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Abstract: Toll-like receptors (TLRs) have an important role in innate immunity, and single nucleotide
polymorphisms (SNPs) of TLR genes influence the risk of developing hematological malignancies.
We aimed to evaluate the effect of TLR2 (rs5743708), TLR4 (rs11536889, rs4986790, rs4986791), TLR9
(rs187084, rs352140, rs5743836) on AML risk, the relation between investigated SNPs and somatic
mutations, clinical features, and the overall survival of adult AML patients. All mentioned SNPs
were genotyped in 511 AML cases and 503 healthy controls. DNMT3A (R882), FLT3 (D835, ITD),
and NPM1 mutations’ status were investigated in AML patients. TLR4 rs4986791 was associated
with an increased risk of AML under the dominant model (OR = 1.61, 95% CI: 1.001–2.59). Variant
genotypes of the TLR4 rs4986790 or rs4986791 were associated with the odds of developing AML
in the codominant model (OR = 3.14; 95% CI: 1.12–8.84; p = 0.032). The TLR9 rs5743836 variant
genotype was associated with the NPM1 mutation (p = 0.002). The investigated SNPs were not
associated with the DNMT3A, FLT3 mutations and had no significant contribution to the hazard of
death after adjusting for covariates. Our findings suggest that TLR4 rs4986791 is associated with
AML susceptibility. The combined variant genotypes of TLR4 rs4986790 and rs4986791 increase AML
risk, the TLR9 C-G-A haplotype may represent a promising approach to predict a person’s risk for
developing AML.

Keywords: acute myeloid leukemia; Toll-like receptor gene (TLR); susceptibility; single nucleotide
polymorphisms
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1. Introduction

Acute myeloid leukemia (AML), an aggressive malignant hematologic neoplasm with
an incidence that is increasing with age, is characterized by complex pathogenicity that
arises as a consequence of the accumulation of genetic abnormalities [1]. AML represents
the most common type of acute leukemia among adults and is associated with a short
survival in adult AML patients (<20% survive 5 years after diagnostic) and challenging
treatment, especially in those cases that are not eligible for intensive chemotherapy or
allogeneic hematopoietic stem cell transplantation [2–4]. Genetic factors play an important
role in the occurrence and development of AML and are used in its risk stratification [3,5,6].

It has been reported that the disruption of the immune system is involved in cancer’s
pathogenesis [7]. The innate immune system plays a main role in the body’s defense
mechanisms against infections and cancers, including leukemia. Toll-like receptors (TLRs)
are expressed by innate immune cells but also by various cancer cells [8]. Different reports
considered that TLRs have a dual role or “double-edged sword” effect in cancer, the anti-
tumoral effects due to efficient immune responses, and the pro-tumoral effects due to the
production of pro-inflammatory cytokines and chemokines, anti-apoptotic molecules, and
growth factors that increase tumor cell proliferation, promote invasion and metastasis [8,9].
Previous studies have shown that TLRs are expressed in tumor cells, and are involved in
tumorigenesis, tumor growth, and metastasis [10–13].

TLRs play an important role in triggering both the immune response and the inflamma-
tory process. In different cancers, an altered expression of TLR genes had been reported [14].
Altered TLR signaling was linked to hematopoietic dysfunction and malignancy. It was
underlined that this signaling is implicated in the pathogenesis of hematological malignan-
cies [15]. The potential role of TLRs in hematologic malignancies has been investigated in
several studies [16,17]. In addition, several hematopoietic diseases, including myelodys-
plastic syndromes (MDS), lymphoproliferative disorders, myeloid neoplasms, have been
linked to abnormal TLR signaling [15].

Available evidence suggests that polymorphisms within the TLR genes may influence
the individual’s capacity to respond properly to TLR ligands (exogenous, endogenous,
synthetic analogs, fully synthetic small molecule) and that person may be susceptible to
tumor development [11,18].

Only a few studies investigated whether gene polymorphisms of innate immunity in-
fluenced the risk of developing hematological malignancies, the results being contradictory.
Aref et al. reported that TLR2 rs5743708 single nucleotide polymorphism (SNP) influences
the outcome in AML patients, this SNP is associated with short overall survival (OS) and
short disease-free survival [19]. Additionally, the TLR2 rs4696480 SNP has been associated
with a decreased risk of chronic lymphocytic leukemia (CLL) and increased the risk of
follicular lymphoma [20]. A meta-analysis that included 55 articles suggested that TLR4
gene polymorphisms, namely TLR4 rs4986791 and rs11536889, might represent a genetic
risk factor for the development of cancer, whereas TLR4 rs4986790 was not associated with
cancer risk [21]. The TLR4 rs4986790 SNP was associated with the risk of mucosa-associated
lymphoid tissue (MALT) lymphoma and Hodgkin’s lymphoma [20].

A small study that included 62 adult patients with AML from Poland showed that
TLR9 rs5743836 and rs187084 gene polymorphisms were associated with predisposition
to the disease [16]. TLR9 rs5743836, polymorphism may represent a molecular risk factor
for B-cell Non-Hodgkin lymphomas (B-NHL) among Egyptian subjects [22]. No sig-
nificant association between rs2066807 and rs187084 SNPs of the TLR9 genes and the
risk of chronic lymphocytic leukemia (CLL) in the Egyptian population was reported
previously [23]. None of the published studies investigated the TLR2 rs5743708, TLR4
(rs11536889, rs4986790, rs4986791), and TLR9 (rs187084, rs352140, rs5743836) variants
simultaneously.

We carried out this case-control study to estimate the overall AML risk of the TLR2
rs5743708, TLR4 rs11536889, TLR4 rs4986790, TLR4 rs4986791, TLR9 rs187084, TLR9 rs352140,
and TLR9 rs5743836 polymorphisms in a large group of Caucasian adult AML patients. We
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further analyzed whether the haplotypes of the mentioned gene polymorphisms influence
the AML risk. We evaluated the relation between variant genotypes of the TLR2 rs5743708,
TLR4 (rs11536889, rs4986790, rs4986791), and TLR9 (rs187084, rs352140, rs5743836) SNPs
with somatic mutations (FLT3, NPM1, DNMT3A) and clinical features and overall survival
of AML patients.

2. Materials and Methods
2.1. Subjects Included in the Study

We performed a case-control study that included a total of 1014 Eastern European
individuals, living in Central and northeastern regions of Romania. The patient group
included 511 adult patients with AML diagnosed at the Hematology Clinics from the
County Emergency Clinical Hospital of Targu Mures and the Hematology Department of
the Oncology Institute “Prof. Dr. Ion Chiricuta” in Cluj-Napoca, Romania. AML patients
included in the study were classified into different subtypes in compliance with the criteria
of the World Health Organization (WHO) 2016 [24]. The control group included 503 healthy
unrelated adults. The inclusion criteria in this group were no evidence of cancer and
residence from the same region as the patients.

Approval of the Ethics Committee of the George Emil Palade University of Medicine,
Pharmacy, Science and Technology of Targu Mures, Romania has been requested and
obtained (no. 1383/2021). The confidentiality of all subjects included in the study was
ensured to be in line with the Declaration of Helsinki.

2.2. Molecular Analysis

Genomic DNA (gDNA) was extracted from peripheral blood specimens collected in
2 mL EDTA vacutainer tubes by using PureLink Genomic DNA Mini Kits (Thermo Fisher
Scientific, Waltham, MA, USA) and Wizard Genomic DNA Purification kits (Promega,
Madison, WI, USA) with minor modification [25]. The concentration and purity of the
obtained DNA samples were measured by a BioSpectrometer basic (Eppendorf, Wien,
Austria).

Genotyping was conducted using a Real-Time PCR platform, namely 7500 Fast Dx
Real-Time PCR from Applied Biosystems (Thermo Fisher Scientific, Waltham, MA, USA)
and corresponding Applied Biosystems TaqMan SNP Genotyping Assay detecting TLR2
rs5743708 (ID C__27860663_10), TLR4 rs11536889 (ID C__31784034_10), TLR4 rs4986790 (ID
C_11722238_20), TLR4 rs4986791 (ID C_11722237_20), TLR9 rs187084 (ID C___2301952_10),
TLR9 rs352140 (ID C_2301954_20), and TLR9 rs5743836 (ID C__32645383_10). Wild-type
(mentioned as reference) and variant alleles of the investigated TLR SNPs were specified
according to the Ensembl genome browser (ensembl.org).

