recorded. Throughout the study, every 6 weeks, human landing catches were performed in several points of the villages to evaluate spatial and temporal variations of Anopheles density. Altogether, these data allowed modeling, for each child included in the follow-up, an individual risk of exposure to Anopheles bites by means of a space- and time-dependent variable (37).



IgG Gm Allotypes

The Gm allotype determination was performed for 501 infants (all singletons) for whom a sufficient quantity of plasma (200 µl) was available at 15 months of age. Indeed, plasma samples collected earlier in the follow-up (3, 6, 9, and 12 months) were not suitable for this determination due 1) to a possible presence of IgG from maternal origin bearing their own Gm allotypes and 2) to an insufficient quantity of infant neo-synthesized IgG.

In order to guarantee a highly reliable result, Gm allotype determinations for infants were confirmed by means of their consistency (inheritance) with those of both biological parents. Thereby, Gm determinations of 71 infants were discarded due to the lack of either the paternal (n = 62) or the maternal sample (n = 9).

From the 430 residual samples for whom trios of Gm determinations could be constituted, inconsistent determinations within the father-mother-child trio were observed for 23 cases (5.3%), leading to Gm data for 407 infants that were retained for further analysis.

G1m [1, 2, 3, 17] and G3m [5, 6, 10, 11, 13, 14, 15, 16, 21, 24, 28] allotypes were determined in plasma samples by a standard hemagglutination inhibition method (38). All infants carried the G1m1,17 allele. Considering G3m allotypes, no child presented G3m16 or G3m21, both on the CH2 domain, and absent in populations of sub-Saharan Africa (13). Similarly, due to the uncertain location of the Gm28 allotype on either IgG1 or IgG3 sub-classes among sub-Saharan Africans (13), this allotype was discarded from the analysis. Therefore, the differentiation of infants was based on the remaining G3m allotypes combined into four G3m alleles mostly encountered in Africa, that are G3m5,10,11,13,14, G3m5,6,11,24, G3m5,6,10,11,14, and G3m10,11,13,15 (13, 15). The homozygous or heterozygous carriage of these alleles led to the ten following possible G3m phenotypes: G3m5,10,11,13,14; G3m5,6,10,11,14; G3m5,6,10,11,13,14; G3m5,6,11,24; G3m5,6,10,11,13,14,24; G3m5,6,10,11,14,24; G3m10,11,13,15; G3m5,10,11,13,14,15; G3m5,6,10,11,13,14,15; and G3m5,6,10,11,13,15,24.



FcgRIIA, FcgRIIIA, and FcgRIIIB Genotyping

Genomic DNA was available for 369 out of the 407 infants for whom Gm data were retained. Among these 369 infants, 368 Gm data were available, while all were genotyped for FcgRIIA, 365 for FcgRIIIA and 353 for FcgRIIIB. However, multivariate models using the four complete FcgR polymorphisms and G3m phenotypes determinations were done on 350 infants.


FcgRIIA and FcgRIIIA Genotyping

Single nucleotide polymorphisms (SNP) corresponding to FcgRIIA rs1801274 and FcgRIIIA rs396991 were genotyped by the Applied Biosystems TaqMan SNP Genotyping Assay using predesigned primer/probe sets (C_9077561_20 and C_25815666_10). PCR was performed using the 7900HT Real-time PCR System (Applied Biosystems) according to the following conditions: one cycle at 92°C for 10 min, 40 cycles at 92°C for 15 s, and 60°C for 60 s. The results were then analyzed using the SDS software.



FcgRIIIB Genotyping

Two different PCR were performed for the detection of FcgRIIIB NA1 and NA2 alleles, using allele-specific oligonucleotides described previously by Hans and Mehta (39). Regarding NA1, the 5’-CAG TGG TTT CAC AAT GTG AA-3’ (forward) and 5’ CAT GGA CTT CTA GCT GCA CCG 3’ (reverse) primers were used to amplify a DNA fragment of 142 pb. Genomic DNA (100 ng) was added to the reaction mixture containing 100 µM MgCl2, 1X buffer solution, 16 μM dNTPs, 2.8 µM sense and antisense primers and 0.5 unit of Taq polymerase. PCR reaction conditions included 1 cycle at 95°C for 5min, followed by 30 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s. For NA2, the 5’-CTTC AAT GGT ACA GCG TGC TT-3’ (forward) and 5’-CTG TAC TCT CCA CTG TCG TT-3’ (reverse) primers were used to amplify a DNA sequence of 169 pb. Genomic DNA (100 ng) was added to the reaction mixture containing 45 µM MgCl2, 1X buffer solution, 16 μM dNTPs, 1.39 µM sense and antisense primers, and 0.5 unit of Taq polymerase. PCR reaction conditions included one cycle at 95°C for 5min, followed by 30 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 45 s. The products of 142 pb and 169 pb were revealed on a 2% agarose gel.




Statistical Analysis

The clinical phenotype of interest was the number of P. falciparum infections per individual during the follow-up. No discrimination was made between symptomatic and asymptomatic infections since the total of symptomatic infections was greater than that of asymptomatic infections (597 versus 200 out of 797 infections) and there were more infants presenting only symptomatic infections (n = 153) than infants presenting only asymptomatic infections (n = 14).

The Chi-square test was used to examine differences between proportions and the Mann-Whitney U-test was used for comparisons of demographic and clinical characteristics between groups. The genotypic frequencies of FcgRIIA 131R/H, FcgRIIIA 176F/V and FcgRIIIB NA1/NA2 were tested for Hardy-Weinberg equilibrium (HWE).

First, association analyses between the number of malaria infections during the 18-month follow-up and polymorphisms in FcgR and IgG G3m allotypes were studied by zero-inflated binomial negative regression with adjustment on covariates (age of mothers in years and of infants in months, number of antenatal visits, bednet use, birthweight, and environmental exposure). Environmental exposure was categorized into low versus high exposure, taking the median as the threshold value. Univariate analyzes on each of the covariates were made and only those with a P value < 0.20 in the univariate model were included in the final multivariate model.

The statistical analysis was carried out using the Stata software version 13.

Finally, to evaluate the influence of combinations of G3m allotypes, FcgRIIA, FcgRIIIA, and FcgRIIIB polymorphisms on the number of P. falciparum infections during the follow-up, and their potential interaction with mosquito exposure, we performed multivariate analyses by using the generalized multifactor dimensionality reduction (GMDR) method (40). This non-parametric and genetic model-free approach overcomes some of the limitations of the traditional statistical methods (i.e. sample size limitation) to detect and characterize gene-gene and gene-environment interactions. GMDR is very similar to the original MDR method. However, instead of using the counts of individuals, the GMDR method uses a residual-based score in order to classify the individuals, thus allowing adjustment for discrete and continuous covariates.

Since the GMDR software requires a complete dataset with no missing values for analysis, we removed individuals with missing genotype data for at least two polymorphisms and those with unknown number of antenatal visits (n = 21). The remaining missing data for FcgR polymorphisms were imputed using the R package MICE (Multivariate Imputation by Chained Equations) (41), a multivariate imputation approach that takes into consideration patterns in the data such as linkage disequilibrium.

We performed an exhaustive search of all possible genotype combinations of one to four polymorphisms among those studied (G3m allotypes, FcgRIIA 131R/H, FcgRIIIA 176F/V, and FcgRIIIB NA1/NA2), and model selection and evaluation was carried out using ten-fold cross-validation. Briefly, a GMDR model was developed using 9/10th of the data and a classification error was estimated from this training set. Then, cross-validation methods were used to estimate the prediction error of the selected GMDR model using 1/10th of the data as evaluation data. This procedure was repeated for each of the ten pieces of the data and the classification and prediction errors were averaged across all ten runs. Two parameters were used to evaluate the best models: (a) the testing balanced accuracy (TBA), which is a measure of the degree of accuracy to which the selected interaction correctly predicts the number of malaria infections in the testing sets (value averaged across all ten sets), with 1.00 indicating perfect prediction, and (b) the cross-validation consistency (CVC), which indicates how many times a set of loci is identified across the cross-validation subsets.

Besides TBA and CVC statistics, GMDR also provides a measure of the significance of the identified model, the signal test, a robust nonparametric test implemented in this extension to MDR (40). The model with the highest TBA, the maximum CVC score, and 0.05 or lower P value derived from the sign test was considered as the best model.

In the first round of analysis, the environmental variable quantifying mosquito exposure at individual level was included as a covariate in the GMDR models as well as the following variables: mother and child ages, bednet use, and number of antenatal visits. In the second round of analysis, this environmental variable was tested for its interaction with the gene polymorphisms to detect gene-environment interactions (only four covariates in the GMDR models).

A linear regression analysis was performed for the significant models found in the GMDR analysis to estimate the effect of the combinations on malaria infections.



Ethics

The University of Abomey-Calavi’s institutional review board and the IRD’s Consultative Ethics Committee approved the study protocol. All women in this study signed an informed consent before enrollment (which also included their infants) with the possibility to withdraw at any time.




Results


Participants Characteristics

As presented in Table 1, the study was conducted in a sample of Beninese infants presenting malaria infections (n = 260, 70%) or not (n = 109, 30%). The number of infants who had symptomatic and asymptomatic infections during the follow-up was respectively 245 and 106. A majority of infants presenting malaria infections had less than four infections (n = 201, 77.3%), 51 infants (19.6%) had between five and eight infections and eight infants (3.1%) had more than eight infections during the follow-up.


Table 1 | Characteristics of the 369 study participants.



Infants belonged mostly to the Tori ethnic group and no difference appeared between ethnic groups regarding malaria infection (P = 0.156). There were almost as many girls as boys and infants distributed equally in P. falciparum infected and non-infected groups (P = 0.842).

Interestingly, infants from the non-infected group were younger (P < 0.001), had more bednet use (P = 0.023), and were less exposed to mosquitoes (P = 0.048) and their mothers were older (P = 0.001) than infants from the P. falciparum infected group.



G3m Allotypes and Malaria Infection


Distribution of G3m Phenotypes in the Study Group

Nine G3m phenotypes were observed in the study population, among which six presented a frequency above 5% and were G3m5,10,11,13,14 (n = 110, 29.9%), G3m5,6,10,11,13,14,24 (n = 106, 28.8%), G3m5,6,10,11,13,14 (n = 49, 13.3%), G3m5,10,11,13,14,15 (n = 41, 11.1%), G3m5,6,11,24 (n = 26, 7.1%), and G3m5,6,10,11,13,15,24 (n = 19, 5.2%) (Figure 1). The three remaining combinations were G3m5,6,10,11,13,14,15 (n = 8, 2.2%), G3m5,6,10,11,14 (n = 8, 2.2%), and G3m5,6,10,11,14,24 (n = 1, 0.3%).




Figure 1 | Distribution of G3m phenotypes in the study group.





G3m Allotypes and Malaria Infections

Carriage of G3m allotypes both in single form and in combinations was analyzed through a zero-inflated binomial regression model in order to explain the number of malaria infections per infant during the follow-up. We introduced a term of interaction between the genetic and the environmental variables in the model in order to explore the potential effect of G3m allotypes varying according to the intensity of individual exposure to mosquito bites.


Association Between G3m Allotypes and Malaria Infections

The six most prevalent G3m phenotypes (frequency above 5%) were analyzed.

Only G3m5,6,10,11,13,14,24 was associated with a greater risk of malaria infections (n = 106, IRR = 1.295, 95% CI = 1.093;1.535, P = 0.003, Table 2).


Table 2 | Association between G3m allotypes and malaria infections.



The analysis of the carriage of single G3m6, G3m10, G3m13, G3m14, G3m15 and G3m24 allotypes showed that G3m24 is associated with an increased risk of malaria infections (n = 152, IRR = 1.195, 95% CI = 1.016;1.406, P = 0.031, Table 2).

To explore the potential role of environmental exposure on this effect, we introduced an interaction term in the analyses.



Interaction Between G3m Allotypes—Environmental Exposure and Malaria Infections

Table 3 confirmed that under conditions of high level of environmental exposure to mosquito bites, G3m5,6,10,11,13,14,24 is associated with an increased risk of malaria infection (n = 56, IRR = 1.648, 95% CI = 1.312;2.070, P < 0.001) as well as the carriage of G3m6 (n = 116, IRR = 1.350, 95% CI = 1.059;1.720, P = 0.015) and of G3m24 (n = 78, IRR = 1.479, 95% CI = 1.183;1.850, P = 0.001).


Table 3 | Interaction between G3m allotypes—environmental exposure and malaria infections.







FcgRIIA 131R/H, FcgRIIIA 176 F/V, and FcgRIIIB NA1/NA2 Polymorphisms


Distribution of FcgR Polymorphisms in the Study Group

The observed distribution of FcgRIIA 131R/H and FcgRIIIA 176F/V genotypes in the whole study group showed consistency with HWE (both P > 0.10). The FcgRIIIB NA1/NA2 genotype distribution revealed significant deviation from HWE expectations which was also observed by Munde et al. (11) (P < 0.001, Table 4).


Table 4 | Distribution of FcgR genotypes in the study group.





FcgR Polymorphisms and Malaria Infections

Association between FcgRIIA 131R/H, FcgRIIIA 176F/V, and FcgRIIIB NA1/NA2 polymorphisms and the number of malaria infections was determined using zero-inflated binomial regression models (with and without the interaction between the genetic and environmental variables).


Association Between FcgR Polymorphisms and Malaria Infections

We determined if individual FcgR polymorphisms were associated with malaria infections (Table 5). None of the FcgRIIA 131RH, 131RR, nor 131HH genotypes was associated with the number of malaria infections. However, infants carrying FcgRIIIA 176VV compared to FcgRIIIA 176FF had a higher risk of infection (n = 35, IRR = 1.344, 95% CI = 0.303;3.308, P = 0.035) while the FcgRIIIB NA1NA2 was associated with a lower number of infections compared to NA2NA2 (n = 131, IRR = 0.812, 95% CI = 0.670;0.985, P = 0.035).


Table 5 | Association between each FcgRIIA, FcgRIIIA, and FcgRIIIB genotype and malaria infections.



Finally, we analyzed the influence of FcgRIIA/RIIIA/RIIIB genotype combinations on the occurrence of malaria infections. The distribution of these combinations is shown in Figure 2, where 25 out of the 27 possible combinations are present in the study group, the three most prevalent of them being 131RH/176FV/NA2NA2 (10.6%), 131RH/176FV/NA1NA1 (9.1%), and 131RH/176FF/NA1NA1 (8.9%). No individual presented the 131RR/176VV/NA1NA1 and 131RR/176VV/NA2NA2 genotype combinations. Compared to the reference 131RR/176FF/NA2NA2, a higher risk of malaria infection was found for carriers of the following genotype combinations: 131RH/176VV/NA1NA2 (n = 4, IRR = 2.035, 95% CI = 1.126;3.677, P = 0.019), 131HH/176VV/NA1NA2 (n = 9, IRR = 1.842, 95% CI = 1.016;3.339, P = 0.044), 131HH/176VV/NA2NA2 (n = 5, IRR = 1.933, 95% CI =1.087;3.437, P = 0.025) and 131HH/176FF/NA1NA1 (n = 7, IRR = 2.110, 95% CI = 1.039;4.283, P = 0.039) (Table 6). To explore the potential role of environmental exposure on this effect, we introduced an interaction term in the analyses.




Figure 2 | Distribution of FcgRIIA/FcgRIIIA/FcgRIIIB phenotypes in the study group.




Table 6 | Association between FcgRIIA/FcgRIIIA/FcgRIIIB combined genotypes and malaria infections.





Interaction Between FcgR Polymorphisms—Environmental Exposure and Malaria Infections

Results confirmed the higher risk of infection associated with FcgRIIIA 176VV compared to 176FF when exposed to high levels of mosquito bites (n = 17, IRR = 1.722, 95% CI = 1.213;2.445, P = 0.002). A similar pattern, barely significant, was observed for infants carrying FcgRIIIB NA2NA2 compared to FcgRIIIB NA1NA1 (n = 51, IRR = 1.372, 95% CI = 0.998;1.885, P = 0.051) (Table 7).


Table 7 | Interaction between FcgRIIA, FcgRIIIA, and FcgRIIIB genotypes—environmental exposure and malaria infections.



The analysis of the interaction between FcgRIIA/RIIIA/RIIIB combined genotypes and environmental exposure showed that infants carrying 131RH/176FV/NA1NA2 compared to 131RR/176FF/NA2NA2 have a trend towards a lower number of infections when exposed to low environmental risk levels (n = 13, IRR = 0.445, 95% CI = 0.194;1.017, P = 0.055). However, compared to the same reference, the carriage of 131HH/176FF/NA1NA1 was associated with a trend towards a higher risk of infection when exposed to low levels of exposure (n = 2, IRR = 2.622, 95% CI = 0.978;7.029, P = 0.055) (Table 8).


Table 8 | Interaction between FcgRIIA/RIIIA/RIIIB combined genotypes—environmental exposure and malaria infections.







Detection of Gene-Gene and Gene-Environment Interactions by Generalized Multifactor Dimensionality Reduction (GMDR)

GMDR was used to screen the potential interactions among G3m and FcgR polymorphisms and to evaluate the impact of gene-exposure interaction on the risk of malaria infection.

Among all possible one- to four-locus models evaluated by the GMDR method, none reached the cut-off significance level of 0.05 when mosquito exposure was included as a covariate in the GMDR models, along with mother and child age, bednet use, and number of antenatal visits (data not shown). In contrast, when the exposure variable was combined with G3m and FcgR polymorphisms to detect potential gene-environment interactions, several models displayed significant results (Table 9).


Table 9 | Association between FcgR polymorphisms, G3m phenotypes, and malaria infections: Results of the GMDR analysis when considering environmental exposure as an interaction variable.



The five-factor interaction model combining G3m, FcgRIIA, FcgRIIIA, FcgRIIIB polymorphisms, and mosquito exposure was the best model identified, with the maximum prediction accuracy of 62.70%, the maximum CV consistency of 10/10, and a sign test P-value of 0.001.

These results only hold for four G3m in single form and in combinations: G3m5,6,11,24, G3m5,6,10,11,13,15,24, G3m10, and G3m13. Models with lower prediction accuracies, though still significant, were obtained for G3m5,10,11,13,14,15 and G3m14 (TBA of 0.5602 and 0.6043, respectively; CVC = 10/10 and P = 0.011 for both). These results suggest significant gene-gene interactions between G3m and FcgR polymorphisms that are only revealed in an environment of high exposure to mosquito bites. The four-factor model including the three FcgR polymorphisms and mosquito exposure was the second best prediction model with a prediction accuracy of 60.82%, a maximum CV consistency of 10/10, and a sign test P-value of 0.001. The two-factor model involving the FcgRIIA 131R/H polymorphism and mosquito exposure (TBA of 0.604) reached an almost identical prediction accuracy.

We also conducted a linear regression analysis for the significant models associating G3m, FcgR and environmental exposure found in the GMDR analysis (Table 9, P in bold) in order to estimate the effect of such associations. GMDR analysis is based on linear regression. Therefore, using linear regression models was perfectly suited to quantify the effect detected by GMDR analysis. Consistent with the GMDR analysis, the linear regression models showed a higher risk of malaria infection in carriers of 131RR/176FF/NA2NA2/G3m5,6,11,24 and 131HH/176VV/NA1NA2/G3m5,6,10,11,13,15,24 combinations, when exposed to a high-risk environment (regression coefficient = 4.804, P = 0.032 and regression coefficient = 5.444, P = 0.015, respectively) (Supplementary Table 1). Linear models confirmed, also, a higher risk of malaria infection in carriers of G3m10 and G3m13 combined to 131HH/176FF/NA1NA1 in a low-risk environment with a regression coefficient of 6.160 (P = 0.039) and 6.248 (P = 0.044), respectively (Supplementary Table 2). The genotype combination 131HH/176FF/NA1NA1 indeed showed a trend towards a higher risk of infection in a low-risk environment (Table 8).




Discussion

We studied the combined impact of FcgRIIA, FcgRIIIA, and FcgRIIIB polymorphisms and IgG G3m allotypes on malaria susceptibility in early life in Benin. First, we studied separately the influence of IgG G3m allotypes and of FcgRs polymorphisms on the number of P. falciparum infections during an 18 months clinical and parasitological follow-up of newborns. Second, the influence of combined IgG G3m allotypes and FcgRs polymorphisms was assessed. We identified an increased risk of P. falciparum infection in infants carrying particular FcgRIIA 131R/H – FcgRIIIA 176F/V – FcgRIIIB NA1/NA2 genotypes combined to G3m5,6,11,24 or G3m5,6,10,11,13,15,24 phenotypes or to G3m10 or G3m13 single allotypes. These observations were reinforced by the application of two complementary statistical approaches (GMDR method and linear regression analysis), allowing to take into account the individual risk of exposure to malaria. Figure 3 presents a summary of the main results.




Figure 3 | Summary of the main findings of the study.



No diversity was observed among infants for the G1m allotypes, since all infants were G1m1 and G1m17 positive; therefore, the analysis focused on the G3m diversity present on IgG3. Our results showed an increased risk of malaria infections associated with the carriage of the G3m5,6,10,11,13,14,24 phenotype. It should be pointed out that the presence of G3m24 in this combination could play an important role as it was also associated with a higher risk to be infected by P. falciparum when considered as a single allotype. The risk effect of some allotypes was accentuated when infants were highly exposed to mosquito bites. For example, the effect of G3m6 appeared only when the interaction with the exposure variable was considered. These results suggest that the G3m6 effect is accentuated in conditions of high mosquito exposure and the risk associated with G3m5,6,10,11,13,14,24 could be linked to the presence of both G3m6 and G3m24.

The interactions observed between G3m allotypes and mosquito exposure could be related to the quantity of anti-malarial IgG3 that increased following repeated infections with P. falciparum. IgG3 antibodies were shown to be protective against malaria and they can act directly by limiting host cell invasion or indirectly via their Fc-mediated eﬀector functions (8, 42). Therefore, an increased level of IgG3 harboring specific G3m allotypes, in case of high mosquito exposure, could facilitate the identification of the risk effect linked to these characteristics. Of note, IgG allotypes were found to correlate with serum IgG levels (19, 43) but also with the switching between IgG isotypes suggesting that IgG allotypes may aﬀect the humoral antibody response. Moreover, it was recently demonstrated that allotypic variants within the IgG3 subclass substantially aﬀect FcgRIIIA binding and Antibody-Dependent Cellular Cytotoxicity (44). To our knowledge, no work has previously shown associations between Gm phenotypes comprising G3m24 or G3m24 alone with a higher risk of malaria infections, while G3m24 is prevalent among sub-Saharan African populations (45, 46). In contrast, Gm phenotypes including G3m6 have been already associated with malaria susceptibility (10, 17, 18). Indeed, the G3m5,6,13,14 phenotype was associated with a higher incidence of uncomplicated malaria (18). It is interesting to note that G3m6 allotype is rare among Fulani, who are less susceptible to malaria than other sympatric ethnic groups (17). However, we also demonstrated the existence of an inverse relationship between the carriage of the G3m5,6,13,14 phenotype and the presence of uncomplicated malaria (10) in the Fon ethnic group. Given that both polymorphisms in the IgG3 heavy chain gene and FcgR can influence the IgG binding on immunoglobulin Fc-receptors and impact immunity to malaria through ADCC, ADCI, or phagocytosis of malaria parasites, the interpretation of results coming from separate investigations of these distinct polymorphisms remains challenging.

