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Abstract

Background: Tuberculosis (TB) is still one of the leading causes of death worldwide. Genetic studies have pointed
to the relevance of the NOD2 and CD14 polymorphic alleles in association with the risk of diseases caused by
Mycobacterium tuberculosis (Mtb) infection.

Methods: A systematic review was performed on PubMed, EMBASE, Scientific Electronic Library Online (SciELO),
and Literatura Latino-Americana e do Caribe em Ciéncias da Saude (Lilacs) to examine the association between
single nucleotide polymorphisms (SNP) and risk of Mtb diseases. Study quality was evaluated using the Newcastle-
Ottawa Quality Scale (NOQS), and the linkage disequilibrium was calculated for all SNPs using a webtool (Package
LDpop).

Results: Thirteen studies matched the selection criteria. Of those, 9 investigated CD74 SNPs, and 6 reported a
significant association between the T allele and TT genotypes of the 152569190 SNP and increased risk of Mtb
diseases. The genotype CC was found to be protective against TB disease. Furthermore, in two studies, the CD14
rs2569191 SNP with the G allele was significantly associated with increased risk of Mtb diseases. Four studies
reported data uncovering the relationship between NOD2 SNPs and risk of Mtb diseases, with two reporting
significant associations of rs1861759 and rs7194886 and higher risk of Mtb diseases in a Chinese Han population.
Paradoxically, minor allele carriers (CG or GG) of rs2066842 and rs2066844 NOD.2 SNPs were associated with lower
risk of Mtb diseases in African Americans.

Conclusions: The CD14 rs2569190 and rs2569191 polymorphisms may influence risk of Mtb diseases depending on
the allele. Furthermore, there is significant association between NOD2 SNPs rs1861759 and rs7194886 and augmented
risk of Mtb diseases, especially in persons of Chinese ethnicity. The referred polymorphisms of CD74 and NOD2 genes
likely play an important role in risk of Mtb diseases and pathology and may be affected by ethnicity.
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Background

Tuberculosis (TB) is one of the 10 leading causes of
death around the world [1]. Approximately 1.7 billion
people are infected by Mycobacterium tuberculosis (Mtb)
worldwide [1]. The occurrence of this infection at differ-
ent rates across countries and ethnicities indicates that
genetic determinants may underlay the risk of develop-
ing diseases caused by Mtb infection such as pulmonary
or extrapulmonary TB (referred hereafter as Mtb dis-
eases) [2]. Work to date has highlighted notable gaps in
factors that influence the risk of Mtb diseases [3]. For ex-
ample, the associations of host genetic factors with Mtb
infection have not been validated in multiple popula-
tions, and some study findings are inconsistent [3].

The immune system has a fundamental role in response
to Mtb [4]. Thus, it is expected that polymorphisms in
immune-related genes may directly affect the capacity of a
host exposed to Mtb to control infection. Indeed, many
studies have reported relationships between SNPs of
immune-related genes and risk of Mtb diseases, such as
the association between SNPs in TLR4 [5], TNFA [6], and
increased risk of active TB among highly exposed individ-
uals. In addition to these genes, the nucleotide-binding
oligomerization Domain-Containing protein 2 (NOD2)
and Cluster Differentiation antigen 14 (CDI4) genes are
frequently studied in this setting, as these genes account
for proteins that act in the recognition of mycobacterial
molecular patterns and lead to immune activation against
Mtb [7, 8]. While prior studies reported on the role of
NOD?2 and CD14, many have disparate results, and often
are restricted to certain populations [9].

The CDI14 gene codifies a glycosylphosphatidylinositol-
anchored surface molecule present on the surface of
monocytes, macrophages, and polymorphonuclear leuco-
cytes, which functions as a key pattern recognition recep-
tor (PRR) protein in innate immunity. CD14 plays a role
in mediating signals from Toll-like receptors (TLRs) that
recognize Mtb [10]. Additionally, CDI14 is critical to
mounting an adequate innate response to aerogenic infec-
tion with Mtb [11]. Several studies have investigated
whether risk of Mtb diseases is influenced by polymor-
phisms of this gene, though results have been inconsistent
and inconclusive [4, 12]. For that reason, it remains diffi-
cult to determine the role of CD14 on risk of Mtb diseases
in different populations, as studies with distinct ethnicities
have conflicting results.