DNMT3A (R882), FLT3 (D835, ITD), and NPM1 mutations’ status were investigated in
each patient by PCR, restriction fragment length polymorphism PCR (RFLP-PCR), fragment
analysis, and capillary sequencing for confirmation, as previously reported [26]. To control
the quality of genotyping, about 5% of DNA samples of AML cases and controls were
randomly included and distributed in working plates as duplicates and genotypes, and the
obtained genotypes were identical.

2.3. Statistical Analysis

Quantitative continuous variables with Gaussian distribution were summarized by
centrality and dispersion descriptive statistics (mean and standard deviation) while quali-
tative variables were described using relative and absolute frequencies (%).

The mean comparisons of demographic variables in controls and AML groups were
performed using the Student-t test for independent samples. The associations between
qualitative characteristics were tested using Chi-square or Fisher’s exact tests.

Binomial logistic regression was used to assess and quantify the association of geno-
types, alleles, and combined genotypes of studied SNPs with odds of AML. The association
analysis based on unconditional logistic regression was conducted in order to find the odds
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ratios (OR) with a 95% confidence interval (95% CI) adjusted for age and gender under
different genetic models (codominant, dominant, recessive, and allelic).

Hardy–Weinberg equilibrium for each SNP and Linkage disequilibrium (LD) analysis
between each pair of SNPs were performed using the “SNPassoc” and “genetics” R pack-
age [27,28]. LD pattern was based on the calculation of the unstandardized LD coefficient
(D), standardized LD coefficient (D’), Pearson correlation coefficient (r), and Chi-square’s
test for significance of LD. The haplotype frequencies and the potential association of
estimated haplotypes with the risk of AML were tested using “haplo.stats” R package [29].

Median survival time (MeST) was calculated to estimate the time point when 50% of
studied AML patients died. Log-rank test was used to compare the distribution of overall
survival time across studied SNPs under the dominant genetic model. The univariable and
multivariable Cox proportional-hazards models were used in order to evaluate the genetic
SNPs effects on risk of death expressed as hazard ratio (HR) with 95% CIs adjusted for
known clinical covariates [age group (≥60 years vs. <60 years), sex (male vs. female), type
of AML (WHO classification), ELN 2017 risk groups, ECOG, Eastern Cooperative Oncologic
Group status; chemotherapy dose (high dose, low dose); LDH, lactate dehydrogenase
(≥600 IU/L vs. 600IU/L); PLT, platelet (>40,000 vs. ≤40,000 cells/mm3); WBC, white
blood cell (≥50,000 cells/mm3 vs. <50,000 cells/mm3), hemoglobin level (<10 g/dL vs.
≥10 g/dL), hematocrit level (<36% vs. ≥36%), blasts (in bone marrow, ≥70% vs. <70%),
somatic mutations (in FLT3, NPM1, DNMT3A genes)].

The two-sided p-value < α = 0.05 was regarded as a statistically significant value in
inferential analysis.

All statistical analysis was performed in R v.4.1.1 [30].

3. Results
3.1. Demographic and Clinical Characteristics of AML Patients and Controls

The mean age of the AML group was 57.22 ± 15.22 years (median 60.0 years, range val-
ues: 19–90 years), while of the control group it was 58.56 ± 16.36 years (median 63.0 years,
range values: 20–89 years). There was no significant difference between AML and control
groups regarding age distribution (p = 0.156) and gender frequency (p = 0.264). The AML
group consisted of 231 females (45.2%) and 280 males (54.8%), whereas the control group
included 245 (48.7%) females and 258 (51.3%) males.

White blood cells (WBC) greater than 50,000 cells/mm3 were observed in 113 cases
(22.1%) while in the 398 of the remaining cases the WBC count was ≤50,000 cells/mm3.
High lactate dehydrogenase (LDH) level, defined as ≥600 IU/L was noticed in 299
(58.5%) of investigated AML patients. Most of the AML patients (n = 352, 68.9%) had
the hemoglobin (Hgb) level lower than 10 g/dL, whereas about one-third (159 cases, 31.1%)
had the Hgb level ≥10 g/dL.

Regarding the Eastern Cooperative Oncology Group (ECOG) Performance Status, 202
(39.5%) patients had an ECOG grade of 3, 130 cases (25.4%) had an ECOG grade of 2, 94
(18.4%) had an ECOG grade of 4. A high blast percentage (defined as ≥70%) was found
in 194 (38%) AML patients. According to the European Leukemia Net (ELN) 2017 risk
stratification [31], 191 (37.38%) of our patients were included in the low-risk group, 204
(39.92%) in the intermediate, 116 (22.70%) in the high-risk (adverse) group.

3.2. Genotypic and Allelic Frequencies of TLR2 rs5743708, TLR4 (rs11536889, rs4986790,
rs4986791) and TLR9 (rs187084, rs352140, rs5743836) SNPs and Their Effects on
AML Susceptibility

The genotypic and allelic distributions of the studied TLR2, TLR4, TLR9 gene poly-
morphisms in AML patients and controls are summarized in Table 1. All TLR genotype
frequencies of AML cases satisfied the principles of the Hardy–Weinberg equilibrium
(HWE) (p > 0.05). Additionally, the genotypes’ distribution of TLR SNPs in healthy subjects
was in accordance with the HWE (p > 0.05).
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Table 1. Association analysis between variant genotypes/alleles of investigated TLR SNPs and odds
of AML.

SNPs
AML Cases

(n1 = 511)
Controls
(n2 = 503)

Unadjusted Adjusted (a)

OR [95% CI] p-Value OR [95% CI] p-Value

TLR2 rs5743708
GG 483 (94.52) 477 (94.83) 1.00 [Reference] 1.00 [Reference]
GA 28 (5.48) 26 (5.17) 1.06 [0.61, 1.84] 0.826 1.03 [0.60, 1.79] 0.908
AA 0 (0.00) 0 (0.00) NA NA

G allele 994 (97.26) 980 (97.42) 1.00 [Reference] 1.00 [Reference]
A allele 28 (2.74) 26 (2.58) 1.06 [0.61, 1.84] 0.826 1.03 [0.60, 1.79] 0.908

HWE (p-value) 1.00 1.00

TLR4 rs11536889
GG 367 (71.82) 356 (70.78) 1.00 [Reference] 0.922 1.00 1.00 [Reference]
GC 133 (26.03) 135 (26.84) 0.96 [0.72, 1.26] 0.92 [0.70, 1.23]
CC 11 (2.15) 12 (2.39) 0.89 [0.39, 2.04] 0.89 [0.39, 2.06]

GC + CC 144 (28.18) 147 (29.23) 0.95 [0.72, 1.25] 0.713 0.92 [0.70, 1.21] 0.561
G allele 867 (84.83) 847 (84.19) 1.00 [Reference] 1.00 [Reference]
C allele 155 (15.17) 159 (15.81) 0.95 [0.75, 1.21] 0.691 0.93 [0.73, 1.19] 0.563

HWE (p-value) 1.00 1.00

TLR4 rs4986790
AA 470 (91.98) 473 (94.04) 1.00 [Reference] 0.241 1.00 [Reference] 0.183
AG 40 (7.83) 30 (5.96) 1.34 [0.82, 2.19] 1.40 [0.86, 2.29]
GG 1 (0.20) 0 (0.00) NA NA

AG + GG 41 (8.03) 30 (5.96) 1.38 [0.84, 2.24] 0.198 1.44 [0.88, 2.35] 0.144
A allele 980 (95.89) 976 (97.02) 1.00 [Reference] 1.00 [Reference]
G allele 42 (4.11) 30 (2.98) 1.39 [0.87, 2.25] 0.241 1.47 [0.91, 2.37] 0.118

HWE (p-value) 0.585 1.00

TLR4 rs4986791
CC 464 (90.80) 472 (93.84) 1.00 [Reference] 1.00 [Reference]
CT 47 (9.20) 30 (5.96) 1.59 [0.99, 2.56] 0.058 1.66 [1,00, 2.68] 0.059
TT 0 (0.00) 1 (0.20) NA NA

CT + TT 47 (9.20) 31 (6.16) 1.54 [0.96, 2.47] 0.069 1.61 [1.001, 2.59] * 0.045 *
C allele 975 (95.40) 974 (96.82) 1.00 [Reference] 1.00 [Reference]
T allele 47 (4.60) 32 (3.18) 1.48 [0.93, 2.34] 0.058 1.55 [0.97, 2.46] 0.064

