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ABSTRACT

Intracellular pattern-recognition receptors NOD1 and NOD2 are capable of sensing common structural units of bacterial
walls. Recognition triggers specific immune signalling pathways and leads to pro-inflammatory cytokine upregulation and
adequate immune response. We investigated whether two functional polymorphisms in NOD1 and NOD2 exert an effect on
susceptibility to (STD patients) and severity of (female patients visiting the fertility clinic) Chlamydia trachomatis infection in
807 Dutch Caucasian women. A significant association of the NOD1 +32656 GG insertion variant with protection against
infection with C. trachomatis has been detected [p: 0.0057; OR: 0.52]. When comparing C. trachomatis-positive women without
symptoms to C. trachomatis-positive women with symptoms, and to C. trachomatis-positive women with TFI, we observed an
increasing trend in carriage of the GG allele [Ptrend: 0.0003]. NOD2 1007fs failed to reveal an association. We hypothesize that
the underlying mechanism might be a functional effect of the GG insertion on IFN-beta-dependent regulation of immune
response in the genital tract. The research is part of an ongoing effort of identifying key polymorphisms that determine the
risk of TFI and effectively translating them into the clinical setting for the purpose of optimizing diagnostic management of
women at risk for developing TFI.
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INTRODUCTION

Chlamydia trachomatis is the most common sexually transmitted
bacterial infection, and it is strongly associated with tubal infer-
tility (Brunham et al., 1985; Sellors et al., 1988; Mabey 2014). The
course of C. trachomatis infection varies between individuals—
only certain people are successfully infected and only part of
those infected develops more severe disease as a result of an
uncleared infection and prolonged accompanying inflammation
(Kinnunen et al., 2002; Darville and Hiltke 2010). Substantial ev-
idence for the contribution of variation of host immunogenetic
factors in the clinical course of infection with this pathogenic
bacterium has been accumulated, mainly in the last decade
(Wang et al., 2005; denHartog et al., 2006; Bailey et al., 2009;Morré,
Ouburg and Pena 2009; Jiang et al., 2012; Al-Kuhlani et al., 2014).
These factors appear at this point to be the most promising
biological indicators of complicated infection with Chlamydiae
(Ouburg et al., 2009; Lal et al., 2013; Malogajski et al., 2013;
Branković, Malogajski and Morré 2014).

Nucleotide-binding oligomerization domain (NOD) receptors
are intracellular proteins that participate in diverse innate im-
mune processes (Proell et al., 2008). Receptors NOD1 and NOD2
were found to play a crucial role in priming immune responses
to intracellular pathogens (Inohara et al., 2001; Chamaillard
et al., 2003; Inohara and Nunez 2003), but also in initiating
autophagy of infected cells, thereby demonstrating their mul-
tifaceted role in host defence (Cooney et al., 2010; Travassos
et al., 2010; Homer et al., 2012). Research consistently shows
evidence of the involvement of NOD receptors and their poly-
morphisms in a multitude of diseases—various infections, in-
flammatory bowel disease (IBD), asthma, as well as cancers
(McGovern et al., 2005; Lu et al., 2010; Oosting et al., 2010;
Wang et al., 2012). NOD1 (also known as CARD4) and NOD2
(CARD15) are the most extensively researched members of the
NLR family (Correa, Milutinovic and Reed 2012). NOD1 recog-
nizes gamma-d-glutamyl-meso-diaminopimelic acid, specific for
peptidoglycans found predominantly in walls of Gram-negative
bacteria (Chamaillard et al., 2003; Uehara et al., 2006). NOD2 is
capable of sensing muramyl dipeptide, a minimal peptidogly-
can motif ubiquitous in walls of both Gram-negative and Gram-
positive bacteria, making it a more general pathogen detector
(Chamaillard et al., 2003; Girardin et al., 2003). Both receptors sig-
nal the presence of lipopolysaccharides, found in outer mem-
branes of Gram-negative bacteria (Inohara et al., 2001; Marriott
et al., 2005). Expression of NOD2 is mainly observed in mono-
cytes (Bonen and Cho 2003), while NOD1 appears to be active in
a wider range of cell types that represent potential points of first
entry for pathogens (Park et al., 2007; Kufer et al., 2008).

