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Massively parallel targeted resequencing reveals 
novel genetic variants associated with aspergillosis in 
paediatric patients with haematological malignancies
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This study aimed to find novel genetic variants of susceptibility to aspergillosis in 
paediatric patients with haematological malignancies. Complete sequences of fif-
teen genes of human innate immunity (CCL2, CCR2, CD209, CLEC6A, CLEC7A 
and ten TLR genes) were studied in 40 patients diagnosed with haematological dis-
orders (20 unaffected and 20 affected by aspergillosis). All samples were sequenced 
with MiSeq (Illumina) and 454 (Roche Diagnostics) technologies. Statistical signif-
icance of the differences between studied groups was determined using the two-
tailed Fisher’s exact test. Sixty variants of potential importance were identified, the 
vast majority of which are located in non-coding parts of the targeted genes. At 
the threshold of p < 0.000005, one intergenic (TLR2 rs4585282) and one intronic 
variant (CLEC6A rs12099687) were found significant between the case and con-
trol groups for genotype and allele frequencies, respectively. Rs12099687 in CLE-
C6A was predicted to constitute an alternative isoform or cryptic splice site, which 
potentially changes activity of the Dectin-2 protein. Overall, we assume that the 
two strongest associations reported in this study are expected to be reproducible 
even in the absence of other evidence, while another twelve associations may be 
strong enough to justify additional research in larger cohorts. 

Key words: aspergillosis, children, human innate immunity genes, massively par-
allel sequencing, SNP.
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Introduction

Invasive aspergillosis (IA) and other infections 
caused by the filamentous fungus A. fumigatus as well 
as several related pathogenic species of Aspergillus es-

sentially concern immunocompromised individuals 
[1]. Among paediatric patients, primarily affected 
are those suffering from haematological malignan-
cies and those who were subjected to haemopoietic 
stem cell transplantation (HSCT) [2]. Approximately  
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250 children from the Polish population are diag-
nosed with leukaemia annually. The incidence of 
IA in these patients is estimated to be 5-24% [3]. 
However, both diagnosis and treatment of IA are still 
challenging.

Along with genomic, transcriptomic and pro-
teomic research focused on the infection process and 
drug resistance of the pathogen alone, studies were 
also conducted on the pathogen-host interactions [4] 
and the host response to fungal infections [5]. 

Additionally, the host’s genetic susceptibility to 
infections is of particular interest and complexity. 
Since aspergillosis primarily affects immunocom-
promised patients, most research into the genetic 
factors possibly associated with the condition has 
employed a candidate gene strategy and focused on 
the immune-modulating genes, including the genes 
for Toll-like receptors (TLRs), the C-type lectin re-
ceptors (CLRs), NOD-like receptors (NLRs), cyto-
kines, chemokines and immune receptors. As a result 
of those studies, a  limited number of genetic poly-
morphisms were reported whose associations with 
aspergillosis were replicated and/or proved to have 
biological significance [reviewed in 6]. However, the 
majority of the studies concerning candidate genes 
concentrated on a  limited number of single nucleo-
tide polymorphisms (SNPs), employing low- or me-
dium-throughput genotyping strategies [6, 7, 8]. 

In recent years, novel technologies of massively 
parallel sequencing (MPS) have certainly sped up the 
process of discovering new genetic variants of poten-
tial clinical significance and thus facilitated associ-
ation analyses at a genomic level [9]. In particular, 
the targeted re-sequencing approach has made anal-
ysis of entire sequences of candidate genes relatively 
straightforward and cost-effective. Nevertheless, data 
including complete sequences of the human innate 
immunity genes in paediatric patients of significant 
risk factors for aspergillosis are practically non-exis-
tent. Searching for new variants possibly associated 
with the condition, in this study we analyzed with 
high coverage the sequences of fifteen human innate 
immunity genes (~230 kb in total) in two groups 
of paediatric patients with haematological malignan-
cies – affected and not affected by aspergillosis. For 
targeted re-sequencing of all samples, we used two 
different MPS approaches. 

Material and methods

Protection of human subjects

The study was approved by the Bioethics Commit-
tee of the Ludwik Rydygier Collegium Medicum in 
Bydgoszcz, Nicolaus Copernicus University in Toruń, 
Poland (statement no. KB 605/2011). Parents of all 
patients gave informed written consent to participate 
in the study. 