HWE (p-value) 0.616 0.399

TLR9 rs352140
CC 100 (19.57) 87 (17.30) 1.00 [Reference] 0.375 1.00 [Reference] 0.397
CT 242 (47.36) 230 (45.73) 0.92 [0.65, 1.29] 0.90 [0.64, 1.26]
TT 169 (33.07) 186 (36.98) 0.79 [0.55, 1.13] 0.79 [0.55, 1.13]

CT + TT 411 (80.43) 416 (82.71) 0.86 [0.63, 1.18] 0.351 0.85 [0.62, 1.17] 0.311
C allele 442 (43.25) 404 (40.16) 1.00 [Reference] 1.00 [Reference]
T allele 580 (58.75) 602 (59.84) 0.89 [0.74, 1.05] 0.167 0.89 [0.75, 1.05] 0.175

HWE (p-value) 0.419 0.267

TLR9 rs187084
AA 162 (31.70) 145 (28.83) 1.00 [Reference] 0.399 1.00 [Reference] 0.449
AG 248 (48.53) 243 (48.31) 0.91 [0.69, 1.22] 0.91 [0.69, 1.22]
GG 101 (19.77) 115 (22.86) 0.79 [0.55, 1.11] 0.80 [0.56, 1.13]

AG + GG 349 (68.30) 358 (71.17) 0.87 [0.67, 1.14] 0.319 0.88 [0.67, 1.15] 0.337
A allele 572 (55.97) 533 (52.98)
G allele 450 (44.03) 473 (47.02) 1.00 [Reference] 0.182 1.00 [Reference] 0.210

HWE (p-value) 0.720 0.531 0.89 [0.75, 1.06] 0.90 [0.75, 1.06]

TLR9 rs5743836
AA 370 (72.41) 368 (73.16) 1.00 [Reference] 0.767 1.00 [Reference] 0.751
AG 125 (24.46) 123 (24.45) 1.01 [0.76, 1.35] 1.01 [0.76, 1.35]
GG 16 (3.13) 12 (2.39) 1.33 [0.62, 2.84] 1.34 [0.62, 2.88]

AG + GG 141 (27.59) 135 (26.81) 1.04 [0.79, 1.37] 0.787 1.04 [0.79, 1.38] 0.763
A allele 865 (84.64) 859 (85.39) 1.00 [Reference] 1.00 [Reference]
G allele 157 (15.36) 147 (14.61) 1.06 [0.83, 1.34] 0.643 1.06 [0.84, 1.35] 0.618

HWE (p-value) 0.175 0.595

NA = not available; HWE: Hardy–Weinberg Equilibrium. [95% CI] = [lower limit, upper limit] of 95% Confidence
Interval. (a) Adjusted for Age group (≥60 years versus <60 years) and sex (males versus female), * significant
results at the α = 0.05 level.

Also, the genotypes distribution of TLR SNPs in healthy subjects was in accordance
with the HWE (p > 0.05). The TLR4 (rs11536889, rs4986790, rs4986791) and TLR9 (rs187084,
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rs352140, rs5743836) SNPs were in a moderate to strong linkage in AML cases and control
groups (p < 0.001) (Tables 2 and 3).

Table 2. Linkage disequilibrium analysis for TLR4 SNPs in AML patients and controls.

TLR4 rs11536889 TLR4 rs4986790 TLR4 rs4986791

TLR4 rs11536889

D −0.006 −0.007
D’ 0.987 0.993
r −0.086 −0.092
χ2 7.63 8.69

p-value 0.0057 * 0.0032 *

TLR4 rs4986790

D −0.005 0.034
D’ 0.989 0.874
r −0.075 0.824
χ2 5.678 693.69

p-value 0.0172 * <0.001 *

TLR4 rs4986791

D −0.005 0.027
D’ 0.988 0.931
r −0.078 0.901
χ2 6.06 816.08

p-value 0.0138 * <0.001 *
D: Linkage disequilibrium estimate for each pair of SNPs; D’: scaled D having the values in the interval [−1, 1];
r: Correlation coefficient between any pair of SNPs; χ2: Chi-square statistic for linkage equilibrium (D = D’ = 0);
p-value: Chi-square p-value; * significant results at the α = 0.05 level; the estimates above the main diagonal
(marked in grey) were determined to AML group while the estimates below the main diagonal were determined
in the control group.

Table 3. Linkage disequilibrium analysis for TLR9 SNPs in AML patients and controls.

TLR9 rs352140 TLR9 rs5743836 TLR9 rs187084

TLR9 rs352140

D −0.051 −0.147
D’ 0.770 0.771
r −0.286 −0.597
χ2 83.78 363.93

p-value < 0.001 * < 0.001 *

TLR9 rs5743836

D −0.049 −0.051
D’ 0.829 0.751
r −0.284 −0.284
χ2 79.40 82.33

p-value <0.001 * <0.001 *

TLR9 rs187084

D −0.157 −0.059
D’ 0.8317 0.857
r −0.642 −0.334
χ2 414.39 112.18

p-value <0.001 * <0.001 *
D: Linkage disequilibrium estimate for each pair of SNPs; D’: scaled D having the values in the interval [−1, 1];
r: Correlation coefficient between any pair of SNPs; χ2: Chi-square statistic for linkage equilibrium (D = D’ = 0);
p-value: Chi-square p-value; * significant results at the α = 0.05 level; the estimates above the main diagonal
(marked in grey) were determined to AML group while the estimates below the main diagonal were determined
in the control group.

The results of logistic regressions showed that only the TLR4 rs4986791 SNP was sig-
nificantly associated with an increased risk of AML under the dominant model (OR = 1.61,
95% CI: [1.001, 2.59]).

No significant difference in the genotype distribution of the other six investigated
polymorphisms was found between AML cases and healthy subjects in our large adult
population group in any of the inheritance genetic models tested (Table 1).
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3.3. Haplotype Analysis

We further performed the haplotype analysis which generated eight haplotypes for
TLR9 SNPs and six haplotypes in the TLR4 gene. The C-A-G, C-G-A, T-A-A, and T-G-G
haplotypes in the TLR9 gene polymorphism were associated with increased odds of AML
(adjusted OR [95% CI]:1.87 [1.10, 3.19], 5.54 [1.16, 26.51], 2.01 [1.24, 3.28], 3.31 [1.06, 10.34],
respectively) when the T-A-G haplotype was the considered reference (Table 4).

Table 4. Haplotype association analysis between TLR 4 and TLR9 SNPs with AML risk.

Gene SNP1 SNP2 SNP3

Haplotype Relative Frequencies
Unadjusted OR

(a) [95% CI]
Adjusted OR (b)

[95% CI]

Global Score
Statistics for the
Adjusted Model

All
Sample Control AML

Group

TLR9 rs352140 rs5743836 rs187084

1 T A G 0.409 0.437 0.382 1.00 [Reference] 1.00 [Reference]

Global-stat = 23.09,
df = 7,

p-value = 0.0017 *

2 C A A 0.374 0.370 0.377 1,17 [0.96, 1.42] 1.16 [0.96, 1,42]
3 C A G 0.031 0.022 0.039 1.82 [1.06, 3.09] * 1.87 [1.10, 3.19] *
4 C G A 0.006 0.002 0.012 5.75 [1.21, 9.98] * 5.54 [1.16, 26.51]*
5 C G G 0.004 0.005 0.003 0.78 [0.19, 3.16] 0.81 [0.20, 3.27]
6 T A A 0.035 0.023 0.047 2.01 [1.24, 3.28] * 2.01 [1.24, 3.28] *
7 T G A 0.128 0.133 0.123 1.04 [0.78, 1.39] 1.04 [0.78, 1.38]
8 T G G 0.009 0.004 0.014 3.19 [1.02, 9.98] * 3.31 [1.06, 10.34] *

TLR4 rs4986790 rs4986891 rs11536889

1 A C G 0.802 0.808 0.797 1.00 [Reference] 1.00 [Reference]

Global-stat = 5.64,
df = 4,

p-value = 0.2277

2 A C C 0.154 0.158 0.151 0.98 [0.77, 1.25] 0.96 [0.75, 1.23]
3 A T G 0.006 0.003 0.009 2.49 [0.77, 7.99] 2.62 [0.81, 8.46]
4 G C G 0.003 0.002 0.004 2.10 [0.47, 9.46] 2.27 [0.50, 10.26]
5 G T G 0.032 0.027 0.036 1.32 [0.80, 2.20] 1.36 [0.82, 2.27]
6 G T C 0.000 0.000 0.000 NA NA

Note. Haplotypes estimated from the three variants; NA = not available because of their low relative frequency
(<0.002); (a) OR = odds ratio estimated from haplotype-based GLM regression without covariates; (b) adjusted
for age group (≥60 years versus <60 years); statistical significant results: p-values smaller than 0.05 and the
corresponding OR and 95% CI (Confidence interval) values are highlighted with *

The distribution of estimated haplotypes of the TLR4 (rs11536889, rs4986790, rs4986791)
SNPs did not show any significant difference between the AML and control groups.