FcgRs provide a crucial link between the humoral and cellular immune responses. Polymorphisms which alter the affinity of FcgRs in binding IgG subclasses have been described. In human, FcgRII and FcgRIII are known to bind IgG subclasses. Regarding FcgRIIA 131R/H polymorphisms, our results revealed no significant association with malaria infections whether or not the mosquito exposure factor was taken into account. On the other side, a malaria risk associated with the FcgRIIIA 176VV genotype was observed, which was strengthened in conditions of high exposure to mosquitoes. These results differed from those of Omi et al. (47) who found no relation between FcgRIIIA 176F/V polymorphism and the severity of malaria in Thai people (47) and of Munde et al. (11) who showed no relation between FcgRIIIA 176F/V and severe malarial anemia (SMA) (11). The differences in the size of the population groups, the ethnic origin and genetic diversity of the populations and the clinical definition of malaria used, may preclude a rigorous comparison between studies. In other cases, the FcgRIIIA 176V allele was identified as a genetic risk factor for the development of atopic diseases (48) or for generalized aggressive periodontitis (39). It has been shown that the 176V variant improved the FcgRIIIA affinity for IgG1 and IgG2 (49). Regarding our results, this same variant could be associated with a lower affinity to IgG3, thus reducing the effectiveness of the antimalarial response. Finally, our results showed an association between the FcgRIIIB NA1NA2 genotype and protection against malaria when compared to the carriage of NA2NA2, while in conditions of high mosquito exposure, the NA2NA2 genotype was associated with a higher risk compared to NA1NA1. The polymorphic expression of FcgRIIIB NA1/NA2 influences the phagocytic capacity of neutrophils and Salmon et al. (50) already showed a decreased phagocytosis in relation to NA2NA2 compared to NA1NA1 (50). In line with these results, other studies showed a risk for malaria (30) or cerebral malaria (29) associated with the carriage of the FcgRIIIB NA2 variant.

FcgR receptors act synergistically by crosslinking. The additive effects of the host FcgRIIA/FcgRIIIA/FcgRIIIB genotypes might impact the immune response to P. falciparum and therefore affect the outcome of the disease. This synergy function results in phagocytosis of immunoglobulin-opsonized immune complexes and in the stimulation of neutrophils degranulation, which leads to the production of reactive oxygen species (ROS). The absence in our study of relationship with malaria infection involving FcgRIIA/FcgRIIIA genotype combinations compared to FcgRIIA/FcgRIIIA/FcgRIIIB ones may reflect a particular synergy between FcgRIIA and FcgRIIIB receptors (Table 9). Indeed, it has been shown that FcgRIIA and FcgRIIIB can interact functionally to trigger neutrophils by means of an IgG mediated response (51–53). Moreover, FcgRIIA is considered essential for the induction of effector functions, and the abundance of FcgRIIIB can guarantee an effective interaction with IgG complexes (54). As already suggested, the HWE deviation observed for FcgRIIIB could be due to unidentified mutations likely resulting from disease-related evolutionary selection pressure exerted by P. falciparum and potentially by other infectious diseases occurring in the population (11).

It has been shown that FcgRIIA 131H contributes to an efficient binding to IgG2 and IgG3 as opposed to 131R (23) and also that IgG2 and IgG3 contribute to individual resistance to malaria (8). The 131H variant was found more prevalent in the Fulani people of Daraweesh, a village in eastern Sudan, who are less affected by clinical malaria (55). The same variant was associated with protection from malaria infection in Indian individuals at least 5 years old (56) and with protection against high parasitemia both in African and Asian people (31). However it was associated with a higher risk in a cohort of Gambian children less than 5 years (57). In comparison, the 131R variant has been shown to play a major role in ADRB (58, 59) and is associated with a low phagocytic activity and poor immune complex clearance (60). In genotype analysis, the higher risk associated with 131RH/176VV/NA1NA2, 131HH/176VV/NA2NA2, 131HH/176VV/NA1NA2 and 131HH/176FF/NA1NA1 carriage compared to 131RR/176FF/NA2NA2 may be explained by the presence of FcgRIIIA 176VV in the three first genotype combinations. Moreover, the joint presence of FcgRIIA 131H variant in all combinations is in line with results from some of the studies reported above, according to which this variant is less protective than the 131R one (57).

Since G3m and FcgR polymorphisms act individually on malaria infections, it is plausible that their combined polymorphisms act in synergy against malaria infections. This aspect has never been studied before and the MDR method was used to precisely explore it. The G3m5,6,11,24 – 131RR/176FF/NA2NA2 and G3m5,6,10,11,13,15,24 – 131HH/176VV/NA1NA2 combinations were the most significant G3m/FcgR ones associated with malaria (at risk according to the linear regressions) when taking into account the interaction with the environmental variable of exposure to mosquito bites, according to the GMDR analysis. This is particularly interesting in view of the preceding results, indicative of a cumulative risk linked to the double carriage of G3m6 and G3m24 joined to either FcgRIIIA 176VV or FcgRIIIB NA2NA2. Moreover, linear regression of these interactions showed high regression coefficients (4.804 and 5.444). Thus, these interactions are at risk under conditions of high exposure to mosquito bites because of the cumulative presence of G3m6 and G3m24 in one hand and of the FcgRIIIA 176VV and FcgRIIIB NA2NA2 genotypes in another hand. The malaria risk under conditions of low exposure involving G3m10 - FcgRIIA 131HH/FcgRIIIA 176FF/FcgRIIIB NA1NA1 and G3m13 - FcgRIIA 131HH/FcgRIIIA 176FF/FcgRIIIB NA1NA1 is interesting to note since at the individual level, G3m10 and G3m13 did not show any significant association. Thus, this result could reflect the fact that the effect found is only due to the influence of the FcgR association. Moreover, the linear regression showed that the FcgR associations concerned were defined at risk in the previous results.

The efficacy of IgG3 response can be explained by FcgR affinity but also by the nature of targeted antigens. High concentrations of AMA1, MSP1, MSP2-FC27, MSP3, GLURP-R2-specific IgG3 were found in infants able to control asymptomatic infections (61). Of course, other key antigens expressed during the different steps of the P. falciparum cycle life probably participate to the control of the parasite growth. Functional assays will clarify the mechanisms and antigens involved in malaria protection. These answers can probably also vary depending immune system cells. For example, FcgRIIIB is present on neutrophils and not monocytes, natural killers react more with FcgRIIIA compared to FcgRIIA, while monocytes and macrophages present both FcgRIIA and FcgRIIIA.

This study showed the importance of polymorphisms in both FcgR and IgG in the modulation of the risk of malaria infections in Beninese infants. It would then be interesting to look at the CNV (Copy Number Variations) of these polymorphisms and their influence on risk or protection against malaria. CNV are polymorphisms represented by DNA segments that differ among individuals due to suppression, insertion, inversion, duplication, or complex recombination (62). Recent studies have highlighted the relationship between CNV and disease: FcgRIIIB low CNV was associated with systemic lupus erythematosus risk (63) while for Chen et al. (64) a low FcgRIIIA CNV was positively associated with lupus and rheumatoid arthritis and a low FcgRIIIB CNV, with a risk of lupus but not rheumatoid arthritis (64). It would be interesting, thus, to explore the role of CNV in FcgR receptors in individual variation of malaria susceptibility.

In summary, the current study demonstrates that some combined G3m-FcgR polymorphisms are associated with a malaria risk and that this risk is even more pronounced in case of high mosquito exposure. The results highlight the relevance of studying combined IgG heavy chain/FcgR polymorphisms in relation to P. falciparum malaria as one or the other, or both, may influence the individual susceptibility to infection. Understanding the functional diversity within IgG subclasses may shed light on associations found with infectious diseases or auto-immune diseases and potentially initiate new strategies to improve therapeutic antibodies.
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Schistosomiasis remains the fourth most prevalent parasitic disease affecting over 200 million people worldwide. Control efforts have focussed on the disruption of the life cycle targeting the parasite, vector and human host. Parasite burdens are highly skewed, and the majority of eggs are shed into the environment by a minority of the infected population. Most morbidity results from hepatic fibrosis leading to portal hypertension and is not well-correlated with worm burden. Genetics as well as environmental factors may play a role in these skewed distributions and understanding the genetic risk factors for intensity of infection and morbidity may help improve control measures. In this review, we focus on how genetic factors may influence parasite load, hepatic fibrosis and portal hypertension. We found 28 studies on the genetics of human infection and 20 studies on the genetics of pathology in humans. S. mansoni and S. haematobium infection intensity have been showed to be controlled by a major quantitative trait locus SM1, on chromosome 5q31-q33 containing several genes involved in the Th2 immune response, and three other loci of smaller effect on chromosomes 1, 6, and 7. The most common pathology associated with schistosomiasis is hepatic and portal vein fibroses and the SM2 quantitative trait locus on chromosome six has been linked to intensity of fibrosis. Although there has been an emphasis on Th2 cytokines in candidate gene studies, we found that four of the five QTL regions contain Th17 pathway genes that have been included in schistosomiasis studies: IL17B and IL12B in SM1, IL17A and IL17F in 6p21-q2, IL6R in 1p21-q23 and IL22RA2 in SM2. The Th17 pathway is known to be involved in response to schistosome infection and hepatic fibrosis but variants in this pathway have not been tested for any effect on the regulation of these phenotypes. These should be priorities for future studies.

Keywords: schistosomiasis, fibrosis, Th17, intensity of infection, QTL, linkage


INTRODUCTION

Schistosomiasis is caused by digenic trematodes of the genus Schistosoma with Schistosoma mansoni and Schistosoma haematobium causing the majority of human infections. Adult parasites live in the veins around the gut and bladder and eggs are excreted in feces or urine and infect snails in fresh water. Parasite numbers are amplified in the snail intermediate host and human infective stages then emerge that can penetrate human skin when people enter the water. Schistosomiasis induces acute, severe, and chronic morbidity among those who are infected and can cause liver and bladder fibrosis and eventually bladder or colorectal cancer (1). Although exposure to water infested with the infective schistosome cercariae is the main risk factor for schistosomiasis there is considerable variation in infection intensity between people with similar exposures and schistosomiasis cases aggregate in families, some of this variation has been attributed to the genetics of the human immune response (2–4).

A review of the genetics of human susceptibility to schistosomiasis related fibrosis has been published recently (5), but there has been no review of the genetics of schistosome infection since 2008 (2).

A fundamental understanding of the genetics of schistosomiasis susceptibility and high worm load may contribute to rational design of interventions, including vaccines (6). For example, it has recently been shown that a set of 32 SNPs in 10 genes can predict susceptibility to severe hepatic disease among Brazilians with 63% sensitivity and 90% specificity (5). In the present review of the genetics of human susceptibility to schistosomiasis we focus on loci associated with egg/worm burden and hepatic fibrosis.

We therefore present an updated review of the genes and variants that have been found associated with schistosomiasis infection intensity and liver disease, together with a review of genes within QTL that could be prioritized for future analyses. We have excluded the HLA region since we have only identified one study of genes in this region since they were was last reviewed (7, 8).


Epidemiology and Treatment

The disease affects almost 240 million people, and 700 million are at risk of infection in 74 countries, the majority being in Africa, Asia and South America (9, 10). Between 3 and 56 million disability-adjusted life years (DALYs) are lost per annum and 280,000 deaths per annum have been attributed to effects of schistosomiasis (11–13). Approximately 85% of infections occur in sub-Saharan Africa and at least 90% of people requiring treatment for schistosomiasis live in Africa (14). Schistosomiasis can also be associated with chronic anemia, childhood growth stunting, protein calorie malnutrition, cognitive disability, and poor school performance (15–20).

Control of schistosomiasis has continued to rely mainly on mass drug administration (MDA) of school-aged children using the anti-schistosomal drug praziquantel (PZQ) (21, 22). Although this strategy has reduced morbidity, the impact on prevalence has been more limited, because praziquantel does not kill immature schistosomes (23, 24), coverage remains restricted and only school age children are routinely treated. Vaccines are in development but phase three trials have not been successful (25).



Immune Responses During Schistosome Infections

Immune responses to penetrating and migrating Schistosoma larvae (schistosomula) and maturing adults are predominantly Th1 (26). Excretory/secretory Schistosoma antigens damage host barrier cells which release alarmins, activate innate cells and induce proinflammatory cytokines (IL1B, IL6, IL17, TNF, and IFNG) (27). About 6 weeks after infection, Schistosoma eggs are deposited in tissues (the liver and the intestine or the bladder) and trigger an expansion of Th2 cells (28). Schistosoma egg antigens also directly bind receptors on antigen presenting cells inhibiting IL12 production and consequently Th1 responses (29). Th2 responses can also be induced independently of egg deposition as infection with single sex schistosomes induce pre-patent IL4 production by CD4 T cells (30). Schistosome specific Th2 responses are downmodulated in long-standing infections (31) and this is associated with a development of regulatory cells producing IL10 and transforming growth factor beta (TGFB). This not only allows the parasite to survive in the host and minimize host tissue damage but also modulates host immune responses to unrelated antigens including allergens, self-antigens, and vaccines.

Schistosome egg secretions are highly antigenic (31) and typically induce polarized granulomatous Th2 responses (32). Granulomas form around eggs lodged in tissues to protect tissue cells (33) but persistent host CD4 Th2 cell mediated responses to parasite eggs cause fibrosis (34). The pro-fibrotic Th2 cytokine IL13 is associated with periportal fibrosis in humans (35). Beyond Th2 cytokine responses, intensified hepatic granulomatous inflammation in S. mansoni infected mice is associated with high levels of IL17 and controlled by IFNG (36). In human schistosomiasis, IL17 producing CD4 T helper cells are associated with ultrasound textural abnormalities while T regulatory cells are associated with reductions in this pathology (37).



Phenotypes


Schistosomal Fecal Egg Count and Worm Burden

Studies of the human genetics of susceptibility to schistosomiasis have focussed on two classes of phenotype; infection associated phenotypes and pathology related phenotypes. Infection associated phenotypes are usually egg counts or worm burden estimates but sometimes total IgE as a marker of the immune response (38). Eggs counts are obtained by the Kato Katz (KK) method for S. mansoni and by urine filtration for S. haematobium and worm burdens are estimated by measuring the circulating cathodic antigen (CCA) in urine or circulating anodic antigen (CAA) in plasma (39) that are produced by adult worms.

Approximately 80% of the environmental egg burden from helminths including schistosomes, derives from ~20% of the cases (40). For example 22 out of 119 Kenyan school children had developed high S. mansoni egg burden (>100 eggs per gram of feces) 12 months after treatment, whilst 70 children still had low (<30 epg) egg burdens (41) and this effect was not correlated with the amount of water contact. This tendency for some people to develop high infections even after treatment has been attributed to variation in genetic risk (42).

Schistosome egg burdens are also highly skewed by age with egg burdens increasing up to the age of puberty and declining thereafter (43–46). A study in Brazil found that children under 19 had egg burdens that were over ten times higher than older adults (42). The higher intensity and frequency of infections in children may be due to the slow development of immunity to schistosomes. Possibly, the antigens that are exposed by dying worms cross react with larval antigens and stimulate a protective anti-larval IgE response. The long life span of adult worms (5–15 years) means that it takes many years for children to be exposed to sufficient dying worms to develop an IgE response to the larvae (47). High anti-parasite IgE levels have been associated with resistance and high specific IgG4 has been associated with susceptibility and it has been proposed that the ratio of these two immunoglobulins controls resistance to schistosomiasis (48–51).



Schistosomiasis Associated Hepatic and Periportal Fibrosis and Portal Vein Hypertension

Although schistosomes cause a wide range of symptoms and fibrotic lesions can form around egg granulomas in many tissues, the main indicator of S. mansoni and S. japonicum pathology is hepatic fibrosis (HF) and periportal fibrosis (PPF) (52). WHO guidelines provide scoring scales for HF and PPF (53) and both scales are used as phenotypes in genetic research (54). HF and PPF is caused by extracellular matrix forming around schistosome eggs. In the hepatic portal vein this can lead to portal hypertension (PH) (55, 56), ultimately, some patients with PH die of internal bleeding, superinfections, or heart or kidney failure. S. haematobium is associated with bladder cancer and S. mansoni may be associated with hepatocellular carcinoma (57) but genetic studies of the pathology of schistosomiasis have focussed almost exclusively on hepatic and periportal fibrosis and in this review all references to pathology are to these closely related conditions unless otherwise indicated. Fibrosis can be measured by ultra-sound scan, although there are concerns about the accuracy and reproducibility of ultrasound (58); additional markers and protocols for grading pathology are being developed but are not well-validated (59–61).





GENOME WIDE LINKAGE STUDIES DISCOVER SCHISTOSOMIASIS SUSCEPTIBILITY LOCI

The reviews of linkage and candidate gene studies of schistosomiasis are broken down into two sections by phenotype: (1) studies of infection status, which is usually determined by egg count in urine or feces and (2) studies of pathology which is mainly periportal fibrosis determined by ultra-sound. Relevant publications were identified by searching PubMed using the terms in Supplementary Table 1.


Heritability of Schistosomiasis Infection Risk

Heritability, the proportion of risk attributable to genetic variation, must be substantial to be detectable. A summary of heritability estimates for schistosomiasis are shown in Table 1. Studies in Brazil (62–64); Kenya (46); and China (65, 66) have each estimated similar proportions of the variance of S. mansoni egg count that are attributable to genetic variation, with additive heritability (h2) estimates of 23–31%. However, there were striking differences in the two estimates for heritability of infection with S. japonicum in China using variance components (VC) (0 & 58%) (Table 1), which have been discussed by others (2).


Table 1. Heritability estimates for genetic component of risk of schistosomiasis in different populations.
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Linkage Studies for Schistosoma Egg Count

The initial study of the genetics of human schistosomiasis used segregation analysis, which determines whether the distribution of the disease on family pedigrees is consistent with the presence of a major gene (3). This study demonstrated the presence of a major gene which was subsequently named SM1 and located on chromosome five by parametric linkage analysis (4). A major gene has alleles that cause a difference in phenotype between family members that is large enough to be able to categorize individuals as carriers or non-carriers on the basis of phenotype alone (67) and parametric linkage analysis requires estimates of the disease allele frequency and penetrance of the phenotype for the three possible genotypes.

The SM1 quantitative trait locus (QTL) on chromosome 5 5q31-q33 for S. mansoni fecal egg count was the first QTL to be mapped in humans for any infectious disease (Table 2, Figure 1) (4). The great success of this study was partially attributable to the very large effect size of the SM1 locus (66% of the variance after accounting for water contact, age and sex). This is in striking contrast to the very modest proportions of the variance explained by most loci identified by GWAS in which loci rarely explain more than 10% of the variance of the trait that is not attributable to covariates (96). Three further loci (1p22.2, 7q36 and 21q22–22-qter) had evidence of association and contained genes known to be involved in the response to schistosomes but did not achieve genome wide significance (68). A reanalysis of the same data controlling for SM1 genotype identified additional genome wide significant loci at 1p21-q23 and 6p21-q21 (Table 2, Figure 1) (69), since the effect of these loci was small in comparison to the effect of SM1, they were only identifiable when using SM1 genotype as a parameter of the model.


Table 2. Loci associated with S. mansoni infection discovered by linkage studies.
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FIGURE 1. Genes and quantitative trait loci associated with schistosomiasis plotted on a human karyotype. Blue lines indicate QTL, with reported −log p-value for association shown on the y axis. Genes containing SNP associated with schistosomiasis infection (Table 3) are shown in blue, genes associated with pathology (Table 4) are shown in red and genes associated with both pathology and infection are shown in black. Genes are arranged vertically on the plot for clarity and their position on the y axis is arbitrary.


A further study on a Senegalese population, by the same group that conducted the original study in Brazil, confirmed an association at the SM1 locus. However, the effect was not as strong and the association could only be demonstrated by non-parametric pedigree tests for an effect at the SM1 locus (70). Non-parametric analysis requires no prior knowledge of the disease allele frequency or the disease penetrance of the different genotypes.



Linkage Studies Identify QTL for Pathology That Are Independent of QTL for Parasite Burden

A study in Sudan found that 12% of the study population had moderate or advanced fibrosis and that half of these also had portal hypertension (97). A linkage study of four candidate gene regions in the same population identified a locus (SM2) on chromosome six near the interferon-gamma receptor (IFNGR1) associated with hepatic fibrosis (Table 2, Figure 1) (98). Fifty percentage of people with risk alleles at SM2 had some continuous thickening of periportal vein branches within 19 years of coming to live within the study area. IFNG is strongly anti-fibrogenic and polymorphisms in IFNGR1 could plausibly regulate fibrosis. No linkage was found with the SM1 locus suggesting that control of infection and pathology were independent. The SM2 locus at 6q22-q23 did not overlap either the HLA region on chromosome six or the 6p21-q21 region that was associated with S. mansoni worm burden in Brazil (69) (Table 2, Figure 1).

The SM2 locus was replicated in a linkage study of 11 candidate gene regions in Egypt where 32.7% of individuals 11 years and older had significant fibrosis and rs1327475 in IFNGR1 was significantly associated with severe PPF. In contrast to the earlier study in Sudan, this study found a weak association with the Th2 cytokine cluster (IL4, IL13) in SM1 (54), suggesting that worm burden does contribute to risk of pathology. There is evidence for a potentially protective role of a high IFNG response to schistosome infection, consistent with the anti-fibrogenic properties of IFNG [reviewed by Abath et al. (99)] and a SNP in IFNG has been associated with time to reinfection (Table 3) (72). Consequently, it appears that the variation in the IFNG system is involved in both the outcome of infection and pathology. Variation in IFNGR1 has only been shown to be involved in the development of pathology but it has yet to be tested in a candidate gene study for effect on infection response.


Table 3. SNP which have been found to be associated with schistosomiasis infection phenotypes in candidate gene studies.
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ANNOTATION OF GENES IN QTL REGIONS

Very few genes were known in the 5 QTL regions for schistosomiasis (Table 2) at the time that the QTL were discovered, and we are not aware of any attempts to identify the genes that are responsible for the QTL effect. Hundreds of genes are now known in these loci, each of which could potentially regulate the phenotype and we prepared a short list of the most likely candidates in each region. In order to discover which genes in each schistosomiasis QTL region might be involved in the response to schistosomiasis we used a custom Perl script to search PubMed with terms for schistosomiasis and each gene name and its aliases and obtained a count of the number of publications returned as detailed in Supplementary Table 4.

We assumed that the genes that are most likely to be the QTL genes will already have been shown to be involved in the response to schistosome infection. In order to identify these genes, we systematically searched PubMed for papers that included terms for schistosomiasis and each of the gene names in the 5 QTL regions in Table 2 or their synonyms (Supplementary Table 4). The genes that have been mentioned most frequently in the abstract of a paper that also mentions schistosomiasis and that are in one of the QTL are shown in Figure 2, Table 2. A complete list of all genes that are in the QTL and that have been studied in the context of schistosomiasis is in Supplementary Table 4. The number of papers shown in Figure 2 is an indicator of the genes most commonly associated with schistosomiasis in these regions. The genes with the largest literature were the Th2 cytokine genes originally identified by Marquet (4) in SM1 (IL3, IL4, IL5, IL9, and IL13), that each had between 17 and 511 publications associated with schistosomiasis. Only CSF1 and TRB (beta T cell receptor) were identified as candidate genes by the original authors in the 1p21-q23 and 7q35-q36 egg burden loci (69) and IFNGR1 was the candidate gene that was used for the linkage study at SM2 (98). The large literature on Th2 cytokines and schistosomiasis is expected given the important role of this pathway in response to egg antigens and the development of pathology. The Th2 cytokines in SM1 are therefore credible candidate genes at this locus.