Patient characteristics

Altogether, 40 unrelated paediatric patients from 
Poland, treated for haematological malignancies at 
the Department of Paediatrics, Haematology and 
Oncology of the Nicolaus Copernicus University in 
Toruń, Collegium Medicum in Bydgoszcz, Depart-
ment of Paediatric Oncology, Haematology and 
Transplantology, Poznań University of Medical Sci-
ences, and Division of Paediatric Haematology and 
Oncology, Children Hospital, Olsztyn, Poland, were 
recruited for the study. The case group consisted of 
20 individuals affected by aspergillosis, while the 
control group included 20 persons unaffected by the 
condition. None of the patients underwent HSCT 
prior to the study. Clinical characteristics of the stud-
ied individuals are given in Table I. 

DNA extraction and quantitation

DNA was extracted from buccal swabs using the 
GeneMatrix Bio-Trace DNA Purification Kit accord-
ing to the manufacturer’s protocols (Eurx, Gdansk, 
Poland). Quality of DNA extracts was assessed by 
agarose gel electrophoresis. DNA was quantitated 
both spectrophotometrically and by real-time PCR, 
using the Quantifiler Duo DNA Quantification Kit 
and the ViiA 7 Real-Time PCR System (Thermo Fish-
er Scientific, Waltham, USA). 

Targeted re-sequencing

A total of fifteen candidate genes for human innate 
immunity (CCL2 – C-C motif chemokine ligand 2; 
CCR2 – C-C motif chemokine receptor 2; CD209; 
CLEC6A – C-type lectin domain family 6 member 

Table I. Demographic and clinical characteristics of pae-
diatric patients included in the study

 Parameter Cases Controls 

Sex

Male (%) 13 (65) 14 (70)

Female (%) 7 (35) 6 (30)

Mean age in years (SD) 12.5 (4.6) 7.3 (5.0)

Diagnosis    

AML (%) 8 (40) 1 (5)

ALL (%) 12 (60) 19 (95)

Site of invasive aspergillosis

Pulmonary (%) 16 (80) 0 (0)

Pulmonary +  
extrapulmonary (%)

4 (20) 0 (0)

Cases – patients with invasive aspergillosis; Controls – patients without inva-
sive aspergillosis; SD – standard deviation; AML – acute myeloid leukaemia; 
ALL – acute lymphoblastic leukaemia
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A; CLEC7A – C-type lectin domain family 7 mem-
ber A; and ten TLR [Toll-like receptor] genes) were 
chosen for targeted resequencing (Supplementary Ta-
ble I). 

All samples were analyzed using two different tar-
get enrichment strategies and respective massively 
parallel sequencing approaches – HaloPlex Target 
Enrichment System for Illumina sequencing and 
NimbleGen SeqCap EZ Target Enrichment System 
for 454 sequencing. 

The construction of a  custom gene library from 
225 ng of DNA was performed using the HaloPlex 
Target Enrichment System Kit (Agilent Technolo-
gies, Santa Clara, USA) according to the manufac-
turers’ instructions. PCR-amplified target libraries 
were quantified using the Bioanalyzer High Sensitiv-
ity DNA Assay kit and a 2100 Bioanalyzer (Agilent 
Technologies). After pooling equimolar amounts of 
differentially indexed samples, the final HaloPlex en-
richment pool was sequenced following the protocol 
for the Illumina MiSeq V3 chemistry 2 × 150-bp 
paired-end reads (Illumina, San Diego, USA). 

NimbleGen SeqCap EZ Choice libraries were pre-
pared according to the manufacturer’s instructions 
(Roche Diagnostics GmbH, Mannheim, Germany). 
NimbleGen libraries of samples were subsequently 
labelled with different RLMID adaptors (Roche Di-
agnostics GmbH) and subjected to 454 rapid library 
construction (Roche Diagnostics GmbH). Ten librar-
ies (labelled with different RLMIDs) were mixed in 
equimolar ratios and sequenced on a PTP plate using 
a  GS FLX Sequencer (Roche Diagnostics GmbH). 
Rapid Library preparation, emulsion PCR (emPCR), 
and 454 sequencing were performed according to the 
manufacturer’s instructions using Titanium reagents 
(Roche Diagnostics GmbH). 

Analysis of sequence data

Bcl2fastq (1.8.4) software (Illumina) was used for 
generating sample-specific fastq files. After assess-
ing base quality scores, fastq files were subsequently 
aligned to the reference human genome hg19 (NCBI 
build 37) using the BWA tool [10]. The GATK pro-
gramming framework [11] was used for recalibrating 
base quality scores and performing local realignment 
around indels. The Haplotype Caller algorithm from 
the GATK framework was employed for calling nu-
cleotide variants. 