3.4. Association Analysis between Different Combinations of TLR2, TLR4, and TLR9 SNPs and
AML Susceptibility

We combined all studied SNPs by the number of variant genotypes (defined based
on the dominant model, except for TLR2 rs5743708) to test their possible joint effect on the
odds of AML. The combined variant genotypes were statistically associated with increased
odds of AML. We found that the number of variant genotypes varied between 0 (92 subjects
with wild-type homozygous genotypes for all SNPs, 9.07%) and 5 [17, 1.678%]. Further, we
transformed the number of variant genotypes into a categorical variable with the following
categories: 0–1, 2–3, and 4–5 variant genotypes with frequencies of 168 (16.57%), 748
(73.77%), and 98 (9.66%), respectively. Although we noticed an increased odds of AML
for subjects carrying 4–5 variant genotypes, the result did not reach statistical significance
(OR = 1.11, 95% CI: 0.54–1.05, p = 0.099 for 4–5 variant genotypes vs. 0–1 variant genotypes,
OR = 0.75, 95% CI: 0.67–1.85, p = 0.678 for 2–3 variant genotypes vs. 0–1 variant genotypes).

We also analyzed the joint effect of double combinations of SNPs variant genotypes
and we found no significant effect, except for the genotype combination of TLR4 rs4986790
AG + GG and TLR4 rs4986791 CT + TT variants (Table 5). The presence of the variant
genotypes of the TLR4 rs4986790 or TLR4 rs4986791 SNPs in the dominant model was
positively associated with the odds of developing AML (OR = 3.14; 95% CI: 1.12–8.84;
p = 0.032). For both the TLR4 rs4986790 and TLR4 rs4986791 gene polymorphisms, we
combined both the heterozygous and variant homozygous genotypes as a single group and
compared it with the double wild-type genotype. Subjects carrying combined heterozygous
and homozygous variant genotype of the two TLR4 SNPs (rs4986790 and rs4986791) had
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higher odds of AML compared with individuals possessing double wild-type genotypes
(OR = 1.66; 95% CI: 1.05–2.64; p = 0.028). We did not find a significant association between
the other double combinations of the TLR2, TLR4 and TLR9 variant genotypes and the odds
of AML (p > 0.05).

Table 5. Frequency distribution of genotypic pairwise combinations of TLR2, TLR4, and TLR9 SNPs
and their association with AML risk.

Genotype AML Cases (n1 = 511) Controls (n2 = 503)
Adjusted (a)

OR [95% CI] p-Value

TLR4 rs11536889 and TLR4 rs4986790
0 332 331 1.00 [Reference] 0.962
1 173 167 1.02 [0.78, 1.33]
2 6 5 1.16 [0.35, 3.85]
3 179 173 1.02 [0.79, 1.33] 0.857

TLR4 rs11536889 and TLR4 rs4986791
0 327 330 1.00 [Reference] 0.820
1 177 168 1.05 [0.81, 1.37]
2 7 5 1.37 [0.43, 4.36]
3 184 173 1.06 [0.82, 1.37] 0.654

TLR4 rs11536889 and TLR9 rs352140
0 67 57 1.00 [Reference] 0.505
1 333 329 0.84 [0.57, 1.24]
2 111 117 0.77 [0.49, 1.20]
3 444 446 0.82 [0.56, 1.20] 0.315

TLR4 rs11536889 and TLR2 rs5743708
0 349 336 1.00 [Reference] 0.498
1 152 161 0.89 [0.61,1.16]
2 10 6 1.45 [0.52, 4.06]
3 162 167 0.91 [0.70, 1.18] 0.474

TLR4 rs11536889 and TLR9 rs5743836
0 266 251 1.00 [Reference] 0.317
1 205 222 0.86 [0.67, 1.12]
2 40 30 1.21 [0.73, 2.01]
3 245 252 0.91 [0.71, 1.16] 0.436

TLR4 rs11536889 and TLR9 rs187084
0 107 103 1.00 [Reference] 0.281
1 315 295 1.03 [0.75, 1.41]
2 89 105 0.79 [0.54, 1.18]
3 404 400 0.97 [0.71, 1.31] 0.839

TLR4 rs4986790 and TLR4 rs4986791
0 460 470 1.00 [Reference] 0.032 *
1 14 5 3.14 [1.12, 8.84]
2 37 28 1.41 [0.85, 2.34]
3 51 33 1.66 [1.05, 2.64] 0.028 *

TLR4 rs4986790 and TLR9 rs352140
0 91 81 1.00 [Reference] 0.355
1 388 398 0.86 [0.62, 1.20]
2 32 24 1.22 [0.66, 2.24]
3 420 422 0.88 [0.63, 1.23] 0.454

TLR4 rs4986790 and TLR2 rs5743708
0 443 449 1.00 [Reference] 0.331
1 67 52 1.32 [0.89, 1.94]
2 1 2 0.56 [0.05, 6.27]
3 68 54 1.29 [0.88, 1.89] 0.191
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Table 5. Cont.

Genotype AML Cases (n1 = 511) Controls (n2 = 503)
Adjusted (a)

OR [95% CI] p-Value

TLR4 rs4986790 and TLR9 rs5743836
0 340 343 1.00 [Reference] 0.281
1 160 155 1.06 [0.81, 1.38]
2 11 5 2.29 [0.78, 6.68]
3 171 160 1.10 [0.84, 1.43] 0.499

TLR4 rs4986790 and TLR9 rs187084
0 148 138 1.00 [Reference] 0.648
1 336 342 0.92 [0.70, 1.21]
2 27 23 1.16 [0.63, 2.13]
3 363 365 0.93 [0.71, 1.25] 0.621

TLR4 rs4986790 and TLR9 rs352140
0 92 80 1.00 [Reference] 0.069
1 380 399 0.82 [0.59, 1.15]
2 39 24 1.45 [0.80, 2.62]
3 419 423 0.86 [0.62, 1.19] 0.359

TLR4 rs4986791 and TLR2 rs5743708
0 437 448 1.00 [Reference] 0.160
1 73 53 1.43 [0.98, 2.08]
2 1 2 0.57 [0.05, 6.35]
3 74 55 1.40 [0.96, 2.03] 0.079

TLR4 rs4986791 and TLR9 rs5743836
0 333 342 1.00 [Reference] 0.284
1 168 156 1.12 [0.86, 1.47]
2 10 5 2.13 [0.72, 6.33]
3 178 161 1.15 [0.89, 1.59] 0.287

TLR4 rs4986791 and TLR9 rs187084
0 148 137 1.00 [Reference] 0.224
1 330 343 0.89 [0.67, 1.18]
2 33 23 1.41 [0.79, 1.54]
3 363 366 0,92 [0.70, 1.21] 0.567

TLR9 rs352140 and TLR2 rs5743708
0 95 83 1.00 [Reference] 0.609
1 393 398 0.85 [0.61, 1.18]
2 23 22 0.88 [0.46, 1.70]
3 416 420 0.85 [0.61, 1.18] 0.324

TLR9 rs352140 and TLR9 rs5743836
0 94 82 1.00 [Reference] 0.579
1 282 291 0.84 [0.60, 1.18]
2 135 130 0.90 [0.61, 1.32]
3 417 420 0.86 [0.62, 1.19] 0.354

TLR9 rs352140 and TLR9 rs187084
0 87 72 1.00 [Reference] 0.480
1 88 88 0.83 [0.54, 1.27]
2 336 343 0.81 [0.57, 1.14]
3 424 431 0.81 [0.58, 1.14] 0.229

TLR2 rs5743708and TLR9 rs5743836
0 353 350 1.00 [Reference] 0.823
1 147 145 1.01 [0.76, 1.32]
2 11 8 1.34 [0.53, 3.38]
3 158 153 1.02 [0.78, 1.34] 0.869
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Table 5. Cont.