[image: Figure 2]
FIGURE 2. Schistosomiasis QTL and numbers of publications mentioning each gene in each QTL regions. (A) SM1 region 5q31-q33; (B) 6p21-q21; (C) SM2 6q23-q24; (D) 1p21-q23. Negative log p-values for associations between markers and schistosomiasis are shown on the left-hand axis. Counts of publications which mention both schistosomiasis and genes in the QTL are shown by the blue columns and on a log scale on the right-hand y axis. Markers used in mapping are shown in red on the top axis (including genes used as markers). Genes for which there was only one publication are omitted for clarity and positions of genes and markers have been adjusted by up to 1Mb for clarity. Note the cluster of Th2 cytokine genes (IL3, IL4, IL5, IL9, IL13) in SM1 with large numbers of publications between 131 and 135 Mb but low LOD scores. However, in a reanalysis of the same data using weighted pairwise correlations the peak of the QTL shifted toward this cytokine cluster (69).


Our annotation of these QTL also revealed the presence of Th17 related genes in four of the five QTL: IL17B and IL12B in SM1, IL22RA2 in SM2, IL17A and IL17F in 6p21-q21 and IL6R in1p21-q23. Although IL12B (IL12p40) in SM1 is primarily known as a Th1 cytokine it is also a component of the hetero-dimeric IL23 cytokine which is important for Th17 maintenance and expansion (100) and IL6 is important in Th17 T helper cell differentiation (101). IL17 cytokines are involved in regulation of worm and egg burdens as well as the development of fibrosis and granuloma in response to eggs (102). The presence of Th17 related cytokines in four of the five QTL suggests that variation in this system may also contribute to variation in outcome of infection in addition to that caused by variation in the Th2 system.



CANDIDATE GENE STUDIES


Infection Status and Intensity

We have identified 28 candidate gene studies of Schistosoma infection or worm burden that reported associations between 24 loci in eleven candidate genes and seven different phenotypes (Table 3, Supplementary Tables 2, 3). The genes with associations were IFNG, IL10, IL13, IL4, IL5, STAT6, CTLA4, FCN2, COLECC11, ABO, and RNASE3. These genes were all chosen because their protein products were known to be involved in the response to infection. One study of MASP2 (103) and one on LTA (104) only reported negative results and are not included in Table 3. We have not attempted any formal meta-analysis since few loci were replicated and there were important differences in study design and data reporting in the studies of loci that were replicated, making any meta-analysis hard to interpret.

Schistosome eggs induce granulomatous Th2 responses (IL4, IL5, IL9, IL10, and IL13) (32) and antigen-specific IgG1, IgG4, and IgE (105). The SM1 region on chromosome five identified by Marquet et al. (4) (Figure 1) included the prototypical Th2 cytokines IL4, IL5, IL9, and IL13, these are strong candidates for the QTL gene(s) and SNP and all except IL9 have been found associated with schistosomiasis in candidate gene studies (Table 3). IL13 and IL4 regulate STAT6 expression which in turn regulates IgE class switching (106) and STAT6 variants are also associated with schistosomiasis (Table 3). IL13, IL4, IL5, and STAT6 are also involved in regulation of the Th2 response to schistosomiasis (72, 75, 77–80).

Th1 cytokines and IFNG in particular are involved in the resistance to the immature worms. Studies of mice and ex vivo human PBMC have shown that IFNG levels increase in response to schistosome antigens and are correlated with resistance or tolerance to infection (27, 107, 108) and a candidate gene study found an association between the IFNG SNP rs2430561 and time to reinfection (72). IL10 and CTLA4 downregulate immune responses in long standing infections (31). COLECC11 and FCN2 are involved in the innate immune response, they both bind to specific pathogen-associated molecular patterns (PAMPs) on the pathogen surface and stimulate the complement lectin cascade, thereby clearing the pathogens by opsonization (82, 83). ABO regulates blood group and a meta-analysis found evidence for a protective effect for blood group O (84). RNASE3 also known as eosinophil cationic protein (ECP) is a secretory protein of eosinophil granulocytes that efficiently kills the larval stage of S. mansoni (85).

The Ensembl Variant Effect Predictor was used to provide functional annotations for these variants (Supplementary Table 5). In the functional annotation only rs231775 in CTLA4 and rs20541 in IL13 were predicted to have an effect on function. Both of which were non-synonymous variants and were classified as risk factors by ClinVar (109), although SIFT (110), and Polyphen (111) predicted the effect of these SNP would be benign. Other SNP had no predicted effects on function, possibly because they are not functional but are linked to functional SNP nearby. However, the functional annotation cannot detect all functional variants and experimental work has shown that IL13 expression is regulated by rs1800925 (112). Further detailed studies will be required to determine which of the SNP are truly functional and which are not functional but still potentially useful markers for risk of schistosomiasis.



Pathology: Hepatic and Periportal Fibrosis

It has been noted since at least 1974 that the development of severe fibrosis is clustered in families and is not well-correlated with intensity of infection suggesting that the mechanisms regulating infection intensity and pathology are not closely coupled (5). We found 20 studies which identified associations with schistosomiasis related pathology at 46 candidate SNP or haplotypes in 21 genes outside the HLA complex (Table 4, Supplementary Table 2). Few of the studies applied any multiple testing corrections and 15 out of the 43 associations would not be significant after a Bonferroni correction (Table 4).


Table 4. SNP which have been found to be associated with schistosomiasis pathology related phenotypes in candidate gene studies.
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There are sixteen genes for which an effect has only been reported for fibrosis and not for infection: APOE, CCN2, HSPA5, IFNGR1, IL22RA2, MAPKAP1, IL1RL1, TNFA, mTOR, AKT2, TGFB1, TGFBR1, TGFBR2, ACVRL1, SMAD9, and SMAD3 (Tables 3, 4). Five genes have been associated with both fibrosis and intensity of infection (RNASE3, IL4, IL10, IFNGI, and IL13). Four genes were associated with fibrosis in more than one population: IFNGR1, IL22RA2, CCN2, and MAPKAP1 (Table 4), the two former genes are also in the SM2 QTL (55, 71, 86, 90, 93). Although these sixteen genes have not been tested for associations with infection status or intensity it is plausible that some of them are only associated with pathology. All of these genes except APOE and IL1RL1 have been associated with the regulation of fibrosis (Table 4) and variation in these may regulate risk of pathology irrespective of intensity of infection.

The Ensembl Variant Effect Predictor was used to provide functional annotations for the SNP in Table 4 (Supplementary Table 5). Two non-synonymous SNP in APOE (rs7412 and rs429358) were predicted by ClinVar to be a risk factor, pathogenic and involved in drug response (109), the rs7412 SNP was also predicted to be deleterious or damaging by SIFT (110) and Polyphen (111). A non-coding SNP in LTA (rs1800629) was predicted to be involved in drug response by ClinVar (109) and a non-coding SNP (rs1800872) in IL10 was predicted to be risk factor by ClinVar. Other SNP in Table 4 did not have functional annotations, and many may be marker SNP that are linked to functional variants rather than functional themselves.

A recent study found that just 32 SNPs could predict who gets severe hepatic fibrosis in Brazil with 63% sensitivity and 90% specificity (5). This review emphasized the importance of TGFB signaling pathway and IL22. TGFB is also involved in the differentiation of Th17 cells (113), and together with SMAD regulates Th17 in response to another worm infection Echinococus multilocularis (114) providing further justification for systematic investigation of the role of variants in the Th17 pathway in differences in response to infection. IL22 and IL17 are co-expressed by Th17 CD4+ T cells and polymorphisms have been associated with hepatic fibrosis in the IL22 receptor IL22RA2 (5, 90). IL22 also has protective effects on the intestinal epithelium against toxic bacterial products (5).



Associations With the HLA Region

The HLA region is associated with response to many communicable and non-communicable diseases. The importance of CD4+ T helper cells in the response to schistosomiasis, and the role of HLA class II alleles in recruiting these, suggests that variation in the HLA region may play an important role in control of schistosome infections. However, associations were not found in this region in the whole genome linkage scans either for worm burden or pathology (4, 68, 71).

Two reviews reported 17 and 18 studies, respectively, of associations of HLA markers with schistosomiasis induced PPF (7, 8), but surprisingly we could not find any studies of HLA genes and worm burden (Table 3, Supplementary Table 3). We have found only one study of genes in the HLA region and schistosomiasis that has been published in the 9 years since those reviews. A SNP in Major histocompatibility complex class I chain-related A (MICA) was associated with liver fibrosis in a Han Chinese population (76).

It has been emphasized that the problems of extensive linkage disequilibrium within the HLA region, the small sizes of the studies reviewed, the allelic diversity and large variations in allele frequencies between populations mean that these studies may not replicate in different populations and need further confirmation from larger studies (7). However, some alleles of HLA class II loci DQA1, DQB1 and DRB1 and HLA class I HLA-A and HLA-B were associated with PPF in a meta-analysis that combined evidence from 2 to 3 studies for each allele evaluated (8) and these associations may be robust.




DISCUSSION


Replication of Candidate Gene Studies for Infection

Few of the candidate gene studies shown in Tables 3, 4 applied correction for testing multiple SNPs and the 32 associations that would not remain significant after such a correction are indicated by asterisks. The lack of Bonferroni corrections suggests that some of these studies will not replicate and, for some of these loci, there are studies that have not replicated the association (Tables 3, 4), although this is often when using a different phenotype. Notably, half of these studies that did not replicate an association were at loci that were significant after a Bonferroni correction.

There are many instances of failures to replicate candidate gene studies. One review found that only 6 out of 166 associations replicated in more than 75% of studies, although 97 of the 166 associations (58%) were reproduced in at least one study (115). Failure to replicate can be due to the initial observation being due to random variation in allele frequencies between test and control samples (a type one error). However, genuine associations can fail to replicate because of linkage between the marker SNP and the functional SNP varying between populations, small study sizes, variable penetrance, population variation at modifier loci, (occult) population stratification within study populations or differences in allele frequencies between populations leading to type two errors. In addition, it is also possible for different SNP in the same gene to be most important in regulating a response in different populations or individuals (116). Therefore, most of these observations should be considered provisional until adequately powered meta-analyses can be conducted.

Associations with infection were replicated at two SNP (IL13 rs1800925; IL4 rs2243250), and both of these SNP and also the IL10 (−1082/−819/−592) haplotype were also found to be associated with pathology (Tables 3, 4), despite the studies using different phenotypes and in one case different parasite species. The IL13 rs1800925 SNP was associated with schistosomiasis in four infection related studies and one pathology study and all studies that included this SNP found an association with it, despite the association not being significant after a Bonferroni correction in any of these studies. The high level of replication at this SNP suggests that these associations may be robust despite the lack of significance in individual studies. Functional data also supports a role for rs1800925, which is in the promoter of IL13, and is associated with increased expression of IL13 from stimulated cells in vitro (112). Since IL13 regulates IgE levels via STAT6 (106), there is a plausible mechanism for a role for this SNP in response to infection, increasing the confidence that it is a genuine association. Although IL4 expression is also associated with IgE levels, the rs2243250 SNP is not (117), so its impact on intensity of infection must be via some other mechanism.



The Th17 Pathway Has Been Neglected in Schistosomiasis Association Studies

Since the Th2 pathway is the dominant response to helminth infections and is the main pathway for response to egg antigens (28, 30), genes in this pathway have been well-represented in association studies (Tables 3, 4) and these have confirmed the importance of variation in this pathway for outcome of infection. However, the Th1 and Th17 pathways are also important, particularly in the early stages of the infection (26, 29, 36, 37). Variants in IL17F and IL17RA have been found associated with cerebral malaria (118) and similar variation may contribute to the outcome of schistosome infection. Our annotation of QTL, with the genes that have published associations with schistosomiasis, revealed an excess of Th17 pathway genes in these QTL (Figures 1, 2). There have been no association studies to test candidate gene hypothesis for three out of the five QTL (Table 2) and there are Th17 genes in four of the five QTL (underlined in Table 2), which could be priorities for future association studies.

It is possible that variation in other Th17 pathway genes outside of the QTL also contribute to variation in response to infection. A KEGG pathway diagram of Th17 cell differentiation and a list of 108 genes in this pathway is shown in Supplementary Table 6. We have obtained a list of the 1,742,019 SNP in these genes from dbSNP and kept the 1,052 SNP that were predicted to be “pathogenic” by ClinVar, irrespective of minor allele frequency (Supplementary Table 7). We also kept SNP with minor allele frequency > 5% and that had any of the following functional classifications: splice acceptor variant, stop gained, initiator codon variant, stop lost, splice donor variant, missense variant, terminator codon variant, frameshift variant. This left a list of 2,701 SNP in the Th17 pathway which are most likely to have an effect on function and that could be priorities for further testing (Supplementary Table 7).



Which Are the Optimal Study Designs to Discover Susceptibility Loci?

Approaches for discovering susceptibility loci for parasitic infections have been reviewed previously (119). The major approaches are association studies in unrelated individuals and linkage studies within families, the merits of which have been evaluated by Abel and Dessein (120). We noted in this review that family based designs were the first to discover QTL loci in schistosomiasis (4), and these were followed up with considerable success by candidate gene studies in these QTL. Schistosomiasis affected communities are frequently geographical clusters of related individuals where case control studies can be confounded by cryptic relatedness. In contrast family-based association studies exploit this relatedness by estimating disequilibrium in transmission of alleles within families.

Schistosomiasis is also an excellent setting for family-based linkage studies of infection intensity because children are the most heavily infected; therefore, parents are often available for genotyping to create complete families, unlike adult onset diseases. However, it is more difficult to collect full families for complications of chronic schistosomiasis such as fibrosis that affect adults. Whole genome linkage studies have only been undertaken on two populations, one in Brazil and one in Senegal, further studies to identify loci regulating intensity of infection in additional populations should be undertaken and could enlarge our understanding of the mechanisms of response to infection. It has already been shown that 32 SNP can be used to identify those at highest risk of developing pathology after S. mansoni infection (5). If the 20% of the people that shed 80% of the eggs could also be identified they could be targeted for regular treatment which could dramatically reduce the number of eggs in the environment and the pressure of infection on the whole community.




CONCLUSION

Despite the remarkable success of the early linkage studies that identified major QTL loci, no further whole genome scans for association have been conducted and the QTL genes underlying these loci have not been definitively identified. All subsequent studies have been candidate gene linkage and association studies focussing on genes within the QTL regions SM1, SM2, and the Th2 pathway that are hypothesized to play a role in schistosomiasis progression. No candidate gene studies have attempted to identify QTL genes in three of the QTL for S. mansoni egg count (Table 2). This review has presented evidence that the Th17 pathway has been overlooked in studies of the genetics of schistosomiasis and should be prioritized in future investigations of susceptibility genes.

The rapid development of genotyping technologies makes large scale genomic studies easier than ever, provided that well-characterized samples can be obtained. The studies of Dessein et al. (86) on populations from China, Sudan and Brazil have demonstrated the value of replicating analyses in multiple populations and similar replication is needed for other candidate SNP and genes.
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Background

Tuberculosis (TB), an infectious disease caused by Mycobacterium tuberculosis, is a major public health concern. Chemokines and their receptors, such as RANTES, CXCR3, and CCR5, have been reported to play important roles in cell activation and migration in immune responses against TB infection.



Methods

To understand the correlations involving CCR5 gene variations, M. tuberculosis infection, and TB disease progression, a case-control study comprising 450 patients with TB and 306 healthy controls from a Chinese Han population was conducted, along with the detection of polymorphisms in the CCR5 promoter using a sequencing method.



Results

After adjustment for age and gender, the results of logistic analysis indicated that the frequency of rs2734648-G was significantly higher in the TB patient group (P = 0.002, OR = 1.38, 95% CI: 1.123–1.696); meanwhile, rs2734648-GG showed notable susceptibility to TB (P = 6.32E-06, OR = 2.173, 95% CI: 1.546–3.056 in a recessive model). The genotypic frequency of rs1799987 also varied between the TB and control groups (P = 0.008). In stratified analysis, rs2734648-GG significantly increased susceptibility to pulmonary TB in a recessive model (P < 0.0001, OR = 2.382, 95% CI: 1.663–3.413), and the rs2734648-G allele significantly increased susceptibility to TB recurrence in a dominant model (P = 0.0032, OR = 1.936, 95% CI: 1.221–3.068), whereas rs1799987-AA was associated with susceptibility to pulmonary TB (P = 0.0078, OR = 1.678, 95% CI: 1.141–2.495 in a recessive model) but not with extra-pulmonary TB and TB recurrence. A haplotype constructed with the major alleles of the eight SNPs in the CCR5 promoter (rs2227010-rs2856758-rs2734648-rs1799987-rs1799988-rs41469351-rs1800023-rs1800024: A-A-G-G-T-C-G-C) exhibited extraordinarily increased risk of susceptibility to TB and pulmonary TB (P = 6.33E-11, OR = 24.887, 95% CI: 6.081–101.841).



Conclusion

In conclusion, CCR5 promoter polymorphisms were found to be associated with pulmonary TB and TB progression in Chinese Han people.
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Introduction

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (M. tuberculosis). To date, TB remains a major public health concern since approximately one third of the world’s population has been infected with M. tuberculosis (1). Approximately 5% of the individuals who become infected with M. tuberculosis will develop clinical TB disease within 2 years of infection (2). TB is classified as primary TB or latent TB infection (2). Approximately 5–10% of the individuals with latent TB will develop clinical TB disease during their lifetime (2–4).

It was believed that active TB development was probably caused by the failure of host inflammatory responses against the pathogen (5). However, studies have identified complex interactions involving M. tuberculosis and the environment, along with the host genetic background playing a critical role in the outcome of M. tuberculosis exposure and TB development (4). A number of immunity-related genes have been reportedly associated with susceptibility to TB among different populations, such as human leukocyte antigen (HLA), low molecular weight polypeptide/transporter with antigen processing, natural resistance-associated macrophage protein 1 (NRAMP1), dendritic cell-specific ICAM-3-grabbing non-integrin (DC-SIGN), Toll-like receptors (TLR) 1 and 2, vitamin D receptor (VDR), TNF, interleukin (IL) -1β, IL-6, IL-8, IL-10, interferon γ (IFN-γ), and nucleotide oligomerization binding domain 2 (NOD2) (2, 4, 6, 7). Chemokines such as chemokine (C-C motif) ligand 2 (CCL-2)/monocyte chemoattractant protein 1 (MCP-1), RANTENS (CCL5), and chemokine C-X-C motif ligand 10 (CXCL10) have been found to be relevant in M. tuberculosis infection (7).

C-C motif chemokine receptor type 5 (CCR5), a transmembrane G-coupled cell-surface chemokine receptor, binds to different kinds of CC-chemokines, including human macrophage inflammatory protein-1α (MIP-1α), MIP-1β, RANTES (regulated on activation normal T cell expressed and secreted factor), monocyte chemotactic protein 1 (MCP-1), MCP-2, MCP-3, and MCP-4 (8). Previous studies report that CCR5 is highly expressed during activation of T helper 1 (Th1) cells, which play a critical role in host immune responses against TB (9). Moreover, CCR5 expression is found to be substantially increased during M. tuberculosis infection (10–12). Pokkali et al. found that CCR5 expression is significantly higher in pulmonary TB patients compared to that in healthy controls (10), and Qiu et al. reported that CCR5 expression levels in rhesus monkeys with severe TB disease exhibit remarkably up-regulated lymphocytes in the lungs, bronchial lymph nodes, and spleen (11). Additionally, CCR5 and its ligand play important roles in T-cell activation and migration during immune responses against TB infection. Galkina et al. observed that CCR5-/- CD8+ T cells exhibit an approximately 50% reduction in effector CD8+ T cell transmigration from pulmonary vascular compartments into interstitial compartments, as compared with CCR5 wild-type CD8+ T cells (13). CCR5 has also been found to possibly regulate effector CD8+ T cell contraction and memory generation after M. tuberculosis infection (14). Furthermore, several studies have suggested that CXCR3, CCR5, and CXCR6 potentially mediate M. tuberculosis-specific CD4+T cell migration out of the vascular endothelium, and their entry into the lungs during M. tuberculosis infection, which is a critical step in host immune responses against M. tuberculosis infection (15). Therefore, CCR5 seems to play an important role in the immune response against M. tuberculosis infection.

Although CCR5 is reported to be involved in resistance against M. tuberculosis infection, a number of studies have reported the association of CCR5 gene variants with TB infection and progression. In 2014, Carpenter et al. (16) performed an analysis regarding the possible associations between rs1799987 of CCR5 and clinically active TB phenotypes in three different populations (Peru, Xhosa, and Colored), but found no significant associations. In this study, we examined genetic polymorphisms in the CCR5 promoter in the Chinese Han population to investigate the association between CCR5 promoter polymorphisms and M. tuberculosis infection, and TB progression.



Methods and Materials


Subjects

A total of 450 patients with TB, including 325 cases of pulmonary TB (PTB) and 125 cases of extrapulmonary TB (EPTB, which was defined as TB influencing extrapulmonary sites such as lymph nodes, abdomen, urinary tract, skin, joints, bones, and meninges, exclusively or in combination with PTB), who were enrolled in the Third People’s Hospital of Kunming between 2018–2019, were selected as a TB patient group for this study. All subjects were genetically unrelated and belonged to the Chinese Han population from Yunnan province (southwest China).

Diagnoses of TB were based on clinical case definition guidelines for TB issued by the World Health Organization (WHO) (17), Diagnosis for Pulmonary Tuberculosis (WS 288-2017) (18) and Classification of Tuberculosis (WS 196-2017) (19) from the Health Industry Standard of the People’s Republic of China. The diagnostic criteria were as follows: (1) M. tuberculosis positively confirmed by sputum smear culture bacteriological assessment; (2) clinical symptoms such as cough, fever and weight loss over two weeks, and chest X-ray consistent with TB disease. Usually, Tuberculin skin test (TST) and interferon-γ release assay (IGRA) are also positive. Patients with immunodeficiency, autoimmune diseases, or other acute or chronic infections were excluded from this study.

Over the same period, 306 healthy individuals were recruited as a control group. All the controls had negative history for TB disease and were without any acute or chronic pulmonary disorder, or any bacterial or viral infection or other immune-mediated disorders. All the controls were self-reported Han Chinese.