NOD?2 is expressed in numerous cell types of the
immune system, including macrophages, neutrophils,
and eosinophils [13, 14]. It encodes a specialized

protein that functions as an intracellular PRR of pep-
tidoglycan through the recognition of muramyl dipep-
tide (MDP), a motif common to all bacteria [15], with
a stimulating signal towards activation of immune re-
sponses [16]. When NOD?2 is activated by specific
substances produced by bacteria, it turns on a protein
complex named nuclear factor kappa-B (NFkB),
resulting in transcription of pro-inflammatory media-
tors [17]. As such, there is mounting evidence that
deregulation of NOD?2 signaling causes or contributes
to a variety of human diseases, including asthma [18],
cancer [19], inflammatory bowel disease [20], and TB
[21]. Of note, studies have reported conflicting results
on the relationship between NOD2 SNPs and TB
infection, finding mutations in the NOD2 gene that
may lead to both the increased and decreased risk of
Mtb diseases [22]. Notwithstanding, like studies of
CDI14 SNPs, most results diverge depending on the
investigated population, leaving several knowledge
gaps for a complete understanding of these
relationships.

The present study aimed to evaluate work published
to date on the influence of polymorphisms of the above-
mentioned PRRs on risk of Mtb diseases. We performed
a systematic review to evaluate the association between
all reported polymorphisms of CD14 and NOD2 and oc-
currence of Mtb diseases, and how such association may
differ in distinct ethnic populations.

Methods

Study aim

We performed a systematic review on the influence of
CD14 and NOD2 SNPs on the risk of Mtb diseases fol-
lowing the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) recommendations.

Literature search

A systematic search was conducted between June 01,
2019, and June 25, 2020, by two independent re-
searchers (the authors JMC-A and DNA) in the
following databases: PubMed, EMBASE, Scientific
Electronic Library Online (SciELO), and Literatura
Latino-Americana e do Caribe em Ciéncias da Saude
(Lilacs). The keywords used in the search were ‘Myco-
bacterium  tuberculosis’, ‘tuberculosis’; ‘CDI4  or
‘NODZ2’; and ‘polymorphism’, ‘SNPs’ or ‘genetic poly-
morphism’ with various combinations. The exact
search strategy per database and the number of hits
per database are illustrated in the Additional File 1.
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Every original research article found in the search
that was in English, Spanish, or Portuguese was con-
sidered, with no restriction on the publication date.
Reviews, letters to the editor, and comments were not
included but were sources of additional references
that did not appear in the first search.

Selection of studies

Initially, titles and abstracts were reviewed and analyzed
for eligibility (Fig. 1). Thereafter, all the eligible articles
were fully read. These two steps were performed by two
independent reviewers (JMC-A and DNA). The inclusion
criteria were (1) the main subject of the article must have
been the genetic influence on TB and (2) the study must
have been related to a SNP in CDI4 and/or NOD2 genes.
Articles that did not mention TB susceptibility or risk of
Mtb diseases, polymorphism in the genes indicated above,
had non-sufficient data, reviews, meta-analyses, animal
model studies, letters to the editor, or which were clearly
not related to the theme were excluded.
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Data extraction

Data extraction was performed individually by two re-
searchers (DNA and CDF), and discrepancies between
them were resolved by a third reviewer (JMC-A). All the
information on important variables, publication date,
methods, results, and conclusions of the included articles
were registered in tables built in Microsoft Excel, made
by two different researchers. Lastly, the content of those
Excel tables was checked by a third reviewer (JMC-A),
attesting the registry compliance.