Genotype AML Cases (n1 = 511) Controls (n2 = 503)
Adjusted (a)

OR [95% CI] p-Value

TLR2 rs5743708 and TLR9 rs187084
0 155 136 1.00 [Reference] 0.390
1 335 350 0.84 [0.64, 1.11]
2 21 17 1.07 [0.54, 2.12]
3 356 367 0.85 [0.65, 1.12] 0.246

TLR9 rs5743836 and TLR9 rs187084
0 104 83 1.00 [Reference] 0.156
1 324 347 0.75 [0.54, 1.04]
2 83 73 0.92 [0.60, 1.41]
3 407 420 0.78 [0.56, 1.07] 0.122

Note. Variant genotypes for each SNP: GA genotype for TLR2 rs5743708; GC + CC genotype for TLR4 rs11536889;
AG + GG genotype for TLR4 rs4986790; CT + TT genotype for TLR4 rs4986791; CT + TT genotype for TLR9
rs352140; AG + GG genotype for TLR9 rs187084; AG + GG genotype for TLR9 rs5743836. Wild genotypes (WT) for
each SNP: GG genotype for TLR2 rs5743708; TLR4 rs11536889; AA genotype for TLR4 rs4986790; CC genotype for
TLR4 rs4986791, TLR9 rs352140; AA genotype for TLR9 rs187084 and TLR9 rs5743836. 0: double-WT genotype, 1:
Heterozygous genotype (WT SNP1 + variant genotype SNP2 or variant genotype SNP1 + WT SNP2), 2: double
variant genotype (variant genotype SNP1 + variant genotype SNP2), 3: Heterozygous or double variant genotype;
(a) OR = odds ratio adjusted for Age group (≥60 years versus <60 years) and sex (males versus female); [95% CI] =
[lower limit, upper limit] of 95% Confidence Interval; * significant results at the α = 0.05 level.

Moreover, we performed all TLR SNP–SNP interactions using a log-likelihood ratio
test under the dominant genetic model, but we did not find a statistically significant
interaction effect of any two SNPs.

The results indicated that the TLR4 rs4986790 SNP did not have a modifying effect on
the odds of AML initiated by the TLR4 rs4986791 SNP (dominant model, TLR4 rs4986790 ×
TLR4 rs4986791 interaction p-value = 0.128). Taking into account the fact that the presence
of the combined variant genotype of TLR4 rs4986790 and TLR4 rs4986791 was significantly
associated with increased odds of AML, we found that these two gene polymorphisms may
have a combined effect and no modifying effect on AML susceptibility.

3.5. Relationship between Variant Genotype Distribution of TLR2 rs5743708, TLR4 (rs11536889,
rs4986790, rs4986791) and TLR9 (rs187084, rs352140, rs5743836) and Somatic Mutations in
AML Patients

We further analyzed the relationship between the studied TLR2, TLR4 and TLR9 SNPs
and somatic mutations in AML patients (Supplementary Materials Table S1: Association
analysis between variant genotypes/alleles of investigated TLR SNPs and odds of AML).
The results showed that the TLR9 rs5743836 variant genotype (AG + GG) was significantly
negatively associated with NPM1 mutation (Chi-square test, p = 0.002), a higher relative
frequency of the TLR9 rs5743836 variant genotype (AG + GG) being observed in the
subgroup without the NPM1 (30.5%) vs. patients with NPM1 mutation (14.4%). We noticed
a trend towards statistical significance for the association between the FLT3 ITD mutations
and TLR4 rs11536889 SNP variant genotype (GC + CC) (Chi-square test, p = 0.055), the
variant genotype (GC + CC) being observed in 26.6% of the patients without the FLT3 IDT
mutation vs. 37% of the patients with the FLT3 IDT mutation. No significant associations
were found between the DNMT3A and FLT3 mutations and the other investigated SNPs.

3.6. Associations between TLR2 rs5743708, TLR4 (rs11536889, rs4986790, rs4986791) and TLR9
(rs187084, rs352140, rs5743836) SNPs and Overall Survival

As shown in Table 6, Kaplan–Meier analysis showed that carriers of the TLR2 rs5743708
GA genotype had a better overall survival than carriers of the wild genotype (p = 0.012).
In the separate univariable Cox proportional-hazards models, we observed that only the
TLR2 rs5743708 GA genotype was significantly associated with a decreased HR for death
(GA vs. GG: unadjusted HR = 0.54, 95% CI: 0.33-0.88, unadjusted p = 0.0137), while a
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tendency toward statistical significance was noticed for the TLR4 rs4986790 AG + GG
variant genotype (p = 0.092) and TLR4 rs4986791 CT genotype (p = 0.070). TLR2 rs5743708
did not remain as an independent predictor for the hazard of death (adjusted p = 0.272)
after adjusting for other clinical known covariates (Table 6).

Table 6. Associations between different genotypes of studied SNPs and AML patients’ overall
survival.

SNPs Genotypes
AML

patients
(n = 511)

Deaths
(n = 397)

MeST (a)

(95% CI)

Log-
Rank

p-Value

Unadjusted
HR

[95% CI]
p-Value

Adjusted
HR (b)

[95% CI]
p-Value (b)

TLR2
rs5743708 GG 483 380 6 [5,7] 1.00 (Reference) 1.00 (Reference)

GA 28 17 12 [8,36] 0.012 * 0.54 [0.33, 0.88] 0.0137 * 0.73 [0.44, 1.26] 0.272

TLR4
rs11536889 GG 367 281 6 [5,7] 0.905 1.00 (Reference) 1.00 (Reference)

GC + CC 144 116 7 [5,9] 0.700 1.04 [0.84, 1.29] 0.714 1.16 [0.91, 1.48] 0.225

TLR4
rs4986790 AA 470 361 7 [5,8] 0.197 1.00 (Reference) 1.00 (Reference)

AG + GG 41 36 4 [2,7] 0.092 1.35 [0.96, 1.90] 0.089 1.37 [0.95, 1.98] 0.095

TLR4
rs4986791 CC 464 367 7 [5,8] 0.070 1.00 (Reference) 1.00 (Reference)

CT 47 41 5 [3,7] 1.35 [0.98, 1.88] 0.069 1.28 [0.90, 1.81] 0.171

TLR9
rs352140 CC 100 80 5 [4,8] 0.270 1.00 (Reference) 1.00 (Reference)

CT + TT 411 317 7 [5,8] 0.270 0.87 [0.68, 1.12] 0.275 0.90 [0.68, 1.18] 0.430

TLR9
rs187084 AA 162 130 6 [5,8] 0.607 1.00 (Reference) 1.00 (Reference)

AG + GG 349 267 6 [5,8] 0.626 0.95 [0.77, 1.17] 0.641 0.94 [0.74, 1.18] 0.579

TLR9
rs5743836 AA 370 285 6 [5,7] 0.836 1.00 (Reference) 1.00 (Reference)

AG + GG 141 112 7 [4,9] 0.703 0.96 [0.77, 1.19] 0.713 0.96 [0.75, 1.22] 0.727

Number of
variant

genotypes

0 49 38 7 [4,10] 0.558 1.00 (Reference) 1.00 (Reference)
1 41 33 5 [3,9] 1.24 [0.78, 1.99] 0.363 1.18 [0.69, 2.03] 0.542
2 144 109 7 [5,8] 0.95 [0.65, 1.37] 0.772 0.94 [0.62, 1.43] 0.776
3 143 105 7 [4,9] 0.96 [0.66, 1.39] 0.831 0.94 [0.61, 1.46] 0.786
4 106 88 6 [4,9] 1.05 [0.72, 1.54] 0.799 1.05 [0.68, 1.61] 0.836

5–7 28 24 5.5 [2,8] 1.63 [0.94, 2.83] 0.283 1.55 [0.88, 2.73] 0.317

(a) MeST = median overall survival time (months); the variant genotypes used for the calculation were TLR2
rs5743708 GA + TLR4 rs11536889 GC/CC, TLR4 rs4986790 AG/GG + TLR4 rs4986791CT + TLR9 rs352140 CT/TT +
TLR9 rs187084 AG/GG + TLR9 rs5743836AG/GG; because there were 6 patients with 5 variant genotypes and one
patient with 6 and 7 variant genotypes, respectively, we merged the 5, 6 and 7 variant genotypes into one category.
(b) HR = Hazard Ratio adjusted for age group (≥60 years vs. <60 years); sex (male vs. female); type of AML (WHO
classification); ELN 2017 risk groups; ECOG, Eastern Cooperative Oncologic Group Scale; chemotherapy dose
(high dose, low dose); LDH, lactate dehydrogenase (≥600 IU/L vs. 600IU/L); PLT, platelet (>40,000 vs. ≤40,000
cells/mm3); WBC, white blood cell (≥50,000 cells/mm3 vs. <50,000 cells/mm3); hemoglobin level (<10 g/dL vs.
≥10 g/dL); hematocrit level (<36% vs. ≥36%); blasts (in bone marrow, ≥70% vs. <70%); somatic mutations (FLT3,
NPM1, DNMT3A); * significant results at the α = 0.05 level.