DNA Extraction and Sequencing

Two to 5 ml of peripheral blood was drawn from each participant, and genomic DNA was extracted from peripheral lymphocytes using the QIAamp Blood Mini Kit (Qiagen, Hilden, Germany) in a Biosafety Level 2 Laboratory of the Third People’s Hospital of Kunming. The CCR5 promoter region was PCR amplified using primers used in a previously published study (20); CCR5P_F: 5’-gacgagaaagctgagggtaaga-3’ and CCR5P_R: 5’-taaccgtctgaaactcattcca-3’. The amplified PCR fragment was 1388 bp in length. PCR for each sample was carried out using the TAKARA PrimeSTAR Max DNA polymerase kit (TAKARA, Dalian, China) in 50 µl reaction volumes containing 10 ng genomic DNA, 10 pmol of each primer, 25 µl 2 × PrimeSTAR Max Premix (TAKARA). Amplification consisted of an initial denaturation step of 5 min at 98°C, followed by: 30 cycles of denaturation for 10 s at 98°C, 5 s of annealing at 55°C, extension at 72°C for 90 s, and a final extension for 5 min at 72°C. Purified PCR fragments were subjected to Sanger DNA sequencing to detect the sites of polymorphism using the Big Dye Terminator Reaction Mix (Applied Biosystems Foster City, CA, USA), along with the same primers used for PCR amplification. Sequencing reaction products were purified using the Big Dye Terminator Purification Kit (Applied Biosystems) and run on an ABI 3730XL sequencer. Sequencing data were analyzed using the DNASTAR Lasergene v.7.1 package. All the CCR5 promoter region sequencing data in this study have been deposited in the Figshare database named “CCR5 promoter sequences of TB patients and controls” (DOI: 10.6084/m9.figshare.12015624).



Polymorphic Loci in CCR5 Promoter

In our previous study (20), we found that there are nine identified single nucleotide polymorphisms (SNPs) loci located in the CCR5 gene promoter. Six SNPs, rs2227010 (A>G), rs2734648 (T>G), rs1799987 (G>A), rs1799988 (T>G), rs1800023 (G>A), and rs1800024 (C>T) were found to be polymorphic in the Chinese Han population sample, whereas the three remaining sites, rs2856758 (AA), rs41469351 (CC), and rs41355345 (CC), were monomorphic in this sample. Thus, we analyzed association between alleles and genotypes of these six SNPs with TB.



Statistical Analysis

The distribution of age and sex between the case and control groups was compared via Student’s t-test and χ2-tests in SPSS (v.19.0; SPSS Inc., Chicago, IL, USA). Basic statistical analyses for allelic and genotypic frequencies of the six SNPs were carried out using PLINK v.1.9 (http://zzz.bwh.harvard.edu/plink/data.shtml) (21), and risks were estimated using odds ratios (OR) with 95% confidence intervals (95% CI). A goodness-of-fit χ2-test was used to test for Hardy-Weinberg equilibrium (HWE) for each SNP in the control group, with a threshold of 0.05, which was also assessed using PLINK.

The Linkage disequilibrium (LD) and haplotype frequencies (deduced from the phenotype) among eight SNPs (rs2227010-rs2856758-rs2734648-rs1799987-rs1799988-rs41469351-rs1800023-rs1800024) were calculated based on the genotype results using a standard Expectation Maximization (ignoring missing data) algorithm with a partition-ligation approach for blocks by Haploview v.4.2 software (22). Haploview calculates the LD coefficient D’, LOD and r2 between each pair of genetic markers. D’ values were defined in the range [-1, 1], with a value of 1 representing perfect disequilibrium. A D’ value over 0.8 indicated there is a strong linkage disequilibrium among SNPs. The lowest frequency threshold for haplotype analysis was 0.01, and hhaplotype with frequency less than this number will not be considered in analysis. The differences in the haplotypes (with frequencies over 0.01) between the TB and control groups, between PTB and control groups, as well as between EPTB and control groups were determined by χ2-test. And risks were estimated using ORs and 95%CI. OR and 95% CI were used to estimate associations between SNPs and TB disease by adjusting for age and gender using multivariate logistic regression models. The threshold for statistical significance was P <0.05. Bonferroni correction was applied for multiple comparisons among alleles and genotypes, and the P-value was adjusted to 0.05/n. Power-analysis was performed using Power and Sample Size Calculations (v.3.1.2) (23).




Results


Characteristics of Subjects

Table 1 presents participant demographic characteristic data, including gender, age, and clinical type of TB. The mean age of the TB group was 43.76 ± 16.01 years, with the sex ratio (male/female) being 249/201, while the mean age of the control group was 44.68 ± 9.26 years, with a sex ratio (male/female) of 154/152. The distributions of age and gender between the TB and control groups showed no statistical differences (P > 0.05). The mean ages were 45.31 ± 15.82 years in the PTB group and 39.75 ± 15.86 years in the EPTB group; whereas the sex ratio (male/female) was 190/135 in the PTB group and 59/66 in the EPTB group. For the initial treatment (IT) and retreatment (RT) groups, the mean ages were 43.20 ± 16.35 years and 44.68 ± 15.46 years, respectively, and sex ratios (male/female) were 144/135 in the IT and 105/66 in the RT group (P = 0.043).


Table 1 | Demographic and clinical data for tuberculosis patients and controls.





Comparisons of Allelic and Genotypic Frequencies of CCR5 Promoter SNPs Between TB Patients and Controls

All six CCR5 promoter SNPs with polymorphism exhibited HWE in the control group (P > 0.05). However, in the TB patient group, rs2734648, rs1799987, and rs1800023 were not in HWE. The allelic and genotypic frequencies of the six CCR5 promoter SNPs were compared between the TB patient and control groups, after adjusting for age and gender based on the logistic regression model (Table 2). The results showed that the frequency of rs2734648-G was significantly higher in the TB patient group compared to that in the control group (P = 0.002, OR = 1.380, 95% CI: 1.123–1.696); the genotypic distribution of rs2734648 was significantly different between the TB and control groups (P = 1.07E-05). Furthermore, we performed inheritance model analysis and found that rs2734648-GG was significantly associated with TB disease, and exhibited 2-fold susceptibility in a recessive inheritance model (P = 6.32E-06, OR = 2.173, 95% CI: 1.546–3.056). The genotypic distribution of rs1799987 also showed significant difference between the TB and control groups (P = 0.008).


Table 2 | Comparison of allelic and genotypic frequencies of CCR5 gene between TB patients and controls.




This study had powers over 80% to detect ORs of 1.021 for rs2227010, 0.725 for rs2734648, and 0.975 for rs1799988, and had power of 53.8% to detect with an OR of 1.1 for rs1799987, 60.6% to detect with an OR of 1.056 for rs1800023, and 72.6% to detect with a OR of 0.955 for rs1800024, respectively, in 450 TB patients compared with 306 controls.



Stratification Analysis of the Association Between TB and CCR5 Promoter Polymorphisms

We performed stratification analysis to investigate the association of TB susceptibility with CCR5 promoter SNPs. We stratified the TB patients into PTB and EPTB patients and compared the distribution of allelic and genotypic frequencies of the six SNPs among the stratification groups and the control group. The associations between SNPs and PTB or EPTB groups were adjusted for age and gender using multivariate logistic regression models. Table 3 shows comparative results of rs2734648 and rs1799987. The results showed that the frequency of rs2734648-G was significantly higher in PTB patients as compared to controls (P = 0.0013, OR = 1.488, 95% CI: 1.192–1.858). Carriers of rs2734648-GG showed a notable increase in susceptibility to PTB in the recessive inheritance model (P < 0.0001, OR = 2.382, 95% CI: 1.663–3.413). Carriers of rs1799987-AA also showed a significant association with PTB in the recessive inheritance model (P = 0.0078, OR = 1.687, 95% CI: 1.141–2.495). However, significant associations of these two SNPs with EPTB in the recessive inheritance model were not detected (Table 3). For other SNPs, no significant differences were found between the PTB and control groups. It should be noted that the results from PTB (Table 3) simply reinforce the TB associations observed from Table 2, which is not surprising, since PTB represents 72.2% of the TB sample. Finally, no significant difference was found between the EPTB and control groups, and between the EPTB and PTB groups (Supplementary Table 1).


Table 3 | Stratification analysis on the association between CCR5 promoter SNPs and clinical TB phenotypes.



Additionally, we stratified the TB patients into IT and RT subgroups according to disease stage at the time of treatment, and analyzed allelic and genotypic distributions of the six SNPs. Associations between SNPs and disease recurrence were adjusted for age and gender using multivariate logistic regression models. We found rs2734648-G and rs2734648-GG to be significantly associated with TB recurrence (Table 4). After comparison between IT and control, RT and control, and RT and IT groups, we found that rs2734648-GG was significantly associated with TB recurrence in a dominant inheritance model (P = 0.0032, OR = 1.936, 95% CI: 1.221–3.068), while rs1799987 showed no significant association with disease recurrence (Table 4 and Supplementary Table 2).


Table 4 | Association between CCR5 gene variants and TB recurrence.





CCR5 Promoter SNP Combination Analysis and Association With TB

LD among eight SNPs (rs2227010, rs2856758, rs2734648, rs1799987, rs1799988, rs41469351, rs1800023, rs1800024) in the CCR5 promoter was estimated, where the LD coefficient D (D’) was calculated. The D’ value of these eight SNPs was >0.8, indicating that these CCR5 promoter SNPs were in LD (Supplementary Figure 1). Next, we constructed haplotypes of the eight SNPs (rs2227010-rs2856758-rs2734648-rs1799987-rs1799988-rs41469351-rs1800023-rs1800024) and compared haplotypes with frequencies over 0.01 between case and control groups, as listed in Table 5. The results revealed that haplotype H1 (A-A-T-G-T-C-G-C) was the most prevalent, both in control (50.3%) as well as TB patient groups (41.1%), and showed a significant resistance to TB disease (P = 1.17E-04, OR = 0.660, 95% CI: 0.535–0.816), with notable resistance to PTB (P = 1.05E-05, OR = 0.599, 95% CI: 0.477–0.753). In contrast, haplotype H5 (A-A-G-G-T-C-G-C) presented an extremely increased risk of susceptibility to TB by over 20-fold (P = 7.84E-10, OR = 21.877, 95% CI: 5.378–88.996), as well as a notably increased risk of susceptibility to PTB and EPTB (P = 6.33E-11, OR = 24.887, 95% CI: 6.081–101.841 and P = 8.35E-06, OR = 14.038, 95% CI: 3.088–63.804, respectively); whereas haplotype H7 (A-A-G-A-T-C-G-C) increased the risk of susceptibility to TB and PTB by 10-fold (P = 0.004, OR = 10.715, 95% CI: 1.421–80.796, and P = 0.002, OR = 12.196, 95% CI: 1.595–93.269, respectively). Additionally, both haplotypes H10 (A-A-T-A-T-C-G-C) and H11 (G-A-G-G-C-C-A-C) appeared only in the case group, mainly in the PTB cohort, and frequency differences between PTB and control groups were remarkable after Bonferroni correction (P = 7.63E-05 and P = 0.003, respectively). However, there was no difference between PTB and EPTB groups (Supplementary Table 3).


Table 5 | CCR5 promoter haplotype frequencies in case and control groups.






Discussion

TB is a serious infectious disease caused by M. tuberculosis; however, only 5–10% of infected individuals actually develop the active form of disease with clinical symptoms, prompting researchers to identify the factors influencing susceptibility to TB. Understanding host immune responses to M. tuberculosis infection is critical in identifying the reasons behind varying outcomes after M. tuberculosis exposure (latent or active TB disease), and for the development of effective TB vaccines and immune therapeutics. There is substantial evidence to suggest that the onset of TB is influenced by host genetic factors (2, 9, 15, 24). CCR5 has been reported to play important roles in immune responses against M. tuberculosis infection by regulating and activating the recruitment of macrophages, and by further activation of T-cells. In the present study, we investigated associations between CCR5 promoter polymorphisms and TB and discovered that CCR5 promoter polymorphisms were significantly associated with PTB and TB progression in the Chinese Han population for the first time.

In this study, we found that the allelic frequency of rs2734648-G was significantly higher in the TB patient group, especially in the PTB group, as compared to the control group, and also that rs2734648-GG carriers had a 2.382-fold increased risk of susceptibility to PTB in a recessive inheritance model. Additionally, rs2734648 was found to be significantly associated with TB recurrence. It has been reported that CCR5 variants may alter the response of CCR5-chemokines, including altered ligand-binding properties (28), and CCR5 promoter polymorphisms could differentially affect CCR5 gene transcription. We constructed a predictive model involving potential binding sites of transcription factors in the CCR5 promoter and discovered that SNPs in the CCR5 promoter might differentially influence transcription factor binding, based on the nucleotide substitution(s) involved (20). Mummidi et al. demonstrated that G to T substitution in rs2734648 (-2554G>T) is associated with differences in binding avidity of the NF-κB family of transcription factors (the binding avidity of rs2734648-G is greater than that of rs2734648-T), which might affect the transcriptional activity of CCR5. rs2856758-G can bind to novel nuclear factor 1 (NF1), which can repress transcription of certain genes (29), whereas rs2856758-A cannot bind to NF1 (26). For another SNP in the CCR5 promoter, rs1799987-AA, we found an increasing risk of susceptibility to PTB in a recessive inheritance model. McDremott et al. reported that rs1799987 (-2459A>G) influences the expression of CCR5, and rs1799987-G has 45% lower promoter activity than rs1799987-A in vitro (30). The latter authors also observed that rs1799987-A/rs1799988-C in combination stimulates CCR5 promoter activity by 45% more than other rs1799987/rs1799988 allelic combinations (30). Li et al. showed that rs1799988 C to T substitution results in reduced expression of CCR5, which consequently correlated with slower AIDS progression. Furthermore, rs1799988-CC carriers display increased CCR5 expression on the surface of peripheral blood mononuclear cells (PBMCs), CD4+ cells, and CD4+ monocytes, as compared to two other CCR5-rs1799988 genotypes (31). Therefore, we deduced that SNPs in the CCR5 promoter could influence CCR5 gene and cell surface CCR5 protein expression by altering the binding of transcription factors, thereby affecting the function of CCR5. Hence, rs2734648-GG and rs1799987-AA were significantly associated with PTB and TB progression by possibly increased expression of CCR5.

We also analyzed the effects of combinations of the 8 CCR5 promoter SNPs (rs2227010, rs2856758, rs2734648, rs1799987, rs1799988, rs41469351, rs1800023, rs1800024) on TB susceptibility and found that haplotype H1 (A-A-T-G-T-C-G-C)—constructed using the major alleles of the eight SNPs—was significantly associated with resistance to PTB; and haplotype H5 (A-A-G-G-T-C-G-C) increased the susceptibility to PTB by over 20-times. CCR2-CCR5 haplogroups constructed using CCR2(V>64I), rs2856758(-2733A>G), rs2734648(-2554G>T), rs1799987(-2459G>A), rs1799988(-2135T>C), rs41469351(-2132C>T), rs1800023(-2086A>G), rs1800024(-1835C>T), and rs333(CCR5Δ32) have been characterized and described in earlier studies, and the haplogroups are termed HHA, HHB, HHC, HHD, HHE, HHF*1, HHF*2, HHG*1, and HHG*2, respectively (25, 26). CCR2-CCR5 haplogroups are correlated with differences in CCR5 expression and transcriptional activity. HHA is associated with lower CCR5 expression, whereas HHF and HHG are associated with higher CCR5 expression (32). Similarly, K562 cells, HHA and HHC exhibit lower transcriptional activity, whereas in Jurkat T-cells, HHB, and HHD show higher transcriptional activity than HHA (33, 34). In 2011, Mamtani et al. found that the CCR5 promoter haplogroup HHD was associated with susceptibility to TB, by increasing CCR5 expression in either activated PBMCs, or surface expression on activated (HLA-DR+) CD4+ T cells (34). In our study, we constructed haplotypes with eight SNPs in the CCR5 promoter, and only rs2227010 was not included in the defined CCR2-CCR5 haplogroups. Our results showed that H1 was similar to HHC (which exhibited lower transcriptional activity and lower CCR5 expression), H2 was similar to HHF*1 (related to higher CCR5 expression), H3 was similar to HHE, and H4 was similar to HHA. Therefore, the noticeable protection against PTB by the H1 haplotype in this study was likely due to the lower transcriptional activity of H1 (similar to HHC, which was associated with lower CCR5 expression). However, haplotype H5 was different from haplotype H1 at only one locus: rs2734648, which was T in haplotype H1 and G in H5. Note that H5 is a novel haplotype not previously detected in any other population. Based on the significant susceptibility of rs2734648-G to TB, and the extraordinarily high frequency of rs2734648-G in the Han population, rs2734648-G as well as haplotype H5 could provide crucial insights into immune responses to TB in the Chinese Han population. In this study, we also found one haplotype rs2856758A-rs2734648T-rs1799987G-rs1799988T-rs41469531C-rs1800023A-rs1800024C was most similar as HHD. However, the haplotype frequencies were very low (0.5 and 0.5% in control and TB group respectively, and data not showed) and with no difference between TB and control group. In addition, haplotype H1, which presented only two differences loci when compared with HHD (rs41469351-C and rs1800023-G in H1, whereas rs41469351-T and rs1800023-A in HHD), showed significant frequency difference between TB and control groups (P = 2.25E-04, OR = 0.674, 95% CI: 0.547–0.832). But haplotype HHD and H1 showed entirely opposite effects on the susceptibility to TB. The reason of this discrepancy could be the different frequency of rs41469351 and rs1800023. According to the 1000 Genomes database the rs41469351-T is only detected in African and American population with the frequencies of 26 and 2%, respectively, and were monomorphic (rs41469351-CC) in Chinese Han and European people (http://asia.ensembl.org/Homo_sapiens/Variation/Population?db=core;r=3:46370271-46371271;v=rs41469351;vdb=variation;vf=5860779). And for rs1800023, the A-allele frequencies in Chinese Han people is 43%, however, there are 91% in African, 63% in European (http://asia.ensembl.org/Homo_sapiens/Variation/Population?db=core;r=3:46370317-46371317;v=rs1800023;vdb=variation;vf=816197). So rs41469351 and rs1800023 maybe important loci which might affect the susceptibility of TB. Haplotypes H7, H10, and H11, which were unlike any reported haplogroups, also showed significantly higher frequencies in the TB group, as well as the PTB cohort. Hence, the combined functions of CCR5 promoter SNPs might play important roles in CCR5-mediated immune responses to TB.

Associations of SNPs with diseases have always been inconsistent among different populations. Previous studies indicate that CCR5 allelic frequencies are remarkably different among different populations (16, 35), which might influence the results of correlative studies. Among most populations in the world (including Africans, Americans, Europeans, Japanese, and South Asians), rs2734648-G is the major allele; however, in Chinese Han populations, rs2734648-T is the predominant allele (Han Chinese in Beijing, and Southern Han Chinese from the 1000 Genomes database, and Chinese Han in Yunnan in this study), indicating that the frequency differences in rs2734648 could account for the specific association with TB in Han Chinese people. However, the function of rs2734648 substitution is still unclear; therefore, functional studies regarding the role of rs2734648 in M. tuberculosis infection and TB progression need to be conducted in the future.

Hence, more studies involving more individuals from different populations are needed. Additionally, as discussed above, SNP combinations also play an important role in susceptibility to TB and in its progression. Hence, further studies regarding haplotype structure, especially in terms of combinations of rs2734648 with other SNPs in the CCR5 promoter, are required.



Conclusions

SNP rs2734638-G of the CCR5 promoter, as well as haplotype H5, consistent with rs2734648-G, are significantly associated with susceptibility to PTB and with TB recurrence by affecting the transcriptional activity and expression of CCR5.
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Tuberculosis (TB) remains a serious public health burden worldwide. TB is an infectious disease caused by the Mycobacterium tuberculosis Complex. Innate immune response is critical for controlling mycobacterial infection. NOD-like receptor pyrin domain containing 3/ absent in melanoma 2 (NLRP3/AIM2) inflammasomes are suggested to play an important role in TB. NLRP3/AIM2 mediate the release of pro-inflammatory cytokines IL-1β and IL-18 to control M. tuberculosis infection. Variants of genes involved in inflammasomes may contribute to elucidation of host immune responses to TB infection. The present study evaluated single-nucleotide variants (SNVs) in inflammasome genes AIM2 (rs1103577), CARD8 (rs2009373), and CTSB (rs1692816) in 401 patients with pulmonary TB (PTB), 133 patients with extrapulmonary TB (EPTB), and 366 healthy control (HC) subjects with no history of TB residing in the Amazonas state. Quantitative Real Time PCR was performed for allelic discrimination. The SNV of AIM2 (rs1103577) is associated with protection for PTB (padj: 0.033, ORadj: 0.69, 95% CI: 0.49-0.97). CTSB (rs1692816) is associated with reduced risk for EPTB when compared with PTB (padj: 0.034, ORadj: 0.50, 95% CI: 0.27-0.94). Serum IL-1β concentrations were higher in patients with PTB than those in HCs (p = 0,0003). The SNV rs1103577 of AIM2 appeared to influence IL-1β release. In a dominant model, individuals with the CC genotype (mean 3.78 ± SD 0.81) appeared to have a higher level of IL-1β compared to carriers of the T allele (mean 3.45 ± SD 0.84) among the patients with PTB (p = 0,0040). We found that SNVs of AIM2 and CTSB were associated with TB, and the mechanisms involved in this process require further study.
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Introduction

Tuberculosis (TB) is an infectious disease caused by mycobacteria belonging to the Mycobacterium tuberculosis complex (MTBC) (1). The MTBC typically affects the lungs (pulmonary TB (PTB) but can also affect other tissues and organs (extrapulmonary TB (EPTB)) (2). Approximately 25% of the world’s population is infected with M. tuberculosis, but only approximately 5% to 10% of M. tuberculosis-infected individuals subsequently develop TB (3). The complexity of TB is influenced by several factors, such as the immune status and genetic factors of host (4–8).

The innate immune response is the first line of host defense against mycobacteria infection (9, 10). Innate immune system senses pathogens via pattern-recognition receptors (PRRs) to recognize conserved microbial components known as pathogen-associated molecular patterns (PAMPs). PRR also function as innate sensors of host-derived danger signals, the danger-associated molecular patterns (DAMPs) and may assemble in inflammasomes (11). Inflammasomes are intracellular multimeric protein complexes that play key roles in the innate immune response (12, 13). Inflammasomes are essential for controlling bacterial growth through the activation of caspase-1 to process pro-inflammatory IL-1β and IL-18 into active cytokines (14, 15). Caspase-1 also induces a type of inflammatory cell death called pyroptosis (16).

Inflammasomes belonging to the NOD-like receptor (NLR) family are composed of at least three components, a sensor protein (NLRP1, NLRP3, NLRP6, NLRP12, NLRC4; PYHIN family (PYD-like and HIN domain-containing proteins) as AIM2 and TRIM family (Tripartite motif proteins) containing PYRIN), an inflammatory caspase (caspase-1, Caspase-11) and an adapter molecule such as the apoptosis-associated speck-like containing a CARD domain (ASC) (17). NLRP3-inflammasomes is the most studied compared to others (18). NLRP3 and AIM2 inflammasomes play important role in host defense against M. tuberculosis (9, 15, 19–22).

The NLRP3 gene is located on human chromosome 1. Basically, member of NLR family of PRR consists of three domains: a leucine-rich repeat (LRR)-region that interacts with antigens, a central nucleotide-binding NACHT domain and an effector domain PYD or CARD (23). AIM2 gene is located on human chromosome 1. AIM2 is composed of two domains: a N-terminal pyrin domain (PYD) and a C-terminal hematopoietic interferon-inducible nuclear protein with a 200-amino acid repeat (HIN200) domain. AIM2 is a cytosolic double-stranded DNA receptor (24, 25).