The raw data obtained by the 454 platform were 
analysed with GS Run Processor v.2.5.3 and GS 
Reporter v.2.5.3 (Roche Diagnostics GmbH). The 
DNA sequences obtained by the 454 were analysed 
with GS Reference Mapper v.2.5.3 (Roche Diagnos-
tics GmbH). For the GS Reference Mapper v.2.5.3 
results, all three files (454AllDiffs.txt, 454HCDifffs.
txt, and 454AlignmentInfo.tsv) were used to deter-
mine each sample’s genotype. Several quality control 

steps were applied to detect DNA polymorphic po-
sitions. Heterozygosity was confirmed when the 454 
unique reads had a high quality score, when the nu-
cleotide variant that differed from the reference se-
quence was observed in 20-80% of all reads, and if 
the ratio of forward to reverse reads for the changed 
variant was similar to that calculated for the un-
changed variant. 

Nucleotide variants are presented in subsequent 
sections of the paper in reference to the original Gen-
Bank records for the targeted genes. 

Statistical analysis of nucleotide variants

Nucleotide variants were filtered against the 
dbSNP database [12], 1000 Genomes Project da-
tabase [13], GWAS central database [14] and EN-
SEMBL database [15]. Statistical significance of the 
differences between case and control groups in both 
allele and genotype frequencies was calculated using 
two-tailed Fisher’s exact test. The odds ratio (OR) 
and 95% confidence intervals (95% CI) were calcu-
lated. For the purpose of initial screening, p values 
< 0.05 were considered as statistically significant. 
The SNPs found to be associated with aspergillosis at 
a conventional statistical significance level (p < 0.05) 
were subsequently scrutinized against the Better As-
sociations for Disease and Genes (BADGE) classifi-
cation system to assess their potential for reproduc-
ibility of associations. The BADGE system organizes 
genetic associations by five classes based on p-values, 
from p < 0.0000002 (a first-class association) to p < 
0.05 (a fifth-class association) [16]. Calculations were 
performed using STATISTICA v. 12.5 (StatSoft Inc.) 
software. The ASSP tool [17] was used to determine 
the implication of the changes in the noncoding re-
gions of the targeted genes on the splicing process. 
This web application employs backpropagation net-
works trained for classification of constitutive and al-
ternative isoform/cryptic splice sites, with confidence 
ranging from 0 (undecided) to 1 (perfect classifica-
tion) [17]. 

Results

Two different enrichment strategies enabled the 
resequencing of a total of 233 589 base pairs (bp) out 
of 325 771 bp of the fifteen targeted genes (~72% 
of the total gene sequence, Supplementary Table II). 
The uncaptured regions mainly constituted highly 
repetitive DNA. A  total of 1961 genetic variants 
were identified (Supplementary Table III), out of 
which 60 polymorphisms showed differences at the 
conventional level of p < 0.05 between the case and 
control groups for allele and/or genotype frequencies 
(Table II). Out of the 60 SNPs showing potential 
association (p < 0.05), 55% of the SNPs were not 
reported previously in the dbSNP database. Thir-
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ty-five nucleotide variants were located in intronic re-
gions, eight were found in exons (four of which were 
non-synonymous), seven were located in upstream or 
downstream regions of genes and two were identified 
in 3′-untranslated regions (UTRs). Two SNPs were 
intergenic, whereas six other polymorphisms were 
found in well-characterized regulatory sequences 
(promoter flanking sites, a transcription factor bind-
ing site and near the end of an enhancer) (Table II). 

Only one SNP, identified in this study as show-
ing a significant differences for allele frequencies be-
tween cases and controls at p < 0.05 (rs7959451 at 
3′UTR of CLEC7A), was recently found to be asso-
ciated with aspergillosis in a population of European 
ancestry [18]. However, 16 other SNPs previously 
identified as possibly determining susceptibility to 
the condition did not reach a level of significance in 
our research (Supplementary Table IV). Converse-
ly, two common SNPs in the TLR9 gene (promoter 
flanking rs187084 and rs352140 in the second exon) 
which showed significance for both allele and gen-
otype frequencies (p < 0.05) in our analysis (Table 
II) did not reach the level of significance in an earlier 
association study on the risk of invasive aspergillosis 
among recipients of allogeneic haematopoietic cell 
transplants [19]. Nevertheless, many other studies 
have proved associations of rs187084 and rs352140 
with numerous immune-related diseases, response to 
therapies, as well as bacterial and viral infections in 
populations of both Western and Eastern Eurasian 
ancestry [20, 21, 22, 23, 24, 25]. It is also worth 
noting that the common rs4586 SNP, flanking the 
promoter of CCL2 gene, which appeared significant 
for genotype frequencies between our cases and con-
trols (p = 0.0079, OR = 8.5, Table II), was recently 
found to be significantly correlated with anti-tumour 
immune reaction in Korean patients with colorectal 
cancer [26] and associated with the clinical outcome 
in Japanese individuals with locoregional gastric can-
cer [27]. Moreover, the TLR2 intergenic polymor-
phism rs4585282 (previous rs numbers: rs6535939, 
rs61329579), which was found in our study as signif-
icant for genotype frequencies (at p = 0.0000033 or 
p = 0.0083, depending on the model of association, 
Table II), was recently indicated as displaying modest 
associations with some vitiligo subgroups [28], while 
the T allele of this SNP was previously reported to 
be associated with pulmonary tuberculosis in a West 
African but not a European population sample [29].