4. Discussion

A difficulty in understanding the true role of TLR SNPs in increased susceptibility
to cancer, including the hematological malignancies, has been the limited size of the
investigated groups of patients for genetic-associations studies. Furthermore, the lack
of replication of positive findings among different studies and the heterogeneity among
individual studies did not allow the drawing of firm conclusions regarding the contribution
of TLR SNPs to cancer pathogenesis [19,21,32–36].

In this study, we sought to address the question of whether the presence of the
polymorphisms of the genes involved in the innate immune system, namely TLR2, TLR4
and TLR9, correlates with an increased risk for predisposing to AML, considering that
there are scarce studies that investigated TLR2, TLR4 and TLR9 SNPs and the risk of
hematological malignancy. The frequency of TLR2 rs5743708, TLR4 (rs11536889, rs4986790,
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rs4986791) variant genotypes is consistent with that reported by Schnetzke et al. in AML
patients from Germany [37], but different from that reported by Chen et al. in the Chinese
Han population [38]. One explanation for the different frequencies of the genotypes
observed in our study and that of Schnetzke et al. (European subjects) and in the study of
Chen (Asian subjects) is the ethnic origin. The frequency of the variant allele for investigated
SNPs is similar to that reported for 1000 Genomes Project Phase 3.

Moreover, our study investigated the associations between the prognostic indicators in
AML and seven SNPs of TLR genes, and aimed to figure out the correlation between these
SNPs and the known prognostic factors in AML (patient age, mutations in FLT3, NPM1,
and DNMT3A genes at diagnosis).

The present study showed that variant genotypes of the TLR2 rs5743708, TLR4
(rs11536889, rs4986790), and TLR9 (rs187084, rs352140, rs5743836) gene polymorphisms
were not associated with AML risk. Our findings are partly similar to those reported by
other studies previously [14]. Thus, no significant difference between cancers and controls
for TLR2 rs5743708 SNP was reported in a meta-analysis conducted by Wang et al. [32].

Aref et al. included in their study 120 AML patients and 100 healthy subjects from
Egypt and reported no significant differences in genotype or alleles frequency between
patients and healthy controls regarding TLR2 rs5743708, TLR4 rs4986790, and rs4986791
polymorphisms [19].

Recently, a significant association of variant alleles of the TLR4 rs4986790 and rs4986791
with the risk of development of colorectal cancer was reported by a study that included
268 subjects (127 patients and 141 healthy Egyptians) [33]. Similarly, in the meta-analysis
performed by Ding L et al., it has been suggested that polymorphisms, namely TLR4
rs4986791 and rs11536889, might represent a genetic risk factor for cancer development [21].
In agreement with these findings, our study also indicated that only TLR4 rs4986791 SNP is
associated with an increased risk of AML. Our finding is in contradiction with that reported
by Aref et al. [19]. One explanation might be the number of the subjects included in our
study (more than 1000), and the ethnic differences between the investigated populations
(northeastern Africans and Caucasians).

Moreover, we observed that the presence of the double combination of the variant
genotype of the TLR4 rs4986790 or TLR4 rs4986791 SNPs in the dominant model was
positively associated with the odds of developing AML in investigated Caucasian patients.

The variant genotypes of TLR4 rs1156889 and TLR9 rs187084 and rs1927911 SNPs
were found to be associated with the increased risk of developing cervical cancer among
Indian women [34]. Despite the previous reports, we failed in proving any significant
association between the variant genotype of the TLR9 rs187084 SNP and AML in our cohort
of adult patients.

Rybka et al. found that the TLR9 rs187084 polymorphism was associated with the
progression of AML when they investigated a small group of 62 Polish AML patients [16].
In addition, they noticed that TLR9 rs187084 influenced patients’ survival [16]. This is in
contradiction with our study that revealed no associations with the hazard of death in AML
cases. An explanation for different results may be represented by the small study group
of AML cases and controls investigated by Rybka et al. A previous study suggested that
TLR9 rs187084 influenced the outcome of transplants in AML cases after a myeloablative,
non-T-cell-depleted transplant. Furthermore, a reduced relapse rate was observed after
transplant in AML patients with the TLR9 gene variant [35]. Wan GX et al. reported a
significantly increased risk of cancer for the TLR9 rs187084 SNP, especially with cervical
cancer, when they stratified analyses by specific tumor types [36].

The variant heterozygous genotype of the TLR9 rs5743836 SNP conferred almost a
fourfold increased risk of B-cell Non-Hodgkin lymphomas (B-NHL) in patients from Egypt
(OR = 3.93, 95% CI = 2.16–7.14) [22]. This observation was supported neither by our study
nor by the meta-analysis that included 25,685 subjects that suggested that the TLR9 rs352140
and rs5743836 SNPs were associated with a decreased risk of development of breast and
digestive system cancers [34].
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Nazarova et al. suggested a relationship between TLR2 and TLR3 SNPs with the
development of chronic lymphoproliferative diseases and considered that these SNPs
might represent early additional diagnostic and prognostic criteria [39]. However, we failed
to replicate those findings.

No previous study investigated the impact of haplotypes of the mentioned gene
polymorphisms on the AML risk. Our findings revealed that the C-G-A haplotype of TLR9
was associated with a fivefold increase in AML risk, while C-A-G and T-A-A haplotypes
showed an about twofold elevated risk of AML among adult patients.

Ashton et al. investigated the influence of the TLR9 rs5743836 and rs187084 SNPs
haplotype on cancer risk and reported a protective effect of the TLR9 SNPs haplotype for
endometrial cancer risk (OR = 0.11, 95% CI: [0.03–0.44]; p = 0.002) [40].

In our study, the haplotypes of the TLR4 (rs11536889, rs4986790, rs4986791) SNPs
showed no association with increased susceptibility to AML. Contrary to our observation,
the haplotype analysis of TLR4 SNPs, (namely AT and GT haplotypes) were associated with
increased odds for colorectal cancer (OR = 3.54 and 3.45; 95% CI: 1.48–8.48 and 1.09–10.83,
respectively) [33]. The discordant results might be due to the different sample sizes, or to
the fact that the effect of the TLRs’ haplotype is restricted to certain subgroups of patients.

The individual contribution of the TLR2, TLR4 and TLR9 SNPs on the overall survival
in AML cases was studied by the Kaplan–Meier curve. AML patients who had the TLR2
rs5743708 GA genotype had better overall survival. A previous study reported that the ho-
mozygous variant genotype of TLR2 rs5743708 polymorphism was significantly associated
with the shortest overall survival in Egyptian AML cases [16]. In addition, we observed
that TLR4 and TLR9 gene polymorphisms did not affect the overall survival in our AML
patients. These findings are in agreement with those reported by a previous study [19].
Considering that no associations were noticed between the seven TLR SNPs and the hazard
of death, we may consider/suppose that the poorer outcome was conferred by other causes.

Regarding the relationship between investigated TLR SNPs and somatic mutations,
we observed a significant association between the variant genotype of the TLR9 rs5743836
and NPM1 mutation and also a trend towards statistical significance between the TLR4
rs11536889 SNP and FLT3 ITD mutations. To the best of our knowledge, the impact of
the mentioned TLR2, TLR4 and TLR9 variants on Caucasian adult AML cases have not
been studied simultaneously. Rybka et al. investigated TLR4 (rs4986790, rs4986791) and
TLR9 (rs5743836, rs187084) susceptibility to AML in a smaller group of subjects (62 AML
cases and 126 controls) [16]. To our knowledge, this is the largest and most comprehensive
study that investigates the relation of seven SNPs of the TLR2, TLR4, and TLR9 genes with
somatic mutation (FLT3, NPM1, DNMT3A), patient’s gender, age group, and characteristics
of AML cases.