Principles of inflammasome activation in TB involve two signals. The first signal induces the expression of NLRP3 and/or AIM2 inflammasome, pro-IL-1β and pro-IL-IL-18 genes caused by Toll-like receptor (TLR) stimulation. The second signal results to oligomerization domain and formation of inflammasome complex consequent of activating stimuli. After that, the effector domain recruits ASC protein to assemble the inflammasome complex (PRR, ASC protein and procaspase-1). ASC protein recruits procaspase-1 through caspase recruitment domain (CARD) consequently it is cleaved into active caspase-1 (14).

Activating stimuli described for NLRP3 are mitochondrial factors (mitochondrial reactive oxygen species, mitochondrial DNA, cardiolipin), mycobacterial components, cathepsins after lysosomal rupture as Cathepsin B encoded by CTSB gene located on human chromosome 8, potassium efflux and extracellular ATP via the P2X7 purinergic receptor (26, 27) and AIM2 is cytosolic dsDNA (25, 28). CTSB is cysteine exo/endopeptidase enzymes pH dependent belonging members of the papain family seems to involvement roles in NLRP3-inflammasome activation as well as degradation or processing of lysosomal proteins (29–31). CARD8 adaptor protein is encoded by CARD8 gene present on chromosome 19. CARD8 acts as a negative regulator during NLRP3 inflammasome activation for adequate functioning and balanced response (32, 33).

In animal models of TB, NLRP3 (34, 35) and AIM2 (19, 36) inflammasomes have been found to recognize cytosolic DNA. Recently, the importance of inflammasomes in TB (37) as well as the crucial role of IL1β in infection control independent of inflammasome activation have been highlighted (38). TB is complex and multifactorial and identification of genetic variants can improve our understanding of the pathogenesis of TB (39).

Several studies have shown a genetic predisposition to development of TB (40–44). Genetic variant in inflammasomes can change their physiological function and contribute to the susceptibility, severity, and outcomes of TB (45). Single-nucleotide variant (SNV) of NLRP3 (rs10754558) and SNV of P2X7 (rs2230911) are associated with TB. SNV of NLRP3 (rs10754558) is associated with protection against PTB (41). The SNV of P2X7 (rs2230911) is associated with susceptibility to PTB. SNVs of CARD8 (rs2043211) and NLRP3 (rs35829419) are associated with EPTB in Ethiopian population (46).

The important role of inflammasomes in immunity to TB prompted us to evaluate the associations of SNVs in genes encoding the AIM2 inflammasome, CARD8, and CTSB in patients with TB from Amazonas state of Brazil.



Material and Methods


Ethics Statement

This study was approved by Human Research Ethics Committee of Federal University of Amazonas (N°. CAAE: 57978916.3.0000.5020; August 17, 2016). All patients and controls participating in this study provided written informed consent for collection of blood and sputum samples for analysis.



Study Population

This is a case–control study and is consisted of 401 patients with PTB, 133 patients with EPTB, and 366 healthy controls (HCs). The study population was recruited from Policlínica Cardoso Fontes, a sanitary pneumology center (Manaus, AM, Brazil). The patients with PTB were positive for M. tuberculosis, which was determined through a molecular rapid test (TRM, GeneXpert MTB/RIF) (47) or through sputum smears and PKO culture method (47, 48). The diagnosis of EPTB was based on recommendations of Brazilian National Guidelines for the Control of Tuberculosis (49). The patients with EPTB were either sputum MTB-positive or culture-positive and were molecularly characterized for MTBC. The clinical manifestations of EPTB were pleural cutaneous, ganglionic, intestinal, perianal, ocular, bone, and miliary.

HCs participating in study had no history of TB and were contacts of patients with TB. The HCs were devoid of TB symptoms and negative for M. tuberculosis in sputum and/or in culture tests. Exclusion criteria comprised current pregnancy, recipients of organ transplants, and presence of other comorbidities, such as cancer, diabetes, HIV positive, hepatitis, and autoimmune diseases.



DNA Isolation and SNV Genotyping

Genomic DNA was extracted from whole human blood (1 mL) using tetramethylammonium bromide salts protocol (50). SNVs were selected according to the minor allele frequency (MAF) of > to 10% in the global population from NCBI database, but also for background information on inflammasome complex in tuberculosis. Three SNVs in inflammasome genes AIM2 T>C (rs1103577) situated on chromosome 1q15, CARD8 T>C (rs2009373) on 19q48, and CTSB A> C (rs1692816) on 8q11 were selected and genotyped using TaqMan probes for allelic discrimination assay by Real-Time PCR System (Applied Biosystems). The technology is based on hydrolysis fluorescent probes. The fluorescent probes are allele-specific oligonucleotides sequences of target SNV labeled with either VIC or FAM fluorescence to discriminate the alleles. Thermal cycling conditions for PCR were a pre-read stage at 60oC for 30 sec and subsequently a hold stage at 95oC for 10 min followed by 50 cycles of denaturation at 95oC for 15 sec and annealing\extension at 60oC for 01 sec and finally followed by a post-read stage at 60oC for 30 sec. The reaction mix contained 5 μL TaqMan Genotyping Master Mix 1X; 0,5 μL TaqMan® probes 20X of target SNV, 4,5 μL Milli-Q water and 2 μL DNA (50ng\uL). For each PCR plate, a negative control and three known positive controls of target SNV (rare homozygote, wild-type homozygote and heterozygote) were included to increase the reliability of assay. Of note, the SNV rs35130877 of the AIM2 gene was previously studied in the same population (41). This was carried out using QuantStudio™ 3 (ThermoFisher Scientific) and Design & Analysis Software v.1.4.2. The probes used in experiment are shown in Supplementary Table 1.



Cytokine Measurements

Human IL-1β levels were measured in plasma sample from patients with PTB prior to start of drug therapy and HCs using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (BioLegend ELISA MAX™ Deluxe Sets) following the manufacturer’s instructions. 50 μL of plasma samples were added to each well of high binding plate and readings were performed on a BioRad spectrophotometer plate as recommended by kit, using the 450 nm filter. Samples and standards were analyzed in duplicate. The minimal detectable concentration of IL-1β for this kit was 0.5 pg/mL.



Statistical Analysis

For each SNVs analysis, alleles analysis was performed using on the link https://ihg.helmholtz-muenchen.de/ihg/snps.html and the associations between the allelic/genotype frequencies among patients with PTB, EPTB, and HCs were examined using the package “SNPassoc” version 1.9-2 (https://cran.r-project.org/web/packages/SNPassoc/index.html) for R software version 3.4.3 (www.r-project.org). The best genetic model was performed via Akaike information criterion (AIC). The Hardy-Weinberg equilibrium was evaluated for all SNVs. The results were shown as the odds ratio (OR) and 95% confidence intervals (95% CI) from multivariate logistic regression analyses. To control the potential confounding factors, adjusted OR (ORadj) values for age and sex were provided. The multivariate logistic regressions were performed using STATA 15 (StataCorp Texas, USA) after adjusting for age and sex. To compare multiple means of cytokine levels, one-way analysis of variance was applied with the Tukey’s post-hoc test adjusted for multiple comparisons. A p-value less than 0.05 was considered as statistically significant.




Results 


Characteristics of the Study Population

A total of 900 unrelated individuals born in the North of Brazil participated in this study. Of 900 individuals, 534 and 366 were patients with TB and HCs, respectively. Among those with TB, 401 had PTB and 133 had EPTB. The mean ages of patients with PTB, EPTB, and the HCs were 38.1 ± 13.7, 34.6 ± 14.1, and 32.9 ± 12.5, respectively. Of patients with PTB, EPTB, and HCs, 243 (60.6%), 75 (56.4%), and 180 (49.2%) were male, respectively. Patients with EPTB exhibited mostly pleural (55.6%), followed by cutaneous (17.3%) and ganglionic (16.5%). Intestinal, perianal, ocular, bone, and miliary TB accounted for 10.5%.



Analysis of the SNVs in Inflammasome Genes

All SNVs studied AIM2 rs1103577, CARD8 rs2009373 and CTSB rs1692816 were in the Hardy-Weinberg equilibrium (HWE) in both HCs and patients with TB. The frequencies of alleles and genotypes as well as the different comparisons are shown in Tables 1–4. Genotypes and the best inheritance modeling for AIM2, CARD8 and CTSB genes are reported in Supplementary Table 2.


Table 1 | Genetic models of association SNV rs1103577 of AIM2 gene adjusted for sex and age in patients with pulmonary tuberculosis (PTB) and healthy control.




Table 2 | Genetic models of association SNV rs2009373 of CARD8 gene adjusted for sex and age in patients with extrapulmonary tuberculosis (EPTB) and pulmonary tuberculosis (PTB).




Table 3 | Genetic models of association SNV rs1692816 of CTSB gene adjusted for sex and age in patients with extrapulmonary tuberculosis (EPTB) and healthy control subjects.




Table 4 | Genetic models of association SNV rs1692816 of CTSB gene adjusted for sex and age in patients with extrapulmonary tuberculosis (EPTB) and pulmonary tuberculosis (PTB).



The distribution of SNV of AIM2 (rs1103577) genotypes is slightly different between patients with PTB compared with HC (padj: 0.083). The frequency of genotype CC was slightly higher among patients with PTB (32%) than among HCs (27%). The SNV of AIM2 (rs1103577) was associated with a reduced risk of developing PTB (padj: 0.027, ORadj: 0.69, 95% CI: 0.50-0.96) in a dominant model (CC versus CT + TT) when compared with HCs (Table 1). Carriers of T allele had 31% less chances of developing PTB compared to individuals homozygous for C allele, suggesting homozygosity for C allele may be a risk factor for PTB.

The SNV of CARD8 (rs2009373) showed a decrease risk in development of EPTB when compared to PTB in a recessive model (padj: 0.026, ORadj: 0.48, 95% CI: 0.25-0.96) (Table 2). Bearers of C allele had 52% less chance of developing PTB. The frequency of genotype TT was predominant among the patients with PTB (22%) than in the EPTB group (12%). Individuals homozygous for T allele had twice chance of developing PTB than EPTB when compared with individuals homozygous for C allele (TT vs. CC p = 0.05, OR=2.1, 95% CI: 0.99-4.4) (The results of the different alleles were extracted on the link https://ihg.helmholtz-muenchen.de/ihg/snps.html). Of note, the frequencies of genotype were 31%, 49% and 20% for CC, CT and TT respectively, among HCs group (Supplementary Table 2). Comparisons between patients with EPTB and HCs revealed that carriers of C allele (CC +CT vs. TT) had 85% risk of developing EPTB (p=0.07, OR = 1.85, 95% CI: 0.94-3.7). No association was revealed when patients with PTB were compared with HCs.

Regarding the SNV of CTSB (rs1692816), an overdominant model indicated that heterozygous individuals have a lower risk of developing EPTB compared to patients with PTB (p: 0.022, OR: 0.50, 95% CI: 0.27-0.92) (Supplementary Table 2) and when adjusted for sex and age (p: 0.026, OR: 0.50, 95% CI: 0.27-0.94) (Tables 3 and 4). The frequencies were 23%, 50% and 27% for the CC, AC and AA genotypes, respectively among patients with PTB and similar pattern was observed among HCs (CC 25%, AC 48% and AA 27%). In contrast, the frequencies among patients with EPTB were 29%, 33%, and 37% for CC, AC and AA genotypes, respectively. Similarly, comparison between patients and HCs disclosed that heterozygous individuals have lower risk of developing EPTB (p: 0.045, padj: 0.046, OR: 0.54, 95% CI: 0.29-1.0).

Logistic regression analysis, including sex and age variables with SNVs, confirmed the association of AIM2 rs1103577 (p:0.033, OR: 0.69, 95% CI: 0.49-0.97) and CTSB rs1692816 with a lower risk for EPTB (p: 0.034, OR: 0.50, 95% CI: 0.27-0.94) (Table 5).


Table 5 | Multivariate logistic regression analysis for variables sex and age, including three inflammasomes genes in the studied groups.





Cytokine IL-1β in a Dominant Model of AIM2, CARD8, and CTSB Genotypes

IL-1β is an important inflammatory cytokine with major role in host immune response against M.tuberculosis infection. Next, we evaluated in vivo the plasma IL-1β concentrations in PTB and HCs. Plasma IL-1β was higher in patients with PTB compared to those in HC group (p = 0.0003) (Supplementary Figure 1). We analyzed the distribution of plasma IL1-β according to genotypes of AIM2, CARD8, and CTSB in a dominant model. AIM2 rs1103577 appeared to have an effect on plasma cytokine IL-1β when CC carriers were compared to allele T carriers (CC vs. CT+TT) in patients with PTB (p = 0.0040). CARD8 rs2009373 and CTSB rs1692816 did not show any influence on levels of plasma IL-β (Figure 1A). A QQ plot was used to validate the distribution of IL-1β in genotypes (Figure 1B).




Figure 1 | IL-1β profile respective on genotypes of AIM2, CARD8 and CTSB from pulmonary tuberculosis patients and control. (A) Serum concentrations of IL-1β distributed in AIM2, CARD8 and CTSB dominant model genotypes. (B) Graphic Normal QQ plot for three SNV studied. Groups were further compared with each other using ANOVA test with Tukey’s multiple comparisons test, *p < 0,05; **p < 0,001; ***p < 0,0001.






Discussion

Genetics and environmental factors are crucial for host immune response against M. tuberculosis. The complex network of mechanisms from early infection to development of TB remains poorly understood. Since the identification of function of various inflammasomes, several studies of genetic variants of genes involved in assembling the multiprotein complex of inflammasomes have attempted to determine the reason of susceptibility of some individuals to develop diseases while others remain asymptomatic. In the early stage of infection, innate immune response is essential to ensure the success of control and elimination of bacilli. Subsequently, upon inflammasomes activation, proinflammatory cytokines are released to keep in check the invading pathogen (45). In this context, we have focus on one SNV in the AIM2 inflammasome in tuberculosis together with two other SNVs, one in CARD8 and one in CTSB, that are related to NLRP3 pathway.

Studies regarding human genetic variants of AIM2 are rare in infectious diseases (41, 42, 45). Recently, we investigated another SNV of AIM2 (rs35130877) in 288 patients with PTB and 288 HCs. None of participants had this SNV (41). In this study, we found that SNV of AIM2 (rs1103577) was associated with protection against TB. Interestingly, immunological studies involving mice have demonstrated a protective role of AIM2 against M. tuberculosis infection (19, 51). Inhibition of inflammasomes decreased the survival of M. tuberculosis in mice (37) and suggested that a high level of IL-1β favored the survival of bacteria. Carriers homozygous for C allele have higher IL-1 concentrations compared to T allele carriers, and T allele is associated with protection in our study. Furthermore, modern lineages of MTBC have high multiplication rates, which correlates to high levels of IL-1β (52). However, some individuals are resistant to M. tuberculosis infection despite continuous exposure (53, 54), suggesting sterile clearance potentially due to a reflex of genetic background and immunity of individual.

IL-1β is a proinflammatory cytokine and has been suggested to play key role in host protection against M. tuberculosis infection (55, 56). The protein ESAT of M. tuberculosis is cited as a potent activator of NLRP3\ASC inflammasome to liberate mature IL-1β (9). Patients with PTB also exhibit increased levels of IL-1βcompared to HCs. Patients with PTB also demonstrate higher levels of IL-1β (37, 38, 57), reinforcing an important role in the early innate immune response to control M. tuberculosis infection. We found that the serum concentrations of cytokine IL-1β were correlated according to genotypes CC versus CT-TT (AIM2) among patients with PTB in a dominant model. The T allele (TT +CT) correlated with low level of IL1 while homozygosity for the C allele with high level of IL-1β. The T allele is associated with protection to development of TB while individuals homozygous for C allele with susceptibility. Interestingly, excessive levels of IL-1β has been associated with severe TB and lung damage (57, 58).

NLRP3 and AIM2-inflammasome are suggested to play important role in host-defense against mycobacteria (19, 59). Recently, Souza de Lima et al. (22) have shown that NLRP3/IL-1ß/IL-18 pathway is strongly activated in a cathepsin-dependent form by virulent strain H37Rv and non-virulent BCG strains of M. tuberculosis in human macrophages, in vitro. Interestingly, the response was modulated according to macrophage donor genotype of SNV NLRP3 rs10754558 that correlated to level of IL-1β release (22). Of note, IL-1β is one among key proinflammatory cytokines essential for recruitment of immune cells to the site of M. tuberculosis infection (55). Several studies have demonstrated the role of AIM2-inflamasome in mycobacterial infection. Mice macrophages infected with pathogenic strain of M. bovis led to activation of AIM2-inflammasome and mature IL-1β release (60). Similarly, another study also demonstrated that THP-1 macrophages exposed to rBCG (Recombinant BCG ΔureC::hly) vaccine results in AIM2-inflammasome activation with increased production of IL-1β and IL-18 and autophagy, corroborating the role of AIM2-inflammasome in innate immune response (61).

AIM2-deficient mice infected with Mycobacterium bovis Bacillus Calmette-Guérin (BCG) showed a higher infection burden and developed severe disease due to simultaneous induction of reactive IFN-β and IFN-γ responses compared to wild-type mice (51). The AIM2 inflammasome appears to play a protective role through the induction of IL-1β and negative regulation of type I IFN induction. High production of type I IFNs reduces the IFN-γ response in TB infection (51). Interestingly, we showed that individuals homozygous for C allele had higher level of IL-1β compared to carriers of T allele and T allele is associated with protection to the development of TB. Higher level of IL-1β in the early stage might be important in keeping in check the pathogen but at a later stage might cause tissue damage.

The SNVs of AIM2 (rs1103577), CARD8 (rs2009373) and CTSB (rs1692816) are located in intronic region of respective gene. Although the functional role of these variants has not been elucidated, non-coding regions can affect gene expression resulting in different responses to presence of pathogens and can serve such as genetic markers (62). In future studies, it will be interesting to quantify the AIM2 messenger RNA (mRNA) from macrophages of different genotypes of AIM2 (rs1103577) upon mycobacterial infection. Intronic regions have been highlighted for increasing the expression of mRNA in very diverse organisms (mammals, plants). Thus being an important regulator in the expression of proteins (63–66).

In this study, stratification of patients into PTB and EPTB suggested that CARD8 rs2009373 and CTSB rs1692816 were associated with a lower risk of developing PTB. However, multivariate logistic regression analysis showed that only CTSB rs1692816 was associated with a reduced risk for EPTB. Indeed, we observed that heterozygosity for the variant provides lower risk for development of EPTB. CTSB is a member of cathepsin family localized in lysosomes and cytosol. CTSB promotes the degradation of protein in lysosomes and controls autophagy (67). Furthermore, the inhibition of CTSB blocks M. tuberculosis-induced NLRP3 inflammasome assembly, thereby leading to a decrease in IL-1βrelease, suggesting that the release of lysosomal CTSB and possibly other cathepsins are crucial for activation of NLRP3 to control M. tuberculosis infection (22, 30). Although, the function of this CTSB rs1692816 is not known, we can speculate that heterozygous individuals have an advantage in modulating the NLRP3 inflammasome in the release of IL-1β that is sufficient to keep in check the bacteria in comparison to homozygotes. Indeed, heterozygosity for some genes variant have been shown to provide an advantage to some infectious diseases. Heterozygosity for hemoglobin S is an advantage in Africa against Plasmodium falciparum malaria. Heterozygosity for the MAL/TIRAP variant in the TLRs pathway have been suggested to provide protection against invasive pneumococcal disease, malaria, tuberculosis and chagas disease (68, 69).

The SNV of CARD8 (rs2009373) was not associated with TB in this study. However, other variants of CARD8 (rs6509365 and rs2043211) have been associated with susceptibility to TB (41, 46, 70). CARD8 negatively regulates NLRP3 activation, and CARD8 rs2043211 appears to have a loss of function. Interestingly, NLRP3 (rs35829419)/CARD8 (rs2043211) interaction is associated with levels of IL-1β (71).

Another important aspect is the variation in allele frequencies among populations. We found that some alleles were present in high or low frequencies or were entirely absent in specific populations, thereby indicating different evolutionary histories that are assumed are under selective pressure from prevalent diseases.

The distribution of MAF for rs1103577 of AIM2 (T allele) in HCs (T = 0.47) is comparable to that of a European population (T = 0.40) and different from that of an African population (C = 0.09). The Amazonian population is an admixture of approximately 60% American, 50% European, and 10% African ancestry (72). The MAF of CARD8 rs2009373 (T allele) in our group (T = 0.45) was similar to frequencies of South Asian (T = 0.46), European (T = 0.47), American (T = 0.41), and African (0.50) populations, but different from those of West Asian populations (C = 0.23). For rs1692816 of CTSB, both alleles A and C are frequent in different populations. The frequency of CTSB rs1692816 C allele was 0.49 in our population, compared to African (0.56), American (0.59), and European (0.66) populations. However, the frequency of the rs1692816 C allele was similar to that of East (0.50) and South (0.53) Asian populations. The frequencies of the different alleles were extracted from http://www.ensembl.org/. These frequencies indicate the importance of careful selection of cases and controls from same homogeneous population to avoid spurious associations.

The present study had some limitations. First, the sample size of the cases was small, especially for patients with EPTB. Second, we could not assay IL-1β in patients with EPTB due to a lack of biological samples. Additionally, the NLRP3 data deviated from the HWE in both cases with TB and HCs; thus, they were excluded.

This result corroborates previous studies carried out by several researchers, both in an experimental model and in human cells infected by mycobacteria, which suggest the critical role of AIM2 in tuberculosis. We suggested AIM2 rs1103577 was found to be associated with a lower risk of developing PTB and genotypes CC for AIM2 rs1103577 patients with PTB demonstrate higher levels of IL-1β. The CARD8 and CTSB genes were also found to be important targets for TB, and other genetic variants should be investigated. Further studies are needed to confirm the association in other populations. Finally, it is indisputable that tuberculosis is a complex disease with a strong genetic link.
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The high-risk oncogenic human papillomavirus (HPV) has developed mechanisms for evasion of the immune system, favoring the persistence of the infection. The chronic inflammation further contributes to the progression of tissue injury to cervical cancer. The programmed cell death protein (PD-1) after contacting with its ligands (PD-L1 and PD-L2) exerts an inhibitory effect on the cellular immune response, maintaining the balance between activation, tolerance, and immune cell-dependent lesion. We evaluated 295 patients exhibiting or not HPV infection, stratified according to the location (injured and adjacent non-injured areas) and severity of the lesion (benign, pre-malignant lesions). Additionally, we investigated the role of the promoter region PDCD1 -606G>A polymorphism (rs36084323) on the studied variables. PD-1 and PDCD1 expression were evaluated by immunohistochemistry and qPCR, respectively, and the PDCD1 polymorphism was evaluated by nucleotide sequencing. Irrespective of the severity of the lesion, PD-1 levels were increased compared to adjacent uninjured areas. Additionally, in cervical intraepithelial neoplasia (CIN) I, the presence of HPV was associated with increased (P = 0.0649), whereas in CIN III was associated with decreased (P = 0.0148) PD-1 levels, compared to the uninjured area in absence of HPV infection. The PDCD1 -606A allele was rare in our population (8.7%) and was not associated with the risk for development of HPV infection, cytological and histological features, and aneuploidy. In contrast, irrespective of the severity of the lesion, patients exhibiting the mutant PDCD1 -606A allele at single or double doses exhibited increased protein and gene expression when compared to the PDCD1 -606GG wild type genotype. Besides, the presence of HPV was associated with the decrease in PDCD1 expression and PD-1 levels in carriers of the -606 A allele presenting severe lesions, suggesting that other mediators induced during the HPV infection progression may play an additional role. This study showed that increased PD-1 levels are influenced by the -606G>A nucleotide variation, particularly in low-grade lesions, in which the A allele favors increased PDCD1 expression, contributing to HPV immune system evasion, and in the high-grade lesion, by decreasing tissue PD-1 levels.
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Introduction

Human papillomavirus (HPV) is the most common sexually transmitted biological agent, responsible for causing several types of cancer, particularly in the anogenital region, accounting for about 85% of the cervical tumors (World Health Organization, 2017; De Oliveira et al., 2019). The high-risk oncogenic HPVs have developed immune system evasion mechanisms, favoring viral persistence and chronic inflammation, which play an important role in the progression from cervical injury to cancer (Aggarwal et al., 2006; Grivennikov et al., 2010; Senba and Mori, 2012; Marinelli et al., 2019).