Quality assessment

The quality assessment of each individual study was fur-
ther performed according to the Newcastle-Ottawa
Quality Scale (NOQS) [34] (Table 2), which measures
the quality of a study based on three aspects: selection
(maximum, 4 stars), comparability (maximum, 2 stars),
and exposure (maximum, 3 stars). Thus, in the process-
ing of the article quality analysis, a maximum of 9 stars
could be obtained. Publication with a total score of 0-3
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Fig. 1 Flowchart of the study selection process study characteristics. The characteristics of the included studies are summarized in Table 1. All the
studies (n=13) had a case-control design, with nine publications evaluating CD14 gene polymorphisms, and four studies analyzing
NOD?2 polymorphisms
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was classified as low quality, 4—6 as moderate quality,
and >7 as high quality.

Linkage disequilibrium

Linkage disequilibrium coefficients were calculated and
reported in only three studies [24, 30, 32]. In order to
examine the overall profile of the linkage disequilibrium
of the SNPs reported in our systematic review, we calcu-
lated the linkage disequilibrium for all SNPs of CDI4
and NOD?2 using the Package LDpop [35], establishing
an R? cutoff of > 0.8. LDpop takes as input two dbSNP
reference SNP numbers and a selection of desired popu-
lations from the 1000 Genomes Project which includes
sequencing data for 2504 individuals in 26 ancestral
populations which are divided into 5 “super populations”
[35]. In this approach, we used for the linkage disequilib-
rium the R* values for all individuals that had reported
information for the SNPs.

Results

Selection of articles

Our primary search identified a total of 326 articles (Fig.
1). Through the study selection process, 13 articles met
the inclusion criteria and were included in the system-
atic review [4, 12, 23-33]. The majority of the studies
evaluated CDI14 gene polymorphisms (n= 9), whereas
four studies analyzed NOD2 polymorphisms. All of the
selected studies adopted the case-control design, in
which the case was defined as patients with tuberculosis,
whether pulmonary, extrapulmonary, or both, and con-
trols were defined as individuals not infected with Mtb.
The majority of articles investigated the relationship be-
tween presence of polymorphisms and the risk of Mtb
diseases (n= 7), whereas five studies tested association of
SNPs with pulmonary and other forms of TB, and one
assessed the relationship with spinal TB (Table 1).

In this systematic review, data on 4054 TB patients
were examined, whereas 3993 individuals were identified
as controls. The median sample size (IQR) per study was
267 (123-401) and 187 (127-413) for TB patients and
healthy controls, respectively. The detailed characteris-
tics of each study are shown in Table 1.

As observed in Fig. 2, most studies originated from
Asia (n= 8) [23-28, 31, 32], with China leading as the
most frequent study site (n= 5) [23-25, 31, 32], followed
by Turkey (n= 1) [27], Iran (n= 1) [26], and South Korea
(n= 1) [28]. The American continent also contributed to
studies (n= 3): 1 in the USA [33], 1 in Mexico [4], and 1
in Colombia [12]. Only one study was set in Africa, spe-
cifically in Uganda [30], and Europe was represented by
one study from Poland [29]. It is also possible to
visualize in Fig. 2 that the CDI4 polymorphisms were
studied in diverse populations from various ethnicities,
including Mexican, Colombian, Polish, Turkish, Iranian,

Page 4 of 19

South Korean, and Chinese. In contrast, the NOD2 poly-
morphisms were studied in 3 restricted populations:
North Americans, Chinese, and Ugandan.

Quality assessment and sensitivity analysis

The quality scores of the studies, assessing the risk of
bias, are displayed in Table 2. All the studies were of
moderate quality (Table 2). Of note, 5 studies [12, 27,
28, 30, 33] were clear about the procedures used to test
the control populations (persons without TB infection/
exposure), affecting the quality score with regard to
comparability between the experimental groups (Table
2).

We performed sensitivity analysis with five studies [12,
27, 28, 30, 33] that specifically mentioned use of tuber-
culin skin test to exclude TB in the control groups. The
five studies investigated different SNPs, and only 3 stud-
ies [12, 27, 28] reported results from the same SNP
(rs2569190). A summary of the observations is illus-
trated in Additional File 2. Hence, a sensitivity analysis
could not be performed for the other SNPs.