The present study has some limitations: a lack of data regarding TLR2, TLR4, and
TLR9 gene expression, and CEBPA, IDH1, IDH2, etc., mutation status was not investigated
in all cases and heterogeneity of the AML patients included in the study (different AML
subtype). Another limitation of this study is that this is an observational study of the
association of TLR2, TLR4 and TLR9 polymorphisms, and TLR9 haplotypes with AML risk
and the overall survival of AML patients based on a single time-point evaluation. Taking
into account the suppression of the immune system in active cancers such as AML, further
prospective longitudinal studies with multiple time-point measures (e.g., before and after
treatment) should be conducted in the future to establish if the TLRs of concern are being
suppressed by the active cancer.

Moreover, further research that estimates the effect of gene–gene and gene–environment
interactions may eventually provide a better and more comprehensive understanding.

5. Conclusions

Our findings suggest a potential association between the TLR4 rs4986791 SNP and
AML susceptibility. The combined variant genotypes of TLR4 rs4986790 and TLR4 rs4986791
appear to increase AML risk. In addition, the current findings indicate that the identification
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of patterns of genetic variations, in the form of the C-G-A haplotype of TLR9 rather than
the TLR9 single nucleotide polymorphism, may represent a promising approach to predict
the risk for developing acute myeloid leukemia.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm12030409/s1, Table S1. Association between studied TLR
SNPs and somatic mutations (FLT3, NPM1, DNMT3A).
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et al. Cytokine rs361525, rs1800750, rs1800629, rs1800896, rs1800872, rs1800795, rs1800470, and rs2430561 SNPs in relation with
prognostic factors in acute myeloid leukemia. Cancer Med. 2019, 8, 5492–5506. [CrossRef]

7. Zindl, C.L.; Chaplin, D.D. Tumor Immune Evasion. Science 2010, 328, 697–698. [CrossRef]
8. Dajon, M.; Iribarren, K.; Cremer, I. Toll-like receptor stimulation in cancer: A pro- and anti-tumor double-edged sword.

Immunobiology 2017, 222, 89–100. [CrossRef]
9. Basith, S.; Manavalan, B.; Yoo, T.H.; Kim, S.G.; Choi, S. Roles of toll-like receptors in Cancer: A double-edged sword for defense

and offense. Arch. Pharmacal Res. 2012, 35, 1297–1316. [CrossRef]
10. Javaid, N.; Choi, S. Toll-like Receptors from the Perspective of Cancer Treatment. Cancers 2020, 12, 297. [CrossRef]

https://www.mdpi.com/article/10.3390/jpm12030409/s1
https://www.mdpi.com/article/10.3390/jpm12030409/s1
http://doi.org/10.3390/jpm11030193
http://www.ncbi.nlm.nih.gov/pubmed/33799721
http://doi.org/10.6004/jnccn.2017.0116
http://www.ncbi.nlm.nih.gov/pubmed/28687581
http://doi.org/10.20452/pamw.15093
http://www.ncbi.nlm.nih.gov/pubmed/31808755
http://doi.org/10.3390/cancers13225722
http://www.ncbi.nlm.nih.gov/pubmed/34830877
http://doi.org/10.3390/jcm9061672
http://doi.org/10.1002/cam4.2424
http://doi.org/10.1126/science.1190310
http://doi.org/10.1016/j.imbio.2016.06.009
http://doi.org/10.1007/s12272-012-0802-7
http://doi.org/10.3390/cancers12020297


J. Pers. Med. 2022, 12, 409 15 of 16

11. Harsini, S.; Beigy, M.; Akhavan-Sabbagh, M.; Rezaei, N. Toll-like receptors in lymphoid malignancies: Double-edged sword. Crit.
Rev. Oncol. 2014, 89, 262–283. [CrossRef] [PubMed]

12. Rakoff-Nahoum, S.; Medzhitov, R. Toll-like receptors and cancer. Nat. Rev. Cancer 2008, 9, 57–63. [CrossRef] [PubMed]
13. Yu, L.; Chen, S. Toll-like receptors expressed in tumor cells: Targets for therapy. Cancer Immunol. Immunother. 2008, 57, 1271–1278.

[CrossRef] [PubMed]
14. Al-Kahiry, W.M.A.; Dammag, E.A.M.; Abdelsalam, H.S.T.; Fadlallah, H.K.; Owais, M.S. Toll-like receptor 9 negatively related to

clinical outcome of AML patients. J. Egypt. Natl. Cancer Inst. 2020, 32, 1–7. [CrossRef] [PubMed]
15. Monlish, D.A.; Bhatt, S.T.; Schuettpelz, L.G. The Role of Toll-Like Receptors in Hematopoietic Malignancies. Front. Immunol. 2016,

7, 390. [CrossRef] [PubMed]
16. Rybka, J.; Gębura, K.; Wrobel, T.; Wysoczańska, B.; Stefanko, E.; Kuliczkowski, K.; Bogunia-Kubik, K. Variations in genes involved

in regulation of the nuclear factor -κB pathway and the risk of acute myeloid leukaemia. Int. J. Immunogenet. 2016, 43, 101–106.
[CrossRef] [PubMed]

17. Ramzi, M.; Khalafi-Nezhad, A.; Saadi, M.I.; Jowkar, Z. Association between TLR2 and TLR4 Expression and Response to Induction
Therapy in Acute Myeloid Leukemia Patients. Int. J. Hematol. Oncol. Stem Cell Res. 2018, 12, 303–312. [CrossRef]

18. Brenner, A.K.; Bruserud, Ø. Functional Toll-Like Receptors (TLRs) Are Expressed by a Majority of Primary Human Acute Myeloid
Leukemia Cells and Inducibility of the TLR Signaling Pathway Is Associated with a More Favorable Phenotype. Cancers 2019,
11, 973. [CrossRef]

19. Aref, S.; Elmaksoud, A.S.M.A.; Elaziz, S.A.; Mabed, M.; Ayed, M. Clinical Implication of Toll-Like Receptors (TLR2 and TLR4) in
Acute Myeloid Leukemia Patients. Asian Pac. J. Cancer Prev. 2020, 21, 3177–3183. [CrossRef]

20. Nieters, A.; Beckmann, L.; Deeg, E.; Becker, N. Gene polymorphisms in Toll-like receptors, interleukin-10, and interleukin-10
receptor alpha and lymphoma risk. Genes Immun. 2006, 7, 615–624. [CrossRef]

21. Ding, L.; Jiang, Q.; Li, G.; Shen, J.; Du, J.; Lu, X.; Xiong, X. Comprehensive assessment of association between TLR4 gene
polymorphisms and cancer risk: A systematic meta-analysis. Oncotarget 2017, 8, 100593–100602. [CrossRef]

22. Rahman, H.A.A.; Khorshied, M.M.; Khorshid, O.M.R.; Mahgoub, S.M. Toll-like receptor 2 and 9 genetic polymorphisms and the
susceptibility to B cell Non-Hodgkin Lymphoma in Egypt. Ann. Hematol. 2014, 93, 1859–1865. [CrossRef] [PubMed]

23. Ali, Y.B.; Foad, R.M.; Abdel-Wahed, E. Lack of Associations between TLR9 and MYD88 Gene Polymorphisms and Risk of Chronic
Lymphocytic Leukemia. Asian Pac. J. Cancer Prev. 2017, 18, 3245–3250. [CrossRef] [PubMed]

24. Arber, D.A.; Orazi, A.; Hasserjian, R.; Thiele, J.; Borowitz, M.J.; Le Beau, M.M.; Bloomfield, C.D.; Cazzola, M.; Vardiman, J.W.
The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia. Blood 2016, 127,
2391–2405. [CrossRef] [PubMed]

25. Tripon, F.; Iancu, M.; Trifa, A.; Crauciuc, G.A.; Boglis, A.; Dima, D.; Lazar, E.; Bănescu, C. Modelling the Effects of MCM7 Variants,
Somatic Mutations, and Clinical Features on Acute Myeloid Leukemia Susceptibility and Prognosis. J. Clin. Med. 2020, 9, 158.
[CrossRef] [PubMed]

26. Tripon, F.; Crauciuc, G.A.; Moldovan, V.G.; Boglis, A.; Benedek, I.J.; Lázár, E.; Banescu, C. Simultaneous FLT3, NPM1 and
DNMT3A mutations in adult patients with acute myeloid leukemia—Case study. Rev. Romana Med. Lab. 2019, 27, 245–254.
[CrossRef]

27. Gonzalez, J.R.; Moreno, V. SNPassoc: SNPs-Based Whole Genome Association Studies. R Package Version 2.0-2. 2020. Available
online: https://CRAN.R-project.org/package=SNPassoc (accessed on 20 August 2021).