The programmed cell death protein (PD-1), together with its ligands PD-L1 or PD-L2, exerts an inhibitory effect on the cellular immune response, maintaining the balance between activation and tolerance of the immune cell function. The PD-1/PD-L1 signaling pathway has been used by microorganisms and tumor cells to decrease host immune system activity, permitting chronic infection, cell transformation into the tumor, and tumor cell survival (Ishida et al., 1992; Keir et al., 2008). PD-1 protein is mainly expressed on the membrane of T- and B- lymphocytes, NK cells, dendritic cells, activated monocytes, and immature Langerhans cells (Boussiotis, 2016).

Belonging to the immunoglobulin superfamily, PD-1 is a type I transmembrane monomeric protein, which has a cytoplasmic tyrosine-based inhibitory motif (ITIM) and a tyrosine-based switch motif (ITSM) that transmit inhibitory signals to the immune system cells. Once the peptide-MHC complex on the surface of the antigen-presenting cell (APC) binds to the T-cell receptor (TCR), the PD-L1 expressed on APC binds to the PD-1 receptor on T-cells and induces the phosphorylation of ITIM and ITSM motifs. The recruitment of the SHP-1 and SHP-2 phosphatases causes dephosphorylation of other signaling molecules of the cascade, inhibiting phosphatidylinositol 3-kinase (PI3K) and protein kinase B (Akt). These events culminate in immune response inhibition, reflected by i) decreased production of cytokines, such as IFN-γ, IL-2, and TNF-α, ii) inhibition of proliferation and survival of T cells, and iii) re-establishment of the immunological homeostasis, decreasing the expression of co-stimulatory molecules at the immunological synapsis (Muenst et al., 2016; Salmaninejad et al., 2018). Nevertheless, the PD-1/PD-L1 signaling pathway may be used by tumor cells to attenuate or escape anti-tumor immunity, facilitating tumor progression. In human malignancies, high T-cell PD-1 expression has been reported in Hodgkin’s lymphoma, chronic lymphocytic leukemia, and breast, bladder, and ovarian cancers, suggesting a state of functional exhaustion of T cells (Muenst et al., 2016; Hollander et al., 2018; Kawahara et al., 2018; Lewinsky et al., 2018; Wieser et al., 2018; Jiang et al., 2019).

The PDCD1 gene is located at chromosome 2 (2q37.3), presents 5 exons, and encodes a 288 amino acid PD-1 protein. Alternative splicing can generate different isoforms that are expressed at similar levels after T cell activation (Shinohara et al., 1994; Keir et al., 2008); however, genetic variants at PDCD1 coding and regulatory 5’ and 3’ untranslated regions (UTR) may influence protein levels and the natural history of cancer development (Tao et al., 2017; Wang et al., 2018). Several PDCD1 polymorphic sites have been described, including i) 298 single nucleotide polymorphisms (SNPs) at the coding region, of which 213 missense, 112 synonymous, 7 nonsense, and 4 frameshift mutations; ii) 512 SNPs at the extended 5’UTR, iii) 490 SNPs at the extended 3’UTR, and iv) 1,791 intronic sequence mutations. Among these SNPs, 36 at the coding region, 57 at 5’UTR, 56 at 3’UTR and 283 intronic ones have clinical importance (https://www.ncbi.nlm.nih.gov/SNP/). Among all these polymorphic sites, the PDCD1 promoter region -606G>A polymorphism (rs36084323) has been associated with the oncogenic p53 protein in breast cancer (Hua et al., 2011), in measles-induced autoimmune neurological manifestations (Ishizaki et al., 2010), and the susceptibility to hepatitis B infection (Hou et al., 2017).

To study the role of PD-1 on the progression of cervical lesions, we evaluated PD-1 tissue and PDCD1 gene expression in women infected or not by HPV. To understand the contribution of genetic factors on PD-1 and PDCD1 expression, we evaluated the PDCD1 promoter region -606G>A polymorphism (rs36084323) in these patients.



Materials and Methods


Study Population and Ethical Consideration

The study population encompassed 295 women, aged 18-71 years (median=37 years). Among the 107 HPV-infected women, 90 were infected by high-risk, 11 by low-risk HPV, and in 6 samples the HPV viral genotype was not identified. Patients attending the Integrated Health Center Amaury de Medeiros (CISAM) and in the Professor Fernando Figueira Institute of Integral Medicine (IMIP), in Pernambuco, Brazil, between April 2016 to October 2018, were invited to participate in this study during the routine gynecological consultations for evaluation of the Papanicolaou smears, which are performed annually in asymptomatic and symptomatic women. This study was approved by the Ethics Committee of the Aggeu Magalhães Institute (CAAE: 51111115.9.0000.5190), and all participants signed an informed consent form after receiving a detailed explanation about the research. HIV-positive patients were not included in this study.

Clinical and laboratory data were obtained from medical records and interviews, using a standard questionnaire (Table 1). Venous blood and cervical exfoliative cells and biopsies were obtained during routine colposcopy analysis and evaluated by experienced gynecologists.


Table 1 | Demographic, clinical, and laboratory features of women exhibiting cervical lesion associated with the HPV-infections [low-grade squamous intraepithelial lesion (LGSIL), the high-grade squamous intraepithelial lesion (HGSIL) and cervical intraepithelial neoplasia (CIN)] or non-associated with the HPV infection [atypical squamous cells of undifferentiated (ASC-US), atypical squamous cells not excluding high-grade squamous intraepithelial lesion (ASC-H)].



For the PDCD1 gene expression analysis, the reference group was women presenting no atypia in the cytopathological Papanicolaou smear, who were not eligible to be subjected to biopsy due to ethical restriction. Abnormal cytology was classified using the Bethesda system. Cervical abnormalities were stratified as the low-grade squamous intraepithelial lesion (LGSIL) and high-grade squamous intraepithelial lesion (HGSIL). Women presenting abnormal cytology were subjected to cervical biopsies for histological stratification into the benign lesions, low-grade cervical intraepithelial neoplasia (CIN) I, and high-grade CIN II and CIN III. For the immunohistochemistry evaluation of PD-1 protein levels, the reference controls were specimens from the uninjured area adjacent to the lesion.



Histopathology

Biopsies of the cervical lesion and the adjacent area were fixed in formalin (10%) and embedded in paraffin. Four μm tissue sections were cut using a manual microtome (American Optical, Rotary, Leica, Buffalo Grove, IL), placed on silanized glass slides (Agilent-Dako, Santa Clara, CA), stained with hematoxylin-eosin (HE) and mounted with the medium Entellan® (MERCK, Burlington, MA). The sections were visualized with 400x magnification in an inverted microscope (Zeiss, Göttingen, Germany) equipped with a camera and with a 4.7.4 Image Analysis Program (AxionCam MRm Zeiss). HE-stained slides were blindly evaluated by a cervical pathologist.



HPV Detection and Typing

Genomic DNA was extracted from 500μL of a cervical cell suspension, using the Illustra Blood kit (Healthcare®, Little Chalfont, Buckinghamshire, UK), according to the manufacturer’s instructions, and quantified using the NanoDrop 2000 spectrophotometer (ThermoScientific, Waltham, MA). The quality of the extracted DNA was also assessed by PCR-amplification using the human constitutive glyceraldehyde phosphate dehydrogenase (GAPDH) gene (Martins et al., 2014). HPV infection in cervical samples was diagnosed by amplifying a fragment of the viral L1 gene with the degenerate MY09 and MY11 primers (Manos et al., 1989), using the L1-fragment encoded plasmid as the positive control. A reaction without adding any sample was used as a negative control. The presence of a band of approximately 450 base pairs (bp) in the 2% agarose gel confirmed the presence of the viral infection. Each amplification product was directly sequenced with the MY11 primer in the Genetic AnalyzerABI 3500 (Applied Biosystems, Foster City, CA) sequencer, using the BigDye terminator v3.1 cycle sequencing kit (Applied Biosystems). The chromatograms were visualized in the Mega 6.0 program (Tamura et al., 2011) to assess the quality of the sequence. Samples with defined peaks and low background in the chromatogram were submitted to Papillomavirus Episteme (https://pave.niaid.nih.gov/) to HPV genotyping.



Determination of Cellular Ploidy

Cervical cells of the uterine cervix (150μL) were ruptured using 2mL of Pharm Lyse lysis buffer (Becton Dickinson, Franklin Lakes, NJ), vigorously homogenized, and incubated in the dark for 10 minutes, and centrifuged for 120 seconds at 1,000 x g. The supernatant was discarded and the pellet resuspended in 2mL of FACs flow buffer, gently homogenized, and recentrifuged for 120 seconds at 1,000 x g. After discarding the supernatant, the pellet was resuspended in 500 μL of propidium iodide plus 10 μL of RNase (100 μg/mL), and incubated at room temperature for 30 minutes at 4°C and then for 10 minutes at 8°C. DNA fluorescence was measured by laser excitation at 488 nm and emission above 600 nm. The DNA index was estimated by comparing the proportion of DNA from the cervical cells analyzed with the diploid blood cells, using the software ModFitLT V3.0 (Verity Software House Inc., Topsham, ME). Aneuploidy was defined by a deviation in the DNA histogram in more than 10% of the cell population analyzed in the area corresponding to G0- G1 of the cell cycle in the sample (Martins et al., 2014).



Cervical Cell PD-1 Levels

Immunohistochemistry (IHC) analysis for cervical biopsies was manually performed using the DAKO EnVision ™ FLEX kit (Agilent-DAKO, Santa Clara, CA). For antigenic recovery, tissue was pretreated with citrate buffer, pH 6.1 (Agilent-DAKO), and heated for 30 minutes. After blocking with endogenous peroxidase, the tissue sample was incubated with the primary monoclonal anti-PD-1 mouse antibody (ABCAM, Cambridge, UK) diluted (1:100) with DAKO antibody diluent for 1h. After washing, the sections were incubated with secondary antibody for 20 minutes and then visualized with the DAB reagent (3,3’-diaminobenzidine tetrahydrochloride, DAKO). After labeling, tissue sections were counterstained with Harris’ hematoxylin and assembled with Entellan® (MERCK).

The IHC slides of the cervical lesion and the adjacent uninjured area were independently analyzed by two specialist pathologists. Cell areas showing brown staining were considered to be positive for the expression of PD-1 and quantified in three fields showing the highest labeling per slide, using the Gimp 2.10.18 software (GNU Image Manipulation Program, UNIX platforms, www.gimp.org). To minimize possible reading errors, we measured pixels in areas with an intense and less intense stained area in the same picture; and combined both readings to generate the final PD-1 expression value.



Cervical Cell PDCD1 Gene Expression

Total RNA was extracted from a 1000 μL of cervical cell suspension, using Trizol® reagent (Invitrogen), and submitted to cDNA synthesis using the MLLV reverse transcriptase (Invitrogen), accordingly to the manufacturer’s instructions. For PDCD1 expression, the qPCR was prepared with 1μL cDNA and 10 pmoles of each PD1F: 5’ GAT GGT TCT TAG ACT CCC CAG ACA G 3’, and PD1R: 5’ GGC TCA TGC GGT ACC AGT TTA GCA C 3’ primers, in Power SYBR™ Green PCR Master Mix (Applied Biosystems, Foster City, CA). For the expression of the GAPDH constitutive gene, we used also 1 μL cDNA and 10 pmoles of GAPDH2F: 5’ AGA AGG CTG GGG CTC ATT TG 3’ and GAPDH2R: 5’ GTG GTC ATG AGT CCT TCC AC 3’ primers in Power SYBR™ Green PCR Master Mix. All primers were designed nearby the exon-intron junction to amplify a fragment that covers two exons, assuring amplification of the cDNA target. The qPCR was performed in a final volume of 20 μL containing 10 μL of 2× Power SYBR® Green PCR Master Mix, 1 µl forward and 1 µl reverse PCR primers (500nM), 1μL cDNA and 7 µL nuclease-free water. The reaction mixtures were processed with an initial holding period at 95°C for 10 min, followed by a two-step PCR program for 40 cycles that consisted of 95°C for 15 sec and 60°C for 1 min. The PDCD1 and GAPDH calibration curves showed similar amplification efficiency, and samples were evaluated in duplicate in Quant Studio 5 (Applied Biosystem). Only samples showing a melting curve with single and specific peaks, and only duplicates showing standard deviation less than 0.5 were considered for analyses. A unique threshold was settled for each gene amplification in all plates, and the sample CTs were annotated. PDCD1 relative expression was determined by ΔCT-comparative quantification, in which PDCD1 expression was normalized by the endogenous gene expression (ΔCT =CTPDCD1 – CTGAPDH) for each sample, and the final results were expressed in fold-change, using the equation (Fold-change=2-ΔCT).



PDCD1 Promoter Region Polymorphism

DNA from peripheral blood mononuclear cells, extracted using DNAzol® Reagent (Invitrogen, Carlsbad, CA) was used for the detection of the -606G>A (rs36084323) SNP. Briefly, DNA was amplified using the PD-1 PROMO F (5 ‘GAA AGA TCT GGA ACT GTG GC 3’) and PD-1 PROMO R (5 ‘TGA GAG TGA AAG GTC CCT CC 3’) primers. The amplification reaction was performed in a final volume of 20 μL containing 1x of polymerase buffer (Applied Biosystems), 0.5 mM MgCl2, 2% DMSO, 200 μM dNTP’s, 1.0 μM of each primer, 1.0 unit of Ampli-Taq Gold (Applied Biosystems) and 80-200 ng of genomic DNA for the amplification of a 962 bp-PD1 fragment. The cycling conditions included an initial stage at 94°C for 10 min; 40 cycles of denaturation at 94°C for 1 min, annealing at 62 °C for 1 min and extension at 72 °C for 1.2 min, and final extension for 7 min at 72°C. The PCR product was visualized using a 1.5% agarose gel and, subsequently, sequenced by the SANGER method, following the BigDye protocol on ABI 3500 sequencer (Applied Biosystems). Polymorphic sites were determined using the Seqman® program (Roche 454, Life ScienceTM, Branford, CT) and individually annotated in an Excel 2016 spreadsheet.



Bioinformatics Analysis

To propose a list of possible microRNAs (miRNA) associated with the PDCD1 rs36084323 SNP, we took advantage of two separated approaches using: i) the mirDIP Version 4.1.11.1 (Tokar et al., 2018), which integrates 30 different databases of miRNA target prediction, together with a unidirectional search query with PDCD1 (PD-1 alias), to search for all predicted miRNAs without filtering any specific ‘Score class’; ii) the sequence of 100 base pairs that surrounds the SNP, as retrieved from Genome Browser Gateway (http://genome.ucsc.edu/), and blasted using miRBase Release 22.1 (Kozomara et al., 2019). Then, we selected the miRNAs that annealed with the SNP site taking into account the two possible alleles.



Statistical Analysis

Association analyses of allele and genotype frequencies with clinical variables were performed using the two-tailed Fisher’s exact and chi-square tests, considering a significance level of P <0.05. The Hardy-Weinberg Equilibrium was assessed by the Online Encyclopedia for Genetic Epidemiology (OEGE). The D’Agostino-Pearson test was used to assess the homogeneity of the PD-1 expression in pixels and fold-change. The central tendency was expressed as a median and the Kruskal-Wallis and Mann-Whitney tests were used to compare numeric variables. The graphics were prepared using GraphPad Prism Software version 5.0 for windows (www.graphpad.com, La Jolla, CA).




Results


PD-1 Detection in Cervical Samples

PD-1 expression was evaluated in samples exhibiting HPV infection and in samples without HPV infection. Irrespective of lesion severity, we observed three patterns of PD-1 staining in cervical samples: i) exclusive labeling of the stratified squamous epithelium, ii) exclusive labeling of stromal cells, and iii) labeling of epithelium and stroma. Considering the uninjured adjacent areas, the expression of PD-1 in epithelium and stroma (n = 50, median = 4,313 pixels) was higher when compared to sections that labeled only the epithelium (n = 48, median = 2,810 pixels, P = 0.0302). Considering the injured areas (cervical lesions), the expression of PD-1 in epithelium and stroma (n = 32, median = 21,184 pixels) was also significantly higher when compared to specimens that exclusively labeled the epithelium area (n = 20, median = 6,339 pixels, P < 0.0001) (Figure 1A).




Figure 1 | Pattern of PD-1 immunochemistry labeling observed in cervical samples, according to (A) the tissue location in injured and uninjured adjacent areas, (B) the severity of lesion irrespective to HPV infection, (C) in the presence of HPV infection, and (D) the absence of HPV infection. PD-1 labeling was analyzed by two independent pathologists, and the intensity of the labeling (pixels) was quantified in three fields per slide. Data were presented as medians, and the comparisons were performed using the Kruskal-Wallis test followed by Mann Whitney U test. In graph B, PD-1 levels were high irrespective of the severity of cervical lesions, CIN III (in a, P<0.0001); CIN II (in b, P<0.0001); CIN I (in c, P<0.0001); and benign lesions (in d, P<0.0001) compared to the uninjured adjacent area; and between benign lesion vs. CIN I (in e, P = 0.0131); however, CIN I lesions showed the highest PD-1 level compared to the CIN II (in f, P = 0.0014) and CIN III (in g, P = 0.0172). In graph C, in presence of HPV the PD-1 levels were high in CIN III (in a, P<0.0001), CIN II (in b, P<0.0001), and CIN I (in c, P<0.0001) compared to uninjured tissue, and lower PD-1 levels were observed in CIN III (in d, P = 0.0048) and CIN II (in e, P = 0.0012) compared to the levels in low-grade lesion CIN I. In graph D, in women non-infected by HPV, high PD-1 levels were also observed in CIN III (in a, P<0.0001), CIN I (in b, P = 0.0001), and benign injury (in c P = 0.0001) compared to the uninjured adjacent area.



The evaluation of PD-1 protein level according to the severity of the lesion revealed the following results: i) PD-1 expression in benign lesions, and cervical intraepithelial neoplasia (CIN I, CIN II, and CIN III) was significantly higher when compared to uninjured adjacent tissue (P<0.0001, for each comparison, Figure 1B); ii) the PD-1 expression in benign lesions did not differ from CIN II (P = 0.7431) and CIN III (P = 0.5854) and, similarly, CIN II did not differ from CIN III (P = 0.5122); and iii) the PD-1 levels in low-grade lesions (CIN I) (n = 12, median = 44,215 pixels) were higher than in those presenting high-grade (CIN II and CIN III) lesions (n = 54, median = 18,942 pixels, P = 0.0046); however, the pattern of expression was different. PD-1 labeling in low-grade lesions was higher in infiltrating immune cells of the stroma compared to the epithelium, whereas in high-grade lesions PD-1 expression was observed primarily in the epithelium (Figure 2). Additionally, irrespective of the severity of the lesion, PD-1 levels were increased compared to adjacent uninjured areas. Also, in CIN I the presence of HPV was associated with increased PD-1 protein levels (P = 0.0649), whereas in CIN III was associated with decreased levels (P = 0.0148) compared to correspondent tissue lesion in absence of HPV infection (Figures 1C, D).




Figure 2 | Immunohistochemistry labeling of PD-1 level observed in specimens obtained from the mucosa of the uterine cervix, stratified according to the presence or not of the lesion, and according to the severity of the cervical lesion. (A) cervix without lesion, (B) benign injury, (C) CIN I, (D) CIN II, (E) CIN III, at 100X and 400X magnifications. PD-1 protein was primarily detected in the stratified epithelium and stroma of the cervical mucosa.





Polymorphism of the PDCD1 Promoter Region

Irrespective of the severity of the cervical lesion, the frequency of the wild -606G allele was 91.3%, and the distribution of the GG (83.7%), GA (15.2%), and AA (1.1%) genotypes adhered to the Hardy-Weinberg equilibrium (χ² = 0.48). Taking into account the low frequency of the AA genotype, we lumped together the AA and GA genotypes to allow statistical analysis. Women carrying the -606A allele were not at increased risk for i) development of HPV infection, ii) exhibiting cytological and histological HPV and non-HPV changes, and ii) presenting aneuploidy (Table 2).


Table 2 | Allelic and genotypic frequency of the promoter region PDCD1-606 G>A (rs36084323) polymorphism observed in women exhibiting grades of cervical lesions, stratified according to i) presence or not of the HPV infection, ii) cytological/histological alterations, and iii) cellular ploidy.



Considering the differential exposure of HPV according to age and the risk for developing cervical lesions, we evaluated the influence of the patient age on the studied variables. Age did not influence the PDCD1 genotype frequency among patients presenting or not HPV (P = 0.3066), and among patients exhibiting benign injury (P = 0.1692), CIN I (P = 0.5698), CIN II (P = 0.0746) or CIN III (P = 0.7366) compared to women with normal cytomorphological results.



Association of the PDCD1 Gene Expression in the Cervical Lesion With PDCD1 Polymorphism

The presence of cervical injury was not associated with a greater PDCD1 expression by exfoliative cervical cells when compared to cervical samples from women with a normal cytomorphological smear (Figure 3A). However, considering samples altogether, the mutant -606A allele in single or double dose was associated with higher PDCD1 gene expression in cervical cells compared to the wild type -606GG genotype (Figure 3B). There was no statistical difference (P = 0.4692) between PDCD1 expression levels in lesions of different severities in carriers of the -606GG genotype (Figure 3C). However, among carriers of the -606A allele in homo or heterozygosis, the expression of PDCD1 was higher in exfoliative cells of patients exhibiting high-grade CIN III lesions compared to those presenting benign (P = 0.0453) or CIN II (P = 0.0233) lesions (Figure 3D). Moreover, despite no association of HPV-infection with PDCD1 expression (P=0.8329) was observed (Figure 3E), the presence of HPV increased PDCD1 expression, particularly in women presenting CIN I lesion (Figures 3F, G), a finding that may have been influenced by the -606A allele (Figure 3H).