CD14 polymorphisms and risk of Mtb diseases

In the present review, CDI4 polymorphisms were the
most frequently studied in the context of the risk of Mtb
diseases. In total, 9 studies reported potential associa-
tions, presenting data for different populations. The
sample sizes in total were 1976 TB cases and 2011 con-
trols. The studies reported data on 7 CDI14 SNPs:
rs2569190 [4, 12, 23, 24, 26-29, 31], rs2569191 [24, 31],
rs3138078 [24], 1rs2915863 [24], rs3138076 [24],
1$5744455 [24], and rs5744454 [24].

Linkage disequilibrium

The study of Xue et al. [24] was the only one that evaluated
the magnitude of linkage disequilibrium and found that
152569191 and rs2569190 were in high linkage disequilibrium
(R*=0.90). We next examined effects of linkage disequilib-
rium and SNP-SNP interactions in the CD14 gene with the
Package LDpop as described in the “Methods” section [35].
The SNPs rs2569190-rs2569191 (R*=09715), rs3138078-
13138076 (R*=0.9924), rs3138078-5744454 (R*>= 0.9924),
and rs3138076-1s5744454 (R*=1) were in high linkage dis-
equilibrium and represented a haplotype block. The tables
with all values of linkage disequilibrium for all SNPs can be
found in supplementary information Additional File 3.

The findings on linkage disequilibrium are described
below narratively for each SNP of CD14 identified in the
search from here onwards as subsections. Likewise, given
the heterogeneity in populations and SNPs, only a narra-
tive description was feasible.
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(Poland), and one was performed in Africa (Uganda)
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Fig. 2 Geographical distribution of CD14 and NOD2 SNPs associated with risk of Mtb diseases. Studies originated from nine different countries.
Most studies were from Asia (n=8), with China leading as study site (n=5) followed by Iran (n= 1), Turkey (n= 1), and South Korea (n= 1). Three
studies were performed in the American continent: one in the USA, one in Mexico, and one in Colombia. Only one study was set in Europe

SNP rs2569190
Of the 9 publications which investigated this gene locus,
six studies reported a significant association between the
T allele of SNP rs2569190 and higher odds of TB [4, 23,
24, 26, 28, 31].

Zhao et al. identified the T allele as the major allele of
the cases that was higher in TB cases compared to

healthy controls (63.53% vs 55.44%, respectively) [31].
Hence, the frequencies of the allele C in the rs2569190
polymorphism were lower in TB cases than in controls
suggesting that CT and CC genotypes are likely protect-
ive against TB (OR = 0.46 and 0.63, respectively) [31].
Similarly, Alavi-Naini et al. observed that the risk of Mtb
diseases was greater in individuals with the T-allele (CT

Table 2 Quality assessment of studies included in the systematic review by Newcastle-Ottawa Scale

N° Source Selection Comparability Exposure Overall score®
1 2 3 4 5A 5B 6 7 8
1 Zhao et al. [25] * * 0 0 * NA * * NA 5
2 Kang et al. [28] * * * 0 * NA * * NA 6
3 Alavi-Naini et al. [26] * * 0 0 * NA * * NA 5
4 Zhao et al. [31] * * * 0 * NA * * NA 6
5 Rosas-Taraco et al. [4] * * * 0 * NA * * NA 6
6 Pacheco et al. [12] * * * 0 * NA * * NA 6
7 Austin et al. [33] * * 0 0 * NA * * NA 5
8 Zheng et al. [23] * * 0 0 * NA * * NA 5
9 Xue et al. [24] * * * 0 * NA * * NA 6
10 Hall et al. [30] * * * 0 * NA * 0 NA 5
1 Pan et al. [32] * 0 * 0 * NA * * NA 5
12 Ayaslioglu et al. [27] * * * 0 * NA * * NA 6
13 Druszczyfska et al. [29] * 0 0 0 * NA * * NA 4

Abbreviations: NA not applicable

Star (*) indicates the score given to the study according to the NOS quality assessment scale
“Determined by the total number of stars assigned to study: 0-3 stars = poor; 4-6 stars = moderate; >7 stars = good quality
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and TT) than in those without, finding that the T allele
was more common in TB patients (57%) than in controls
(44%) [26]. Moreover, in this same study, the C allele in
homozygosis was a protective factor in a sub-analysis of
Iranian subjects, with an OR of 0.44 (95% CI 0.23-0.83;
p= 0.006) [26].