The ASSP analysis did not point to the vast ma-
jority of the huge intronic variation found in this 
study to alter the splicing mechanism. However, 
rs12099687 in CLEC6A, which was found to be sig-
nificant for allele frequencies between the two groups 
of patients (p = 0.00000023, Table II), constitutes 
notable exception. The ASSP application predicted 
the rs12099687 position as an alternative isoform/

cryptic splicing donor site with very high confidence 
(0.927). 

After filtering the associations against the very 
conservative BADGE system, the vast majority of 
associations were classified as fifth class (p < 0.05, 
Table II). However, eight fourth-class (p< 0.002) 
and two second-class associations (p < 0.00005) 
were also identified in our study (in TLR2 and CLE-
C6A genes, Table II). The strongest second-class as-
sociation (p = 0.00000023) concerns intronic SNP 
rs12099687 in CLEC6A (Table II). According to the 
BADGE recommendations, the p-value for this asso-
ciation is very close to that of a first-class association 
(p < 0.0000002). 

Discussion

According to our knowledge, this is the first study 
employing massively parallel targeted resequencing 
in quest of potential susceptibility variants to as-
pergillosis in complete sequences of the candidate 
genes. We attempted to capture both exonic and 
intronic variation of fifteen genes of human innate 
immunity in two groups of paediatric haematoonco-
logical patients of the same ethnic origin. Since con-
siderable homogeneity within the Polish population 
was previously reported for different genetic mark-
ers, a hidden population substructure is unlikely to 
affect the results of this study. Among the targeted 
genes, we included all ten genes for Toll-like recep-
tors (TLRs), some of which were recently reported to 
have alleles critical to the innate immune response, 
introgressed from archaic humans [30]. The five 
remaining genes included in our research (CCL2, 
CCR2, CD209, CLEC6A, CLEC6A) were previously 
subjected to case-control studies concerning asper-
gillosis. However, even the most comprehensive of 
those studies included only a limited number of the 
known SNPs [7]. 

As a result of targeted enrichment and resequenc-
ing of all samples using two different MPS strategies, 
we captured ~70% of the studied genes, excluding 
highly repetitive DNA sequences located mostly in 
non-coding regions. In our analysis of resulting se-
quence data, we concentrated on both known and 
unknown variation, subsequently filtering differ-
ences in allele and genotype frequencies between 
the two groups of patients against five thresholds of 
significance, according to the BADGE recommen-
dations [16]. 

Most studies in medical genomics still address 
coding parts of the human genome [9]. However, in-
tronic variation has continually been attracting more 
attention, since introns are currently acknowledged 
to possess regulatory elements that can influence 
both gene expression and splicing [reviewed in 31]. 
Expectedly, we identified huge variations in the in-
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trons of the targeted genes, a  limited proportion of 
which were previously characterized and presented 
in genomic databases. In particular, we found five 
novel intronic variants in the TLR2 gene apparent-
ly showing differences for allele frequencies between 
cases and controls at p < 0.002. However, their func-
tional significance is difficult to assess at this point in 
time without other comparable genomic data. Mean-
while, out of all intronic SNPs described in this study, 
rs12099687 in CLEC6A, which showed the strongest 
association with aspergillosis for allele frequencies (at 
p = 0.00000023), was predicted to constitute an 
alternative isoform or cryptic splice site. It is worth 
noting that the predictive power of alternatively or 
cryptically spliced sites using ASSP application is 
generally lower than that of constitutively spliced 
sites [17]. Nevertheless, the confidence of prediction 
for rs12099687 was very high (0.927). This strongly 
supports a potential role of non-canonical splicing of 
CLEC6A gene coding for Dectin-2 protein in suscep-
tibility to aspergillosis. Interestingly, it was recently 
proved that Dectin-2 (but not Dectin-1) present on 
plasmacytoid dendritic cells (pDCs) directly recog-
nizes hyphae of A. fumigatus, which triggers cytokine 
release and subsequent antifungal activity [32]. Con-
sidering this, non-canonical splicing of the CLEC6A 
gene may result in changing activity of Dectin-2, 
ultimately affecting a  host’s response to fungal in-
fection. 