28. Warnes, G. With contributions from Gorjanc, G.; Leisch, F.; Man, M. Genetics: Population Genetics. R Package Version 1.3.8.1.3.
2021. Available online: https://CRAN.R-project.org/package=genetics (accessed on 20 August 2021).

29. Sinnwell, J.P.; Schaid, D.J. Haplo.stats: Statistical Analysis of Haplotypes with Traits and Covariates When Linkage Phase Is
Ambiguous. R Package Version 1.8.6. 2020. Available online: https://CRAN.R-project.org/package=haplo.stats (accessed on 20
August 2021).

30. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2020; Available online: http://www.R-project.org/ (accessed on 30 December 2021).

31. Döhner, H.; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, F.R.; Büchner, T.; Dombret, H.; Ebert, B.L.; Fenaux, P.; Larson, R.A.;
et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel. Blood 2017,
129, 424–447. [CrossRef]

32. Wang, X.-Q.; Liu, L.; Liu, Y.; Zhang, K. TLR-2 Gene Polymorphisms and Susceptibility to Cancer: Evidence from Meta-Analysis.
Genet. Test. Mol. Biomark. 2013, 17, 864–872. [CrossRef]

33. Moaaz, M.; Youssry, S.; Moaz, A.; Abdelrahman, M. Study of Toll-Like Receptor 4 Gene Polymorphisms in Colorectal Cancer:
Correlation with Clinicopathological Features. Immunol. Investig. 2020, 49, 571–584. [CrossRef]

34. Pandey, N.; Chauhan, A.V.; Raithatha, N.S.; Patel, P.K.; Khandelwal, R.; Desai, A.N.; Choxi, Y.; Kapadia, R.S.; Jain, N.D. Association
of TLR4 and TLR9 polymorphisms and haplotypes with cervical cancer susceptibility. Sci. Rep. 2019, 9, 1–11. [CrossRef]

35. Elmaagacli, A.H.; Steckel, N.; Ditschkowski, M.; Hegerfeldt, Y.; Ottinger, H.; Trenschel, R.; Koldehoff, M.; Beelen, D.W. Toll-like
receptor 9, NOD2 and IL23R gene polymorphisms influenced outcome in AML patients transplanted from HLA-identical sibling
donors. Bone Marrow Transplant. 2010, 46, 702–708. [CrossRef] [PubMed]

36. Wan, G.-X.; Cao, Y.-W.; Li, W.-Q.; Li, Y.-C.; Zhang, W.-J.; Li, F. Associations between TLR9 polymorphisms and cancer risk:
Evidence from an updated meta-analysis of 25,685 subjects. Asian Pac. J. Cancer Prev. 2014, 15, 8279–8285. [CrossRef] [PubMed]

http://doi.org/10.1016/j.critrevonc.2013.08.010
http://www.ncbi.nlm.nih.gov/pubmed/24051205
http://doi.org/10.1038/nrc2541
http://www.ncbi.nlm.nih.gov/pubmed/19052556
http://doi.org/10.1007/s00262-008-0459-8
http://www.ncbi.nlm.nih.gov/pubmed/18256828
http://doi.org/10.1186/s43046-020-00027-3
http://www.ncbi.nlm.nih.gov/pubmed/32372371
http://doi.org/10.3389/fimmu.2016.00390
http://www.ncbi.nlm.nih.gov/pubmed/27733853
http://doi.org/10.1111/iji.12255
http://www.ncbi.nlm.nih.gov/pubmed/26919710
http://doi.org/10.18502/ijhoscr.v12i4.109
http://doi.org/10.3390/cancers11070973
http://doi.org/10.31557/APJCP.2020.21.11.3177
http://doi.org/10.1038/sj.gene.6364337
http://doi.org/10.18632/oncotarget.21543
http://doi.org/10.1007/s00277-014-2131-z
http://www.ncbi.nlm.nih.gov/pubmed/24912772
http://doi.org/10.22034/APJCP.2017.18.12.3245
http://www.ncbi.nlm.nih.gov/pubmed/29286214
http://doi.org/10.1182/blood-2016-03-643544
http://www.ncbi.nlm.nih.gov/pubmed/27069254
http://doi.org/10.3390/jcm9010158
http://www.ncbi.nlm.nih.gov/pubmed/31936215
http://doi.org/10.2478/rrlm-2019-0022
https://CRAN.R-project.org/package=SNPassoc
https://CRAN.R-project.org/package=genetics
https://CRAN.R-project.org/package=haplo.stats
http://www.R-project.org/
http://doi.org/10.1182/blood-2016-08-733196
http://doi.org/10.1089/gtmb.2013.0246
http://doi.org/10.1080/08820139.2020.1716787
http://doi.org/10.1038/s41598-019-46077-z
http://doi.org/10.1038/bmt.2010.166
http://www.ncbi.nlm.nih.gov/pubmed/20622911
http://doi.org/10.7314/APJCP.2014.15.19.8279
http://www.ncbi.nlm.nih.gov/pubmed/25339018


J. Pers. Med. 2022, 12, 409 16 of 16

37. Schnetzke, U.; Spies-Weisshart, B.; Yomade, O.; Fischer, M.; Rachow, T.; Schrenk, K.; Gläser, A.; Von Lilienfeld-Toal, M.; Hochhaus,
A.; Scholl, S. Polymorphisms of Toll-like receptors (TLR2 and TLR4) are associated with the risk of infectious complications in
acute myeloid leukemia. Genes Immun. 2014, 16, 83–88. [CrossRef] [PubMed]

38. Chen, M.-J.; Hu, R.; Jiang, X.-Y.; Wu, Y.; He, Z.-P.; Chen, J.-Y.; Zhan, L. Dectin-1 rs3901533 and rs7309123 Polymorphisms Increase
Susceptibility to Pulmonary Invasive Fungal Disease in Patients with Acute Myeloid Leukemia from a Chinese Han Population.
Curr. Med. Sci. 2019, 39, 906–912. [CrossRef]

39. Nazarova, E.L.; Demiyanova, V.T.; Shardakov, V.I.; Zotina, E.N.; Dokshina, I.A. Associations of polymorphism in several innate
immunity genes with the risk of the development of chronic lymphoproliferative diseases. Russ. J. Hematol. Transfusiology 2016,
61, 183–189. (In Russian) [CrossRef]

40. A Ashton, K.; Proietto, A.; Otton, G.; Symonds, I.; McEvoy, M.; Attia, J.; Scott, R.J. Toll-Like Receptor (TLR) and Nucleosome-
binding Oligomerization Domain (NOD) gene polymorphisms and endometrial cancer risk. BMC Cancer 2010, 10, 382–387.
[CrossRef]

http://doi.org/10.1038/gene.2014.67
http://www.ncbi.nlm.nih.gov/pubmed/25427560
http://doi.org/10.1007/s11596-019-2122-3
http://doi.org/10.18821/0234-5730/2016-61-4-183-189
http://doi.org/10.1186/1471-2407-10-382

	Introduction 
	Materials and Methods 
	Subjects Included in the Study 
	Molecular Analysis 
	Statistical Analysis 

	Results 
	Demographic and Clinical Characteristics of AML Patients and Controls 
	Genotypic and Allelic Frequencies of TLR2 rs5743708, TLR4 (rs11536889, rs4986790, rs4986791) and TLR9 (rs187084, rs352140, rs5743836) SNPs and Their Effects on AML Susceptibility 
	Haplotype Analysis 
	Association Analysis between Different Combinations of TLR2, TLR4, and TLR9 SNPs and AML Susceptibility 
	Relationship between Variant Genotype Distribution of TLR2 rs5743708, TLR4 (rs11536889, rs4986790, rs4986791) and TLR9 (rs187084, rs352140, rs5743836) and Somatic Mutations in AML Patients 
	Associations between TLR2 rs5743708, TLR4 (rs11536889, rs4986790, rs4986791) and TLR9 (rs187084, rs352140, rs5743836) SNPs and Overall Survival 

	Discussion 
	Conclusions 
	References