Zheng et al. [23] found that the frequency of the
rs2569190 T allele was significantly higher in spinal TB
patients compared to healthy controls (57.5% v 44%; p<
0.01), demonstrating that those with TT and CT geno-
types was more frequent in spinal TB patients than in
healthy controls (85% vs 44.17%; p<0.05) [23]. In con-
trast, Rosas-Taraco et al. [4] found that the most fre-
quent allele of the rs2569190 was allele C in all study
population, but the highest frequency of the rs2569190
T allele was 71% in household contacts of TB index
cases who developed active TB, and 60% in those with
pulmonary TB. In contrast, this allele was present in
only 40% the healthy controls and 39.2% in the house-
hold contacts without TB (p < .0001) [4].

Xue et al. [24] observed allele T as the common allele
of rs2569190 in the study population [24]. The TT geno-
type of rs2569190 was significantly associated with in-
creased risk of Mtb diseases, present in 46% in patients
diagnosed with pulmonary TB and 30% in healthy con-
trols (p<0.001) [24]. Finally, Kang et al. [28] identified
that the TT genotypes increased the risk of Mtb diseases
and was significantly more frequent in TB patients than
in healthy controls (43% vs 32%; p = 0.016) [28].

Notably, two articles, by Ayaslioglu et al. [27] and
Pacheco et al. [12], described more reliably “control”
groups; in such studies, the authors found no statistically
significant difference between the presence of SNP
rs2569190 and increased TB risk. Moreover, another
study [29] also did not find any evidence of a significant
association between SNP rs2569190 and TB develop-
ment. Furthermore, no association was found between
the CD14-159C/T polymorphism and TB clinical sever-
ity in studies that evaluated Turkish [27], Caucasian Pol-
ish [29], or White and Mestizo Colombian patients [12].
In the Turkish study performed by Ayaslioglu et al. [27],
one hypothesis for the lack of association was the small
sample size (88 TB cases and 116 controls). While inves-
tigating Caucasian Polish individuals, Druszczynska et al.
[29] did not specify whether TB patients and controls
were from the same region, which could possibly ac-
count for the lack of association.

SNP rs2569191

Additional investigations evaluating the CD14 SNP
rs2569191 revealed significant associations with odds of
TB in 2 distinct publications from China [24, 31]. In one
of these studies [24], individuals with the GG genotype
of A-1145G were more likely to present with TB (p<
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0.001), and this genotype was more common in the pa-
tients diagnosed with pulmonary TB (46%) than the
healthy controls (28%). The second investigation [31]
suggested that the frequencies of genotypes AG and AA
were lower in TB cases compared to healthy controls
[AG=181 (41.90%) vs 174 (47.41%) and AA= 65 (15.05%)
vs 85 (23.16%) respectively], arguing for a protective role
against TB and not found significance with the GG
genotype. Both studies reported that the G allele of A-
1145G was more prevalent in TB cases than in controls,
indicating an increased risk of Mtb diseases.

Other SNPs

CD14 SNPs  (rs3138078, 1s2915863, rs2569192,
rs3138076, rs5744455, and rs5744454) were evaluated by
only one study [24], finding the following alleles to be
significantly associated with TB: G allele of rs2915863
and the G allele of rs3138078. For the SNPs rs2569192,
rs3138076, rs5744455, and rs5744454, there were no sta-
tistically relevant associations

NOD2 polymorphisms and risk of Mtb diseases

In regard to the NOD?2 gene, the results from the studies
were diverse, with SNPs associated with either an in-
creased or decreased risk of Mtb diseases in each of the
study populations based on ethnicity, age group, or bio-
logical sex. In such studies, a total of 2085 TB cases and
2347 controls were investigated. These studies were per-
formed in different countries including China, Uganda,
and North America, with the last being focused on Afri-
can Americans. Two publications reported data on
NOD2 SNPs in China [25, 32], with a total of 2651
individuals.