Figure 3 | PDCD1 mRNA expression in exfoliative cervical cells of patients presenting normal (uninjured) and abnormal cytomorphological smear (injured) stratified according to the severity of the lesion, presence or absence of HPV infection, and the nucleotide variability at the promoter region PDCD1-606G>A polymorphic site (rs36084323).  PDCD1 expression was calculated by the qPCR comparative method using as reference the GAPDH gene and the SYRB green detection system, performed in duplicate. Fold-change differences were estimated by the Kruskal-Wallis or Mann-Whitney U tests. (A) PDCD1 expression stratified according to the severity of the cervical lesion, (B) PDCD1 expression stratified according to the presence of the -606GG and AA/GA genotypes, (C) PDCD1 expression among carries of -606GG genotype, (D) and carries of -606 A allele in homo or heterozygosis stratified according to the severity of the cervical lesion, (E) PDCD1 expression among women infected and non-infected by HPV, and stratified according to the severity of the cervical lesion in the presence (F) or absence (G) of HPV infection, and (H) PDCD1 expression stratified according to the presence of the -606GG and AA/GA genotypes in the presence or absence of HPV infection.





Association Between PD-1 Protein Levels and PDCD1 Polymorphism

We also evaluated whether the PD-1 tissue levels were associated with the presence of the rare PDCD1 -606G>A polymorphic sites. Considering the dominant model for the rare allele, women carrying the A allele in homozygosis or heterozygosis (n = 46, median = 7,381 pixels) exhibited increased PD-1 levels in cervical samples when compared to those homozygous for the G allele (n = 126, median = 5,697 pixels, P = 0.0234) (Figure 4A). Besides, the association of PDCD1 -606A allele with the PD-1 expression was strengthened when we specifically evaluated women with high-grade cervical lesions (CIN III); i.e., women carrying the -606A allele at homo- or heterozygosis exhibited higher PD-1 levels in the cervical lesions when compared to women carrying the homozygous -606G allele (GA + AA with the median of 48,117 pixels vs. GG with the median of 8,539 pixels, P = 0.0010) (Figure 4B). However, PD-1 levels in uninjured adjacent tissue were not associated with the -606G>A variation site (GA + AA with the median of 3,358 pixels vs. GG with the median of 3,409 pixels, P = 0.8646) (Figure 4C). In the presence of HPV infection, the high PD-1 levels previously associated with the presence of the -606A allele was not observed anymore (Figures 4D, E); however, the influence of HPV infection on PD-1 levels continue to be observed for high-grade CIN III lesions even being in less magnitude (Figure 4F).




Figure 4 | PD-1 levels in cervical mucosa of samples obtained from patients exhibiting cervical lesions, stratified according to the severity of the lesion, presence or absence of HPV infection and according to the PDCD1 -606G>A (rs36084323) polymorphism. The immunohistochemistry data were analyzed by two pathologists independently, and the intensity of labeling was quantified in three fields per slide. Data were presented as medians. The median differences were calculated using the Mann-Whitney test. (A) PD-1 protein levels were increased cervical mucosa of women encompassing the -606AA and -606GA genotypes when compared to the -606GG genotype, the difference is high among severe CIN III injury (B), but not in the uninjured adjacent tissue (C). In the presence of HPV infection (D), the high PD-1 levels previously associated with the presence of the -606A allele (E) was not observed anymore; however, the influence of HPV infection on PD-1 levels continue to be observed for high-grade CIN III lesions even being in less magnitude (F).





Predicted miRNA and PDCD1 rs36084323 SNP Association

Considering the discrepancy regarding the results of the protein (Figure 4F) and gene expression (Figure 3H) levels, we further evaluated the differential targeting of miRNAs at the PDCD1 -606 variation site. An in-silico study showed that the hsa-miR-204-3p binds exclusively to the G allele, whereas the hsa-miR-6798-5p, hsa-miR-6775-5p, and hsa-miR-4776-5p bind only to the A allele, and the hsa-miR-6771-5p targeted both alleles. Notably, the miRNAs that targeted the -606G>A variation site were included among the 2,586 miRNAs that have been predicted to target the PDCD1 gene, according to the mirDIP analysis (Figure 5).




Figure 5 | Predicted miRNAs that target the PDCD1 -606G>A (rs36084323) polymorphic site. Binding affinity was evaluated using miRbase and mirDIP software and expressed as e-values, in which high affinity is represented by low e-values and vice-versa.



In summary, our results showed that the -606A allele is rare in our population and, considering the dominant model, women carrying the -606 AX genotype (X= A or G) are more likely to respond to HPV-induced cervical lesions with decreased production of PD-1, and the intensity and pattern of labeling is related to the degree of the cervical injury.




Discussion

Since healthy cervical specimens are not easily available due to ethical reasons, in this study we evaluated PD-1 expression in cervical biopsies obtained from patients presenting several stages of the cervical lesion (injured areas) and used, as controls, the adjacent uninjured cervical areas. Irrespective of the severity of the lesion, injured cervical specimens overexpressed PD-1 when compared to the adjacent uninjured area, and particularly observed in the stromal layer (Figure 1A). Notably, samples presenting high-grade (CIN II-III) lesions expressed less PD-1 when compared to low-grade (CIN I) lesions (Figure 1B). PD-1 expression predominated in the stroma in low-grade lesions, and the epithelium in high-grade lesions (Figure 2). The stroma-rich T cell-infiltrate in low-grade cervical lesions associated with the increased tissue PD-1 (Hemmat and Bannazadeh Baghi, 2019) primarily reflect the severity of inflammation associated with HPV infection (Yang et al., 2013), whereas the expression at the epithelium strongly indicates the role of PD-1 on the progression of the cervical lesions (Yang et al., 2017; Chang et al., 2018; Medeiros et al., 2018).

Considering that the magnitude of the PDCD1 gene expression has been associated with the PDCD1 -606 G>A polymorphic site (Ishizaki et al., 2010), we further investigated the relationship between alleles/genotypes with the magnitude of PD-1 cervical expression. First, we observed that the PDCD1 -606AA genotype was rare in our population (1.1%), and according to the data reported at the 1000 Genomes Phase 3 database (The 1000 Genomes Project Consortium, 2015), the promoter region PDCD1 -606G>A (rs36084323) polymorphic site presents diverse allele frequency distribution in worldwide populations (1000 Genomes Project Phase 3 Allele Frequencies rs36084323 Snp; Auton et al., 2015), being frequent in Asians (1000 Genomes Project Phase 3 Allele Frequencies rs36084323 Snp), particularly in Chinese (21.9%) and Japanese (25%) populations (Hua et al., 2011; Sasaki et al., 2014; Hou et al., 2017). The presence of the -606A allele was not associated with the risk for the development of HPV infection, probably because of the low frequency of the mutant allele in our population. According to the frequency of the -606A in our population, a cohort of 1,834 individuals would be necessary to discriminate susceptibility/protection alleles.

Women carrying the -606A allele in homozygosis or heterozygosis showed a significant increase in the PDCD1 gene expression and PD-1 protein level when compared to those who carry the -606G allele in homozygosis. In HPV-non-infected women, the PDCD1 expression was irrespective of the severity of the lesion, but in the presence of HPV infection, the PDCD1 expression was significantly increased in CIN I lesions, which may suggest a viral attempt to evade immune response against infection, favoring viral persistence (Yang et al., 2013). The PD-1 protein level in CIN I lesions was also high in HPV-infected women compared to non-infected women (P=0.0649). In contrast, HPV decreased the PD-1 protein levels in CIN III (P=0.0148), even though the protein levels remained significantly increased compared to the uninjured adjacent area, indicating that the HPV infection is associated with the cervical transformation (Martins et al., 2014). Noteworthy, the -606G>A variation site did not influence cervical PD-1 protein levels in adjacent uninjured tissue indicating that, besides the genetic background, local microenvironment factors such as local inflammation may have a role

The functional implication of the PDCD1 -606G>A polymorphism on the magnitude of PD-1 production has been attributed to the target site of the ubiquitin-converting enzyme 2 (UCE-2) transcription regulator (GGCCG in position -610 to -606). The -606G allele was associated with higher relative expression of PDCD1 mRNA in peripheral blood mononuclear cells of Japanese and Filipino patients exhibiting subacute sclerosing panencephalitis due to measles infection (Ishizaki et al., 2010), and with lower survival in patients with non-small cell lung cancer (Sasaki et al., 2014). Additionally, the -606GG genotype was associated with protection against the development and progression of breast cancer in women from Northeastern China; however, the A allele and the AA genotype were more frequent in patients exhibiting the p53 protein, a marker of biologically aggressive breast cancer (Hua et al., 2011). The PDCD1 -606AA genotype was also associated with chronic hepatitis B virus (HBV) infection in the Chinese population, a viral infection that may progress to hepatocarcinoma (Hou et al., 2017). Altogether, these studies indicate a differential role of the PDCD1 -606G>A polymorphic site according to the major subjacent cancer or viral disorder. In our study, we reported that the PDCD1 expression and PD-1 protein levels were associated with the -606 A allele, and were modulated by HPV in severe tissue damage, suggesting that other mediators induced during the HPV infection progression may play an additional role.

Among the myriad of transcriptional and post-transcriptional elements that may differentially target gene polymorphic sites, the UCE-2 transcription regulator, which modulates the PDCD1 -606 G>A polymorphic site (Ishizaki et al., 2010), has not been previously evaluated in the context of the progression of the HPV infection. On the other hand, several miRNAs have been associated with HPV lesion progression (Pardini et al., 2018; Pulati et al., 2019), and little is known regarding miRNA targeting the PDCD1-606 G>A region. Considering that virus infection may change the miRNA cell repertoire expression (Park et al., 2017; Chirayil et al., 2018; Del Mar Díaz-González et al., 2019), and that miRNA may also regulate gene expression at the transcriptional level (Lytle et al., 2007; Ørom et al., 2008; Place et al., 2008; Zhang et al., 2014), we conducted a bioinformatics analysis to predict miRNA interaction with the PDCD1 -606G>A polymorphic site. Three miRNAs were predicted to bind to the mutant A allele: i) the hsa-MiR-6798-5p up-regulates decidual NK cells in recurrent spontaneous abortion (Sfera et al., 2015), ii) the hsa-MiR-6775 is reported to silence the transcription of the alpha 7-cholinergic nicotinic receptor gene (CHRNA7) expressed on lymphocyte surface and associated with lymphocyte anergy, T regulatory cell differentiation and immunologic tolerance, which consequently may predispose to cancer development (Li et al., 2018), and iii) the hsa-MiR-4776-5p specifically targets the nuclear factor Kappa B inhibitor beta (NFKBIB) mRNA in Influenza A virus-infected cells, leading to activation of NF-kB, and survival of infected cells (Othumpangat et al., 2017). The hsa-MiR-6771-5p binds to the -606 G alleles with high affinity (e-value = 1.1) and weakly to the mutant A allele (e-value = 6.2), and it is involved in ZIKA-associated microcephaly. This miRNA shares the same sequence of the ZIKV genome and human genes associated with microcephaly (McLean et al., 2017). Finally, the hsa-MiR-204-3p targets the wild PDCD1 -606G allele, and several studies report that this miRNA is a protective factor against cancer development by different cellular mechanisms depending upon the cell origin (Cui et al., 2014; Koga et al., 2018; Li et al., 2019; Xi et al., 2020). Besides targeting the PDCD1 gene, these miRNAs may also be associated with cell transformation induced by viruses and may share sequences associated with virus infection complications. Therefore, a balance between transcriptional and post-transcription factors together with genetic variability may account for the final result that may halt or permit virus spread and cell transformation.

Concluding, this study showed that PD-1 protein levels are increased in HPV-induced cervical lesions, irrespective of the severity of the injury. In CIN I lesions, the highest PD-1 levels were observed in the inflammatory infiltrating cells of the stroma, whereas in high-grade CIN III lesions, the high PD-1 expression was observed in epithelial cells. In CIN I, the high levels of PD-1 were associated with increased PDCD1 expression in HPV-infected samples, whereas in CIN III the presence of HPV induced a decrease in PDCD1 expression and of PD-1 levels in carriers of the -606A allele, suggesting the possible gene regulation by miRNAs. Indeed, we identified some miRNAs specifically targeting the -606A allele region, which may be modulated by the presence of HPV, and may be involved in the progression of the cervical lesion. Future studies are needed to validate the role of these miRNAs in cervical cancer pathogenesis.
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22 test with contingency table for genotype between leprosy patients and control subjects, bacteriological index (Bl), odds ratio (OR), o < 0.05; ***o < 0.0005 and
confidence interval (Cl).





OPS/images/fimmu-11-542210/crossmark.jpg
©

2

i

|





OPS/images/fimmu-11-542210/fimmu-11-542210-t001.jpg
Structure (gene) Mutation (rs)

CTLA-4 (CTLAY) ~818 C/T and +49 A/G®
DC-SIGN (OCSIGN) 154804803
FCy-Rlla (FCGR2A) 151801274
HLA (HLA) HLA-DRB1 and HLA-DQB1 aleles®
IFN-y (FNG) +874T/A®
+874 T/A (rs2430561)
1L-4 (1L4) —590 T/C*
Intron-3 microsatellite RP1/RP2*
IL-10 (L70) —1082 G/A®

IL-12p40 (L128) +1188 A/C (1s3212227)

IL-12RB1 (ILT2RBT) 230 T/C Leu77Phe*

641 A/G (rs11575834)

JAK1 1511208534
TNF-o (TNFA) ~308 G/A®
151800629

Vitamin D Receptor 157976252

(VOR)

4rs not informed or not applicable.

Main results

No differences between patients and controls

Genotype DCSIGN-GG on patients with oral PCM (p = 0.032)

No differences between patients and controls

HLA-DRB1*11 allele associated with UC form of PCM (o = 0.039)
No differences between patients and controls

No differences between patients and controls

No differences between clinical forms of PCM

Patients with C-aliele procuce more IL-4 than those with T-allele (o
<0.05)

No differences between patients and controls
Genotypes RP2/RP2 on patients and AP1/RP1 on controls (with low
IL-4 expression): p = 0.0042

Genotypes /L 10-GG on patients and IL10-AA on controls (o

0.0218)

No diferences between patients and controls
No differences between ciinical forms of PCM

Inherited IL-12RB1 deficiency leading to acute form of PCM

No differences between patients and controls

Male patients: Genotype /L 12RB1-AA on MC form and IL12RB1-AG
on UG form (p = 0.048)

No differences between patients and controls

No differences between patients and controls

No differences between patients and controls

Genotype VDR-CC (p < 0.001) and C-allle (o = 0.027) on patients

References

(48)
(49)
(49)
(26)
(35)
31

(35)

(30)
(30)

(34)

@1

(29)
31)

(49)
(34)
(49)
(49)





OPS/images/fimmu-11-01974/fimmu-11-01974-g002.jpg
— % max

B
Healthy Controls CC Genotype CT Genotype TT Genotype X
o . p &
1 N
[a]
1 (@]
o
Cd 5
o

CD4+CD25+ gated cells

D
Healthy Controls ~ CC Genotype CT Genotype TT Genotype =
x
@
23
6.7% 16.8% 18.4% 27.6% E
[fel
oa
on
o O
- x
23

IL-10
CD4+CD25- gated cells
F
Healthy Controls ~ CC Genotype CT Genotype TT Genotype

% max

IL-10 producing
CD4+CD25- Cells (%)

N
(&)
1

20

15

10

307

20

ek

*k

ns

[ Healthy Controls
Il CC Genotype
I CT Genotype
B TT Genotype

[ Healthy Controls
Il CC Genotype
I CT Genotype
I TT Genotype

[ Healthy Controls
I CC Genotype
I8 CT Genotype
I TT Genotype





OPS/images/fimmu-11-01974/fimmu-11-01974-g003.jpg
A CC Genotype TT Genotype
IL<10

140

w
N
s

-
[¢,]
1

[$)]
"

Mean of IL-10+ Cells (%)
o

o
T

Il CC Genotype

TT Genotype
p=0.052

5






OPS/images/fimmu-11-01974/fimmu-11-01974-t001.jpg
Leprosy patients (n = 132) Controls (n = 120)
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Mean 384 +£15.3 32.2 +£13.1
Gender

Male 71 (53.8) 74 (61.7)
Female 61 (46.2) 46 (38.3)

Leprosy patients were classified according to Ridley—Jopling classification.
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Patients characteristics TOTAL HPV + HPV -
N =295 % N =107 36.3% N =188 63.7%
Age - years
Median (minimum - maximum) 37.8 (18-70) 36 (18-66) 38 (19-72) P=0.3066
Use of oral contraceptives 293 107 188
Yes 68 23.2 19 17.9 49 26.2 P=0.1152
No 225 76.8 87 82.1 138 73.8
Data missing 2 1 1
Cytological alterations 255 107 188
No atypias 104 40.8 24 25.5 80 49.6 P<0.0001
ASC-US and ASC-H 26 10.2 6 6.4 20 12.4
LGSIL 51 20.0 22 23.4 29 18.0
HGSIL 74 29.0 42 44.7 32 19.9
Data missing 40 13 27
Histological alterations 267 107 188
Uninjured (not submitted to biopsy)* 74 217 11 1.7 63 36.4 P<0.0001
Benign injury 41 15.4 9 9.6 32 18.5
CIN|I 23 8.6 8 8.5 15 8.7
CIN Il 67 251 33 35.1 34 19.6
CIN I 62 23.2 33 35.1 29 16.8
Data missing 24 13 15
Cellular ploidy 122 107 188
Aneuploidy 27 221 10 23.8 63 78.8 P<0.0001
Diploidy 95 779 32 76.2 17 212
Data missing 173 65 108

To evaluate possible differences between the groups of infected and uninfected by HPV, Mann-Whitney test (age-years), Chi-square test (cytological and histological alterations), and
Fisher test (Use of oral contraceptives and Celular ploidy) were performed. *According to the Brazilian Ministry of Health’s screening policy for cervical cancer, there is no indication for
colposcopy for these patients, due to the absence of changes in the cytological examination.
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Patients characteristics PDCD1 (rs36084323)

GG GA+AA P OR (CI-95%) G A P OR (CI-95%)
N=231 83.7% N=45 16.3% N=504 91.3% N=48 8.7%
HPV Infection
Yes 83 35.9 17 378 0.8659 0.92(0.48-1.79) 182 36.1 18 37.5 0.8757 0.94(0.51-1.74)
No 148 64.1 28 62.2 322 63.9 30 62.5
Total 231 100.0 45 100.0 504 100.0 48 100.0
Cytological alterations
HGSIL 55 27.8 16 40.0 03018 n/a 125 2838 17 40.5  0.2864 n/a
ASC-US, ASC-H and LGSIL 62 31.3 10 25.0 133 306 11 26.2
No atypias 81 40.9 14 35.0 176 406 14 33.3
Total 198 100.0 40 100.0 434 100.0 42 100.0
Presence of histological alterations
Presence of CIN 118 56.5 23 56.1 1.0000 1.01 (0.52-1.99) 259 56.8 23 52.3 0.6337 1.20 (0.64-2.23)
Absence of CIN 91 43.5 18 439 197 432 21 47.7
Total 209 100.0 l 100.0 456 100.0 44 100.0
Histological alterations
CIN Il 48 23.0 10 24.4 0.8669 n/a 106 232 10 22,7 07133 n/a
CINIl 51 24.4 11 26.8 118 248 i} 250
CIN'I 19 91 2 4.9 40 8.8 2 4.5
Benign injury 33 15.8 8 19.5 72 15.8 10 227
Uninjured 58 27.8 10 24.4 125 274 11 25.0
Total 209 100.0 Gl 100.0 456 100.0 44 100.0
Cellular ploidy
Aneuploidy 22 24.2 3 120 0.2737 2.34(0.64-8.57) 47 228 3 11.5 0.3092 2.27 (0.65-7.88)
Diploidy 69 75.8 22 88.0 159 772 23 88.5
Total 91 100.0 25 100.0 206 100.0 26 100.0

Atypical squamous cells of undetermined significance (ASC-US), atypical squamous cells-not excluding high-grade squamous intraepithelial lesion (ASC-H), the low-grade squamous
intraepithelial lesion (LGSIL), the high-grade squamous intraepithelial lesion (HGSIL), cervical intraepithelial neoplasia (CIN). N, sample number; P, P-value; G, wild allele; A, variant allele;
OR, odds ratio and 95%CI, confidence interval. The frequencies of alleles and genotypes were compared using the two-tailed Fisher's exact and Chi-square tests.
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Phenotypes Locus name 5’ Marker FMarker References Candidate genes,

(Position) (Position) Tested (Untested)

Egg count SM1 5q31-633 D58642 D55412 (4, 68-70) IL4, IL5, IL9, IL13,
(128Mb) (158Mb) (IL3, CXCL14, CD14,

1IL178, IL128)

Egg count 1p21-q23 D15236 D1S196 (69) (IL6R, CRP)
(95Mb) (168Mb)

Egg count 6p21-g21 D6S271 D65283 (69) (VEGFA, IL17A, IL17F)
(43Mb) (67Mb)

Hepatic fibrosis SM2 622-023 D6S1009 D6S310 1) CTGF, IFNGRY,
(137Mb) (142Mb) IL22RA2

Egg count 7985-G36 D75483 D78550 (69) (TRB, NOS3, SHH)
(152Mb) (156Mb)

Marker positions are shown in GRCh37 co-ordinates. Candidate genes that have been found associated with the phenotype are shown in bold (Tables 3, 4). Other plausible candidates
(See Figure 2) in the regions are in brackets. Genes associated with the Ty, 17 response are underlined. These loci are shown graphically in Figures 1, 2.
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Genotypes and alleles

AA
AG
GG
A
‘G

HTLV-1
n=108
n (%)

48(33.3)

41(50.0)

19(16.7)
0.63
037

n, number of individuals. **Chi-square test. *allele.

Control
n =100
n (%)

52 (62.0)

37 (40.0)

11(11.0)
071
029

0.3339

0.2925

Asymptomatic
n=61
n (%)

25 (41.0)

26 (42.6)

10 (16.4)
0.62
0.38

Symptomatic
n=47
n (%)

23(48.9)

15(319)

09(19.2)
0.64
0.36

0.5236

0.8836
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SNP Gene Phenotype Parasite Neg refs Pos refs

152430561 IFNG ToR sm none 72
153024495 Lo FEC sm None @8
11800896 1o IgE Sm None (38)
151800871 Lo IgE sm None @8
151800872 10 IgE sm None @8
1L10(-1082/-8 Lo UEC sh 73) (@
19/-592)

1520641 iz FEC Sm (75, 76) (@)
152066960 L1z FEC sm (79) @)
17719175 L1z UEC sh 79 79"
12069743 L1z UEC sh 79 (80)
151800925 13 UEC, FEC, T2R Sh, Sm None (72, 77-79)"
152243250 7] UEC, T2R sh (80) (73), 712
rs2079103 s IF §j None (79"
152706399 s IF F] None (X
rs3024974 STAT6 UEC Sh None (73"
15324013 STATE UEC sh None 8y
15733618 CTLA4 UEC sh None ©1)
111571316 CTLA4 UEC sh None ®1)
1231775 CTLA4 UEC sh None ®1)
153124952 FON2 UEC sh None ©®)
1517514136 FON2 UEC sh None 82)
17567833 coLecet1 UEC sh None )
COLEC11*TCCA COLECCT1 UEC sh None 83)
Blood group O ABO FEC,UEC shsm Norne 84
15746822072 RNASE3 FEC sm None 85)

Loci that have been found associated with schistosomiasis in more than one study are shown in bold. * Loci that are not significant after Bonferroni correction. IL10 (~1082/~819/~592)
= a haplotype of rs1800870, rs1800871 and rs1800872. COLECT1*TCCA s a haplotype of rs1864480 (~676T/C), rsd849953 (~472T/C), rs6714770 (~469C>G), and (~276C>T).
Blood Group O is most commonly defined by genotypes at three SNP rs8176719, rs8176746(CC), rs8176747(GG). IF, Infection Frequency; T2R Time to Reinfection; UEC, Urine Egg
Count; FEG, Fecal Egg Count: Sh, . haematobium; Sm, S. mansoni: Sj, S. japonicun. *Pos refs" column contains citations for the studies that showed a significant association with
phenotype and “Neg refs” column contains citations of studies that failed to show a significant association at that locus.
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GENE

128

IL10

IFNG

These association tests are genotype association and allelic fests.