Among the other SNPs implicated in potential 
association with aspergillosis in our study, of partic-
ular interest is a  common promoter flanking poly-
morphism rs187084 in the TLR9 gene. While it was 
not previously reported to be associated with the 
condition, many studies have revealed its involve-
ment in the immune response in a  variety of dis-
eases, including auto-immune disorders, infectious 
diseases and cancers, as well as pharmacotherapies. 
These observations suggest the common mechanism 
that underlies the acting of this functional variant, 
presumably by down-regulating TLR9 expression 
and thus affecting the immune cascade initiated by 
TLR9 activation [33]. Similar regulatory functions at 
the level of transcription may be attributed to TLR9 
synonymous variants rs352140 and rs4586 flanking 
the promoter of the CCL2 gene, of which the latter 
was reported to affect the immune response to some 
tumours. Overall, given the location of non-coding 
variants identified in our study as potentially associ-
ated with aspergillosis (Table II, excluding intronic 
variation), at least 28% of SNPs may be considered 
as potentially or actually affecting gene regulation. 
Interestingly, variation in TLR genes in modern hu-
mans that was recently reported as introgressed from 
Neanderthals and pivotal for human innate immu-
nity also emphasizes the importance of differences in 
gene expression. Importantly, all TLR SNPs intro-

gressed from Neanderthals are located in non-cod-
ing parts of the human genome (of which 47% lie in 
introns) and many of them overlap known regulatory 
sites [30]. It is also worth noting that gene regulation 
is often influenced by epistatic interactions. Possibil-
ity of SNP-SNP epistasis in invasive aspergillosis was 
actually suggested for selected variants of CLEC7A, 
CCL2 and CCR2 [34]. Overall, the findings of this 
and other studies contribute to our understanding of 
the complicated nature of potential susceptibility to 
aspergillosis, underlining the importance of non-ca-
nonical splicing, gene regulation and gene-gene in-
teractions. 

We acknowledge that association studies em-
ploying small population samples are usually un-
derpowered in terms of detecting weak associations 
[17]. However, we also consider recruiting large 
groups of paediatric patients affected by aspergil-
losis as essentially unrealistic at the first, discovery 
stage of analysis. Therefore, for assessing the repli-
cation potential and actual strength of the reported 
associations, we applied very conservative BADGE 
recommendations based on p-values of associations. 
Two of the reported associations, classified as second 
class (TLR2 rs4585282 and CLEC6A rs12099687), 
are most promising in terms of replication. In fact, 
the p-value for CLEC6A rs12099687 is very close to 
that of a first-class association (p < 0.0000002), sug-
gesting replication, under conservative assumptions, 
without any prior evidence [17]. Seven fourth-class 
associations (p < 0.002) reported for the novel in-
tronic SNPs in TLR2 may be strong enough to justify 
additional replication efforts, although their actual 
potential is difficult to assess without other com-
parable data. The remaining associations reported 
in this study are classified as fifth class (p < 0.05). 
While a fifth-class association itself does not provide 
assurance of reproducibility, it may be considered as 
much more reliable when replicated in another pop-
ulation sample [17]. For example, SNPs rs187084, 
rs352140 (TLR9) and rs4586 (CCL2), which are 
formally implicated in fifth-class associations in our 
study, were previously proved to be involved in the 
immune response in a variety of conditions. Similarly, 
rs7959451 at the 3′UTR of CLEC7A, showing dif-
ferences for allele frequencies between our groups of 
patients (at p < 0.05), was recently found to be asso-
ciated with bronchopulmonary aspergillosis in asth-
ma. These independent findings constitute additional 
evidence justifying further replication studies. 

Conclusions

In summary, our research should be considered as 
initial discovery and screening of complete genes in 
the search for genetic variants which deserve to be 
further replicated in larger cohorts. We attempted 
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to cover for the first time the complete sequences of 
fifteen genes of innate immunity in two groups of 
paediatric patients affected by haematological disor-
ders. Using two different MPS approaches, we iden-
tified a number of variants of potential importance in 
host susceptibility to aspergillosis, the vast majority 
of which are located in intronic and other non-cod-
ing parts of the targeted genes. Most of the variants 
indicated in this study were not previously report-
ed in relation to aspergillosis, although several com-
mon SNPs were previously implicated in associations 
with other immune-related conditions. Some of these 
common variants may have functional significance, 
influencing splicing and gene expression. 
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