Linkage disequilibrium

The study of Hall et al. [30] used the linkage disequilib-
rium for selected SNPs with linkage disequilibrium R2 >
0.8. The other study that used linkage disequilibrium
was Pan et al. [32]. In such investigation, the selected
haplotype blocks where haplotype rs9302752C—
rs7194886T (block 1) which was associated with an in-
creased risk of being a case of sputum culture-positive
tuberculosis. We next examined the effects of linkage
disequilibrium and SNP-SNP interactions in the NOD2
gene with the Package LDpop [35]. Here, we found that
no reported SNP was in high linkage disequilibrium.
The tables with all values of linkage disequilibrium for
all SNPs can be found in supplementary information
Additional File 4.

Hereafter, the findings on linkage disequilibrium will
be reported narratively for each NOD2 SNP identified in
the search as subsections. Once again, given the hetero-
geneity in populations and SNPs, only a narrative de-
scription was feasible.



Cubillos-Angulo et al. Systematic Reviews (2021) 10:174

SNP rs1861759

Zhao et al. [25] showed that in the Han population, the
T allele frequency of the SNP rs1861759 in the patient
group and in the control group was the most common.
The TG genotype in rs1861759 SNP was substantially
associated with TB (p = 0.0023) in the Han population
with a frequency of 53 (24.2%) in pulmonary TB patients
and 28 (13%) in healthy controls. Interestingly, the same
study did not identify this relationship between the TG
genotype and TB in Chinese participants of Kazak or
Uygur ancestry.

SNP rs7194886

A different study by Xue et al. investigating Han Chinese in-
dividuals [24] found that the frequency of the rs7194886 T
allele was associated with risk of Mtb diseases (p=0.042), but
allele C was the most common in all study subjects. Patients
who presented CT or TT genotypes of rs7194886 were more
likely to present with TB when compared to individuals with
the CC genotype (p=0.018). The genotype CT was more fre-
quent in the pulmonary TB case compared with uninfected
controls (CT= 271 [26.03%] vs 179 [22.43%]). Furthermore,
the study found a higher frequency of rs7194886 polymorph-
ism in either smokers (p=0.019) or men (p=0.014) [28].

SNP rs9302752

In the same study [32], the haplotype rs9302752 C-
rs7194886 T was linked with a higher risk of presenting
with sputum culture-positive TB (p = 0.039).

SNPs rs2066842, rs2066844, and rs5743278

The study by Austin et al, which predominantly re-
cruited African Americans in the USA [33], found C al-
lele of the SNPs rs2066842, rs2066844, and rs5743278 in
all case patients and control subjects. This study re-
ported an association between NOD2 SNPs rs2066842,
rs2066844, and rs5743278 and odds of TB. The study
participants who were carriers of the CC genotype in
SNPs rs2066842 (p=0.02) and rs2066844 (p=0.01) were
less likely to have TB. The frequencies of the CC geno-
type (340 vs 156) in rs2066842 and in rs2066844 (372 vs
178) were higher in patients with TB compared with
control subjects. Moreover, individuals who were hetero-
zygous (CQG) in rs5743278 were more frequent in those
with TB compared to the control group (39 vs 10) and
exhibited an increased chance of having TB (p=0.03).

SNPs rs17313265, rs6500328, and rs2111234

The study by Hall et al. in the adult African population
from Uganda [30] reported that presence of the SNP
rs17313265 was associated with increased risk of Mtb
diseases (OR= 2.82, 95% CI= 1.05, 7.53; p= 0.0052). Not-
ably, increased frequency of the rs6500328 and
rs2111234 SNPs was found in those without TB,
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suggesting that such SNPs may protect against Mtb in-
fection, with OR of 2.44 (95% CI= 1.01. 5.88; p= 0.047)
and 1.56 (95% CI= 1.07, 2.28, p=0.020), respectively.