SEV CCC, Severe CCC.

Tag SNP

rs2646890

rs730691

rs2546893

rs1003199

rs3181216

rs2569253

rs2853694

rs919766

rs2853696

rs11574790

s3212227

rs1368439

rs6870828

rs6859018

rs1800890

rs1800896

rs1800871

rs1518111

rs3024496

rs6673928

rs2069705

rs1861494

rs2069718

rs2069727

rs3181035

rs2070874

rs2227284

rs2243261

rs2243268

s2243274

rs2243290

152406539

GG vs. GA + AA
MAF

Aleiic test
GGvs. GA

MAF

Alelic test

GG + GAvs. AA
MAF

Allelic test
CC+CTvs. TT
MAF

Alelc test

TTvs. TA + AA
MAF

Aleiic test
TT+CCvs. TC
MAF

Alelic test
AAvs. AC +CC
MAF

Allelic test
AAVs. AC +CC
MAF

Allelic test

GG vs. GA + AA
MAF

Allelic test
CCvs. CT+TT
MAF

Alefic test
AAvs. AC +CC
MAF

Allelic test

TTvs. TG + GG
MAF

Allelic test

AA 4+ AG s, GG
MAF

Allelic test

CCvs. CT+TT
MAF

Alelc test

TTvs. TA + AA
MAF

Aleiic test
AA+AG Vs, GG
MAF

Aleiic test
CC+TTvs. CT
MAF

Allelic test

GG + AAvs. GA
MAF

Allelic test

T+ TCvs. CC
MAF

Allelic test
CCvs. CA

MAF

Allelic test
TTvs. TC+CC
MAF

Allelic test
AAvs. AG + GG
MAF

Allelic test
CC+CTvs. TT
MAF

Allelic test

AA +AG V5. GG
MAF

Allelic test

GG vs. GA + AA
MAF

Allelic test
COvs. CT+TT
MAF

Allelic test

AA 4 ACvs. CC
MAF

Allelic test
GGvs. GT+TT
MAF

Allelic test
AAVs. AC + CC
MAF

Allelic test

GG + GAvs. AA
MAF

Allelic test

CC + CAvs. AA
MAF

Allelic test
AAvs. AT + TT
MAF

Allelic test

Association tests

p=0.121; OR = 1.28; 95%Cl: 0.95-1.61
ASY MAF(A) = 46.6%; SEV CCC MAF(A) = 378%
Chi-square = 4.30 and p = 0.04

p=0.407; OR = 1.33; 95%Cl: 0.68-2.58

ASY MAF(A) = 9.1%; SEV CCC MAF(A) = 12.0%
Chi-square = 0.91 and p = 0.34

p =0.001; OR = 1.69; 95%Cl: 1.23-2.34

ASY MAF(A) = 45.8%; SEV CCC MAF(A) = 32.8%
Chi-square = 9.84 and p = 0.002

p=0013; OR = 152; 95%Cl: 1.09-2.13

ASY MAF(T) = 43.123.7%; SEV CCC MAF(T) = 34.8%
Chi-square = 3.98 and p = 0.05

p=0.430; OR = 1.11; 95%Cl: 0.86-1.43

ASY MAF(A) = 23.7%; SEV CCC MAF(A) = 24.8%
Chi-square = 0.80 and p = 0.37

p=0.036; OR = 1.45; 95%Cl: 1.02-2.05

ASY MAF(C) = 40.7%; SEV CCC MAF(C) = 34.3%
Chi-square = 2.33 and p = 0.13

p=0.360; OR = 1.12; 95%Cl: 0.88-1.43

ASY MAF(C) = 34.7%; SEV CCC MAF(C) = 30.2%
Chi-square = 134 and p = 0.25

p=0.007; OR = 1.49; 95%Cl: 1.11-1.98

ASY MAF(C) = 8.9%; SEV CCC MAF(C) = 20.7%
Chi-square = 1391 and p = 0.0002

p=0.649; OR = 1.27; 95%Cl: 0.45-3.56

ASY MAF(A) = 10.8%; SEV CCC MAF(A) = 9.5%
Chi-square = 0.21 and p = 0.64

p=0.026; OR = 1.39; 95%Cl: 1.04-1.86

ASY MAF(T) = 8.3%; SEV CCC MAF(T) = 18.3%
Chi-square = 10.98 and p = 0.0009

p=0.631; OR = 1.06; 95%Cl: 0.83-1.35

ASY MAF(C) = 31.1%; SEV CCC MAF(C) = 31.9%
Chi-square = 0.04 and p = 0.84

p=0.547; OR = 1.09; 95%Cl: 0.82-1.47

ASY MAF(G) = 11.2%; SEV CCC MAF(G) = 9.9%
Chi-square = 0.24 and p = 0.62

p=0.181; OR = 1.28; 95%Cl: 0.89-1.82

ASY MAF(G) = 39.4%; SEV CCC MAF(G) = 42.4%
Chi-square = 0.48 and p = 0.49

P =0.898; OR = 1.02; 95%Cl: 0.80-1.29

ASY MAF(T) = 33.0%; SEV CCC MAF(T) = 34.3%
Chi-square =010 and p = 0.75

p=0.181; OR = 1.22; 95%Cl: 0.91-1.63

ASY MAF(A) = 26.4%; SEV CCC MAF(A) = 24.0%
Chi-square = 0.44 and p = 051

p=0.097; OR = 1.38; 95%Cl: 0.94-2.01

ASY MAF(G) = 86.9%; SEV CCC MAF(G) = 33.4%
Chi-square = 0.74 and p = 0.39

p=0.041; OR = 1.30; 95%Cl: 1.01-1.66

ASY MAF(T) = 35.3%; SEV CCC MAF(T) = 34.1%
Chi-square = 6.18 and p = 0.01

p=0.067; OR = 1.26; 95%CI: 0.98-1.61

ASY MAF(A) = 82.4%; SEV CCC MAF(A) = 32.6%
Chi-square = 0.001 and p = 0.97

p=0.036; OR = 1.49; 95%Cl: 1.03-2.16

ASY MAF(C) = 40.3%; SEV CCC MAF(C) = 85.2%
Chi-square = 1.55 and p = 0.21

p = 0.432; OR = 2.12; 95%Cl: 0.33-13.83

ASY MAF(A) = 1.3%; SEV CCC MAF(A) = 05%
Chi-square = 1.12 and p = 0.29

p=0.333; OR = 1.13; 95%Cl: 0.88-1.46

ASY MAF(C) = 39.6%; SEV CCC MAF(C) = 37.1%
Chi-square = 0.38 and p = 0.54

p=0.067; OR = 1.26; 95%Cl: 0.98-1.61

ASY MAF(G) = 24.3%; SEV CCC MAF(G) = 17.0%
Chi-square=4.88 and p=0.03

P =0.147; OR = 1.23; 95%Cl: 0.93-1.63

ASY MAF(T) = 51.8%; SEV CCC MAF(T) = 46.7%
Chi-square = 1.47 and p = 0.22

p=0.254; OR = 1.23; 95%Cl: 0.86-1.75

ASY MAF(G) = 86.4%; SEV CCC MAF(G) = 39.5%
Chi-square = 0.60 and p = 0.44

P =0.440; OR = 1.11; 95%Cl: 0.85-1.45
ASY MAF(A) = 17.0%; SEV CCC MAF(A) =
Chi-square = 1.46 and p = 0.23
p=0.274; OR = 1.14; 95%C: 0.90-1.45
ASY MAF(T) = 27.0%; SEV CCC MAF(T) = 30.8%
Chi-square = 1.07 and p = 0.30

p=0.059; OR = 1.30; 95%Cl: 0.99-1.72

ASY MAF(C) = 53.2%; SEV CCC MAF(C) = 43.3%
Chi-square = 5.48 and p = 0.02

p=0.841; OR = 1.05; 95%Cl: 0.68-1.62

ASY MAF(T) = 3.8%; SEV CCC MAF(T) = 4.8%
Chi-square = 0.34 and p = 0.56

p=0.159; OR = 1.20; 95%Cl: 0.93-1.55

ASY MAF(C) = 20.0%; SEV CCC MAF(C) = 23.8%
Chi-square = 1.20 and p = 0.27

p=0.225; OR = 1.25; 95%Cl: 0.87-1.80

ASY MAF(A) = 31.2%; SEV CCC MAF(A) = 38.4%
Chi-square = 3.16 and p = 0.08

p=0.842; OR = 1.04; 95%Cl: 0.68-1.61

ASY MAF(A) = 23.7%; SEV CCC MAF(A) = 27.2%
Chi-square = 0.91 and p = 0.34

p =0.538; OR = 1.23; 95%Cl: 0.64-2.35

ASY MAF(T) = 7.5%; SEV CCC MAF(T) = 10.0%
Chi-square = 1.0 and p = 0.30

3.4%
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Genotype 12 12 1o CCC ASY Total % inASY % inCCC Ratio p-value Odds Ratio 95% C.I. for

combinations  rs2546893 rs919766 rs3024496 CCC/ASY EXP(B)
1818283 GG +GA CC+AC TC+CC 89 14 103 14% 86% 6.36 0.0006 2677 1.468-4.838
28182R3 GG +GA CC+AC cc 9 3 12 25% 75% 3.00 0.6340 1.028 02758
3S1R283 GG + GA AA TC +CC 149 46 195 24% 76% 3.24 0.1983 1217 0.7777-1.928
4R18283 AA AC +CC TC+CC 6 0 6 0% 100% X 0.1688 X X
5S1R2R3 GG + GA AA cc 13 1 24 46% 54% 1.18 0.0058 0.3483 0.1434-
0.7776
6R1S2R3 AA AC +CC cc 1 o 1 0% 100% X 0.7450 X X
7R1R2S3 AA AA TC +CC 29 25 54 46% 54% 1.16 <0.0001 0.3320 0.1834-
0.6135
8R1R2R3 AA AA cC 2 3 5 60% 40% 0.67 0.10756 0.2230 0.0393-1.110

R, Resistant genotype; S, Susceptibility genotype; SNP 1 = rs2546893/SNP2 = rs919766/SNP3 = rs3024496.
Bold value indicates % ASY, Percentage of ASY subjects carrying the genotype combination; % CCC, Percentage of CCC subjects carrying the genotype combination Ratio; CCC/ASY,
Ratio between these two percentage.
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GENE

L128

IL10

IFNG

MAE Minor Allelic frequency.

Tag SNP

rs2646890

rs730691

26546893

rs1003199

rs3181216

rs2569253

rs2853694

rs919766

rs2853696

rs11574790

rs3212227

rs1368439

rs6870828

rs6859018

r$1800890

rs1800896

rs1800871

rs1518111

rs3024496

rs6673928

rs2069705

rs1861494

rs2069718

rs2069727

rs3181035

152070874

1s2227284

rs2243261

s2243268

rs2243274

152243290

rs2408539

Genotype groups

GG vs. GA + AA
MAF

Allelc test

GG vs. GA

MAF

Allelc test

GG + GAvs. AA
MAF

Allelc test
CC+CTvs. TT
MAF

Allelc test

TTvs. TA+ AA
MAF

Allelc test

TT+ TCvs. CC
MAF

Allelc test
AAvs. AC + CC
MAF

Allelc test
AAvs. AC + CC
MAF

Allelc test

GG vs. GA + AA
MAF

Allelc test
CCvs. CT+TT
MAF

Allelc test
AAVs. AC + CC
MAF

Allelc test

TTvs. TG + GG
MAF

Allelic test

AAVS. AG + GG
MAF

Allelc test
CCvs. CT+TT
MAF

Allelc test

TTvs. TA+AA
MAF

Allelc test
AA+AG Vs, GG
MAF

Allelc test
CC+TTvs.CT
MAF

Allelc test

GG + AAvs. GA
MAF

Alllic test
TT+TCvs. CC
MAF

Alllic test
GCvs.CA

MAF

Alllic test

TTvs. TC +CC
MAF

Alllic test
AAVS. AG + GG
MAF

Alllic test
CC+CTvs. TT
MAF

Alllic test
AA+AGVs. GG
MAF

Alllic test

GG vs. GA + AA
MAF

Alllic test
CCvs. CT+TT
MAF

Alllic test
AA+AC s, CO
MAF

Alllic test
GGvs. GT +TT
MAF

Alllic test

AAVs. AC + CC
MAF

Alllic test

GG + GAvs. AA
MAF

Alllic test

CC + CAvs. AA
MAF

Alllic test
AAvs. AT 4 TT
MAF

Alllic test

Association test

p=0.103; OR = 1.231; 95%Cl: 0.959-1.579
ASY MAF(A) = 46.6%; CCC MAF(A) = 40.9%
Chi-square = 2.1 and p = 0.16

p=0.441; OR = 1.274; 95%Cl: 0.688-2.358
ASY MAF(A) = 9.1%; CCC MAF(A) = 11.1%
Chi-square = 0.56 and p = 0.46

p=0.002; OR = 1.548; 95%Cl: 1.176-2.087
ASY MAF(A) = 45.8%; CCC MAF(A) = 35.0%
Chi-square = 7.89 and p = 0.005

P =0.005; OR = 1.522; 95%Cl: 1.134-2.045
ASY MAF(T) = 43.1%; CCC MAF(T) = 35.9%
Chi-square = 3.54 and p = 0.06

p=0.702; OR = 1.047; 95%Cl: 0.820-1.321
ASY MAF(A) = 21.6%; CCC MAF(A) = 21.8%
Chi-square = 0.001 and p = 0.97

p=0.039; OR = 1.371; 95%Cl: 1.015-1.852
ASY MAF(C) = 40.7%; CCC MAF(C) = 35.3%
Chi-square = 1.87 and p = 0.17

p=0.382; OR = 1.105; 95%Cl: 0.884~1.381
ASY MAF(C) = 34.7%; CCC MAF(C) = 32.7%
28 and p = 0.60

p=0.001; OR = 1.653; 95%Cl: 1.241-2.198
ASY MAF(C) = 8.9%; CCC MAF(C) = 19.3%
Chi-square = 36.67 and p < 0.00001
p=0.981; OR = 1.003; 95%Cl: 0.759-1.328
ASY MAF(A) = 10.6%; CCC MAF(A) = 10.6%
Chi-square = 0.002 and p = 0.097

p = 0.006; OR = 1.497; 95%Cl: 1.124-1.996
ASY MAF(T) = 8.3%; CCC MAF(T) = 16.6%
Chi-square = 8.78 and p = 0.03

p = 0.973; OR = 1.004; 95%Cl: 0.803-1.254
ASY MAF(C) = 81.1%; CCC MAF(C) = 31.0%
Chi-square = 0.001 and p = 0.97

p = 0.785; OR = 1.048; 95%Cl: 0.800-1.373
ASY MAF(G) = 11.2%; CCC MAF(G) = 10.5%
Chi-square = 0,073 and p = 0.79

p = 0.754; OR = 1.040; 95%Cl: 0.814-1.328
ASY MAF(G) = 39.4%; CCC MAF(G) = 40.6%
Chi-square = 0.086 and p = 0.77

p=0.603; OR = 1.093; 95%Cl: 0.782-1.527
ASY MAF(T) = 33.0%; CCC MAF(T) = 32.5%
Chi-square = 0.018 and p = 0.89

p = 0.636; OR = 1.055; 95%Cl: 0.845-1.318
ASY MAF(A) = 26.4%; CCC MAF(A) = 24.7%
Chi-square = 0.25 and p = 0.62

p=0013; OR = 1.527; 95%Cl: 1.092-2.137
ASY MAF(G) = 36.9%; CCC MAF(G) = 32.7%
Chi-square = 1.24 and p = 0.27

p=0.059; OR = 1.246; 95%CI: 0.992-1.566
ASY MAF(T) = 35.3%; CCC MAF(T) = 35.3%
Chi-square = 0.0001 and p = 0.99
p=0.104; OR = 1.208; 95%Cl: 0.962-1516
ASY MAF(A) = 82.4%; COC MAF(A) = 34.2%
Chi-square = 0.24 and p = 0.62

p=0.031; OR = 1.437; 95%Cl: 1.033-2.000
ASY MAF(C) = 40.3%; CCC MAF(C) = 85.0%
Chi-square = 1.89 and p = 0.17

p=0.329; OR = 2.141; 95%CI: 0.464-0.885
ASY MAF(A) = 1.3%; CCC MAF(A) = 0.6%
Chi-square = 0.95 and p = 0.33

p=0.337; OR = 1.12; 95%CI: 0.89-1.41
ASY MAF(C) = 39.6%; CCC MAF(C) = 37.9%
Chi-square = 0.20 and p = 0.66

p=0.057; OR = 1.24; 95%Cl: 0.99-1.55
ASY MAF(G) = 24.3%; CCC MAF(G) = 18.8%
Chi-square = 3.21 and p = 0.07

p=0.183; OR = 1.18; 95%Cl: 0.92-1.52
ASY MAF(C) = 48.2%; CCC MAF(C) = 52.4%
Chi-square = 1.16 and p = 0.28

p=0.282; OR = 1.22; 95%Cl: 0.88-1.70
ASY MAF(G) = 36.4%; COC MAF(G) = 38.9%
Chi-square = 0.45 and p = 0.50

p=0.71; OR = 1.12; 95%Cl: 0.88-1.42
ASY MAF(A) = 17.0%; CCC MAF(A) = 13.7%
B8andp =024

p =0.481; OR = 1.08; 95%Cl: 0.87-1.34
ASY MAF(T) = 27.0%; CCC MAF(T) = 27.9%
Chi-square = 0.07 and p = 0.79

p=0.268; OR = 1.15; 95%Cl: 0.90-1.46
ASY MAF(C) = 53.2%; CCC MAF(C) = 48.2%
Chi-square = 1.62 and p = 0.20

p=0.651; OR = 1.10; 95%Cl: 0.74-1.63
ASY MAF(T) = 8.8%; CCC MAF(T) = 4.6%
Chi-square = 0.26 and p = 0.61

p = 0.467; OR = 1.08; 95%Cl: 0.86-1.38
ASY MAF(C) = 20.0%; CCC MAF(C) = 21.2%
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SNP Gene Phenotype Species Not associated Associated References

151327475 IFNGRT HF Sm NA Egypt (54)
1522432508 4 HF sm NA Egypt (54)
151056854 TGFB1 HF Sm NA Egypt* (54)
15373880612 IFNG PPF, HF, PH Sm NA Sudan* (55)
151861494 IFNG PPF, HF, PH Sm NA Sudan® (55)
IFN-gR1 6q22-023 IFNGRT HF, PH Sm NA Sudan (1)
153087970 CCN2(CTGF) HF, PH sj China China 1)
Sm Sudan
Brazil
151257705 CCN2(CTGF) HF, PH S Sudan China® (©6)
Sm Brazil
China
152151532 CCN2(CTGF) HF, PH sj China China® (54, 86)
Sm Egypt
159402373 CCN2(CTGF) HF, PH sj NA 2 China* (©6)
Sm Sudan
Brazil*
159399005 CCN2(CTGF) HF, PH sj China China® (©6)
156918698 CCN2(CTGF) HF, PH s China China® (©6)
Sm Sudan Brazil*
151931002 CCN2(CTGF) HF, PH sj China China (©6)
1512526196 CCN2(CTGF) HF, PH s Sudan 2 China* (©6)
Sm Brazil
r$1800925C- (K] HF, PH s NA China ©7)
1520641AS
151800925% [AK] HF PH sj NA China® ©7)
1512712135 ST2 (IL1RLY) IL1RLT sj NA China ©8)
Sm Brazil
rs1420101 ST2 (IL1RLT) IL1RL1 sj NA China (©8)
Sm Brazil
156543119 ST2 (IL1RLT) IL1RL1 s NA China (©8)
Sm Brazil
157412, 1$429358 APOE TC, LDL Sm Brazil NA (69)
APOES
156570136 IL22RA2 HF, PH s NA China (©0)
Sm Brazil*
Sudan®
rs7774663 IL22RA2 HF, PH Sj China Sudan (©0)
Sm Brazil*
152064501 IL22RA2 HF, PH, IL22 S NA China® (©0)
Sm Brazil*
Sudan”
1511154915 IL22RA2 HF, PH, IL22 sj China Sudan® (0)
Sm Brazil
17749054 IL22RA2 HF, PH, IL22 sj China Brazil* (0)
level Sm Sudan
151800870 110 PPF Sm NA Brazil ©1)
IL10 110 PPF Sm NA Brazil ©1)
(-1082/-819/-592)¢
151800629 TNFA PPF, TNFA Sm NA Brazil ©2)
1510118570 MAPKAPT HF, infection sj NA 2 China (©3)
15391957 HSPAS HF, infection Sj NA China (©3)
1517026963 TGFBR2 HF Sm NA Brazil ©)
15185882198
1571093915
151690215 ACVRLI(ALK) HF sm NA Brazi ©
156368010
15114046193 TGFbRT (ALKS) HF Sm NA Brazi ©
1512345675
15138079455 SMADY HF Sm NA Brazi ©
1s10555873
177414361
1512913547 SMAD3 HF Sm NA Brazi ©
1512914140
1512439500
15746822072 RNASES (ECP) HF Sm NA Uganda ©5)
rs1800629 TNFA PPF regression Sm NA Brazi ©4)
after treatment
152295080 mTOR HE, infection 5 NA China ©5)
157254617 AKT2 HE, infection B NA China® ©5)

Loci that have been found associated with schistosomiasis in more than one population are shown in bold. *Loci that are not significant atter Bonferroni correction. SSNP which are also
associated with infection (Table 3). Studies of classical HLA loci have been excluded since they have been fuly reviewed elsewhere (7, &). Sh, S. haematobium; Sm, S. manson; S,
S. japonicum. The *Associated” column shows the locations of studies where a significant association has been found and the “Not Associated” column shows the location of stucies
that feiled to show a significant association. PPF Periportel Fibrosis; PH Portal Hypertension; PT Portal thickness, including portal vein ciameter and portal vein branch point thickness,
HF Hepatic Fibrosis; AHSD Advanced HepatoSplenic Disease, TC Total Cholesterol, HDL High Density Lipoprotein, TNFA Median levels TNFA higher in patients with PP, IL22 level of
1L22 in plasma, ILTRL level of soluble IL1RL1 in plasma. IL-10 (~1082/—819/~592) represents a haplotype of rs1800870, rs1800871, and rs1800872. NA, Not applicable.
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