Discussion

The molecular basis of immune response to infectious
diseases is an indispensable approach to understand how
gene regulation ultimately may impact clinical outcomes.
In recent decades, a great deal of research has sought to
identify associations between genetic polymorphisms
and risk of Mtb diseases [36, 37]. Most of the target loci
are PRRs contributing to control of mycobacterial dis-
eases, especially TB [38]. CDI14 and NOD?2 are consid-
ered to be key PRRs in the innate immune system [9]. In
this systematic review, a variety of studies were identified
evaluating seven CDI14 SNPs and four evaluating nine
NOD2 SNPs, finding several genetic variants associated
with Mtb infection.

We identified studies that found significant association
between the T allele of CD14 SNP rs2569190 and in-
creased risk of Mtb diseases in different ethnic groups.
This polymorphism is located in the promoter region of
the CD14 gene [9], and the T allele seems to act as a
negative regulator of in vitro T-cell proliferation and de-
creased production of cytokines, including interferon-y
(IFN-y) [28]. IEN-y is an essential cytokine for the con-
trol of mycobacterial infection [39], and therefore,
rs2569190 may produce an environment that favors de-
velopment of TB. Interestingly, other studies found this
SNP associated with ischemic stroke [40], cardiovascular
disease [41], and asthma [42], indicating that these poly-
morphisms could actually lead to a more profound alter-
ation in immune responses that may affect a large
number of clinical conditions.

Another important association of CD14 polymorphism
with TB was described in this review, involving the SNP
rs2569191. In this setting, the G allele of A-1145G was
more prevalent in TB cases than in controls in two
Chinese studies. An interesting link between such SNP
and circulating concentrations of IgE has been proposed.
In a study performed in patients with asthma, the au-
thors identified heightened IgE concentrations in those
who had the G allele of A-1145G [43]. Moreover, other
studies identified IgE as a marker of Mtb infection, in
which pre-treatment levels of serum total IgE concentra-
tions in TB patients were significantly higher than in
healthy individuals; such levels decreased after successful
antitubercular treatment [44, 45]. It is possible that the
polymorphism rs2569191 plays an important role in TB
infection which may be related to IgE concentrations.
Future studies in other ethnic groups are warranted to
directly test this hypothesis. Interestingly, the two SNPs
rs2569191 and rs2569190 are found to be in linkage dis-
equilibrium [46]. For this reason, future studies will need
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to determine whether these SNPs influence risk of Mtb
diseases individually when solely associated.

NOD2 is one of the most well-studied genes in the
context of the innate immune response against microbial
pathogens [47]. This gene accounts for a cytoplasmic re-
ceptor belonging to the NOD-like receptor family [48]
and is known to participate in the induction of inflam-
mation during Mtb infection [49]. In experimental con-
ditions, Mtb recognition is NOD2-dependent [50]. Mice
genetically deficient in NOD2 are shown to be more sus-
ceptible to TB [51]. Here, we found two studies [25, 32]
in the Chinese population that reported three different
polymorphisms (rs1861759, rs7194886, and rs9302752)
associated with increased risk of Mtb diseases. The
rs1861759 (synonymous variant) TG genotype is associ-
ated with increased risk of Mtb diseases [25]. Individuals
with the rs7194886 CT or TT genotype are more likely
to develop TB [32]. The rs9302752 C allele has been
linked to a higher risk of being sputum culture-positive
TB. To our knowledge, these three polymorphisms do
not appear in other TB studies. Curiously, such SNPs
have been also related to increased risk of leprosy [52].

In an African-American study [33], it was observed
that the three NOD2 polymorphisms exhibit impact on
risk of Mtb diseases. The polymorphism rs2066844 rep-
resents missense mutations whose variants are located in
the C-terminal region and cause defective production of
proinflammatory mediators [53]. The rs2066842 is a
missense variant but, when presented alone, does not
alter gene function [54]. Importantly, the two polymor-
phisms in our systematic review appear to protect
against TB when in the presence of allele C [33]. In con-
trast, the presence of the T allele in such mutations was
associated with increased risk of Mtb diseases. The asso-
ciation between the presence of the T allele and aug-
mented pathology has been described for other diseases
such as Crohn’s disease [55] and gastric cancer [56]. The
genotyping heterozygous (CG) of rs5743278 has been
linked to higher risk of Mtb diseases [55]. It is possible
that the rs5743278 SNP causes an amino acid change
from a low hydrophobic arginine to a highly hydropho-
bic tryptophan, modifying the stability of the NOD2
structure or its ability to properly interact with Mtb li-
gands [55]. Finally, one study in a population from
Uganda described the NOD2 rs17313265 polymorphism
associated with increased risk of Mtb diseases in adults
whereas the SNPs rs6500328 and rs2111234 exhibited
decreased risk of Mtb diseases [30]. Furthermore, these
three polymorphisms have not been reported in other
studies with TB patients. These findings indicate that
NOD2 polymorphisms may be dramatically affected by
ethnicity and/or ancestry. This scenario reinforces the
need of additional investigations performed in a variety
of ethnic populations, particularly when study design
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uses family-based control subjects to eliminate the bias
in stratification of the populations.

To our knowledge, the present study is the first sys-
tematic review to explore the relation of all CD14 and
NOD2 SNP polymorphisms with the risk of Mtb diseases
in different ethnicities. A strength of our study was the
comprehensive search strategy, which used detailed in-
clusion and exclusion criteria. Moreover, methodological
quality was assessed in duplicate using the Newcastle-
Ottawa scale [34], which reduced the subjectivity of the
selection of studies and allowed for precise evaluation of
the risk of bias in several domains. There was no report
categorized as low quality, resulting in a review with re-
duced risk of bias. Another important strength is that
the inclusion of the SNPs was not limited to one specific
locus or ethnicity, allowing the study to observe different
loci associated with risk of Mtb diseases or not in various
populations.

Our study has some limitations. It was not possible to
perform a meta-analysis and, consequently, a sensitivity
analysis, mainly because a considerable part of the SNP
polymorphisms appeared in only one study at a time.
Only two SNPs, rs2569191 which was seen in two stud-
ies and rs2569190 which was reported in nine publica-
tions were consistently investigated. However, the need
for a study to compile and critically revise these results
in different ethnicities reinforces the importance of our
work, regardless of quantitative analyses. Another limita-
tion was the moderate quality of those studies included
in the systematic review. One reason for this quality is
the ambiguous concept of the control groups reported
in most of the studies where the precise screening
method to categorize these groups was not specifically
described. To circumvent such concern, we have con-
tacted the authors individually but obtained replies from
just two articles. Only 5 of the 13 included studies re-
ported active TB screening of asymptomatic individuals
with either tuberculin skin test (TST) or interferon-
gamma releasing assay (IGRA). This imprecision in the
definition of control groups may limit the full interpret-
ation of the study results. Our study highlights the need
of studies standardizing description of the control
groups to more accurately delineate the associations be-
tween SNPs and risk of Mtb diseases. Other determi-
nants for the moderate quality were the small sample
size of some studies and lack of clarity regarding de-
scription of the tools/approaches used to choose the
SNPs, such as the examination of the linkage
disequilibrium.

This review identified multiple studies that determined
an association of the minor allele T at position chr5:
140633331 of rs2569190 CD14 polymorphism with in-
creased risk of Mtb diseases in persons from different
ethnicities. In addition, the CDI14 SNP rs2569191 and
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the NOD2 SNPs rs1861759 and rs7194886 are shown
here to be associated with a high risk of Mtb diseases in
the Chinese population. In contrast, genotypes CG or
GG of rs2066842 and rs2066844 were at low risk of Mtb
diseases in African Americans. Since such genes account
for key molecules of the immune system, the referred
polymorphisms of CDI14 and NOD2 genes likely play an
important role in TB physiopathology. These results add
knowledge to the field by reinforcing the genetic influ-
ence on the risk of Mtb diseases. Such knowledge, if vali-
dated by larger studies, may help development of tools
for assessment of the risk of Mtb diseases and hopefully
predict clinical outcomes in precision medicine
approaches.
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