Activation of the pathogen recognition receptor (PRR) sig-
nalling pathways results inNF-κB activation and subsequent im-
mune response (Takeuchi and Akira 2010). A number of studies
have implicated the involvement of NOD1- and NOD2-induced
immune responses in genital tract infection with C. trachoma-
tis (Derbigny, Kerr and Johnson 2005; Opitz et al., 2005; Welter-
Stahl et al., 2006). However, whether functional polymorphisms
of NOD1 and NOD2 impact C. trachomatis infection and clin-
ical course has hardly been explored. One study investigated
the role of NOD2 1007fs polymorphism in tubal pathology upon
C. trachomatis infection and reported a tendency for the het-
erozygotes; however, the numbers were too small and mutant
homozygotes were not present among samples (den Hartog
et al., 2006). NOD1 +32656 T > GG deletion–insertion polymor-
phism affects the receptor’s recognition of bacterial motifs. Dif-
ferent studies associated each of its alleles with a diverse set of

diseases. GG insertion variant appeared to confer higher suscep-
tibility to erosive oesophagitis inHelicobacter pylori-infected indi-
viduals (Oikawa et al., 2012) and was associated with asthma in
Australian individuals (Hysi et al., 2005). Deletion allele (T) was
found to heighten the risk of IBD’s early onset in British Cau-
casian population (McGovern et al., 2005).

To our knowledge, the role of the NOD1 +32656 T > GG and
NOD2 1007fs polymorphisms in susceptibility to C. trachomatis
infection and the severity, i.e. the risk of developing tubal factor
infertility (TFI; i.e. Fallopian tube obstruction) has not been stud-
ied before. We hypothesize that NOD1 and NOD2 proteins might
play a role in the course of C. trachomatis infections. To anal-
yse this, we used two clinically well-defined Dutch Caucasian
cohorts.

METHODS
Study population

Susceptibility cohort
Out of 1150 female patients visiting the STD outpatient clinic in
Amsterdam, The Netherlands (between 2000 and 2002), we se-
lected all Dutch Caucasian women (n = 727, age 18–30). Ques-
tionnaires were collected in regard to urogenital complaints,
varying from increased discharge, having bloody discharge dur-
ing and/or after coitus, recent lower abdominal pain (not gas-
trointestinal or menstruation-related) and/or dysuria. A flow di-
agram of the cohort used for the current study is presented in
panel (A) of Fig. 1. The Medical Research Involving Human Sub-
jects Act (WMO, Dutch Law) stated that official approval of the
study by the Medical Ethical Committee does not apply to our
anonymous human material collected (MEC Letter reference: #
10.17.0046). The local medical ethical committee also approved
this study, based on the fact that in the Netherlands ethical ap-
proval is not required for a retrospective, de-identified clinical
samples. Nevertheless, since we performed host genetic marker
studies in relation to Chlamydial infection, we still made sure
all participants signed informed consent forms.

Severity cohort
Our severity group consisted of 605 female patients visiting
the fertility clinic in the University Medical Center Groningen
(UMCG) between 2007 and 2012. In all women, Chlamydia IgG
antibody testing (CAT) and hysterosalpingography and/or la-
paroscopy had been part of the fertility work-up. Data were
retrospectively collected by chart review and anonymized for
the researchers. Among the 605 subfertile patients (20–41years)
490 were Dutch Caucasian. Two independent investigators, who
were unfamiliar with the CAT results, scored the laparoscopy
reports to assess the grade of tubal pathology (0 = no abnor-
malities; 1 = any peritubal and/or periovarian adhesions and/or
proximal or distal occlusion of at least one tube; 2 = extensive
periadnexal adhesions and/or proximal or distal occlusion of at
least one tube; 3 = extensive periadnexal adhesions and/or dis-
tal occlusion of at least one tube; 4 = extensive periadnexal ad-
hesions and/or distal occlusion of both tube).

The hysterosalpingography results were scored as 0 = nor-
mal; 1 = unilateral occlusion proximal; 2 = unilateral occlusion
distal; 3 = bilateral occlusion proximal; and 4 = bilateral oc-
clusion distal. For the present study, TFI was defined as exten-
sive peri-adnexal adhesions and/or distal occlusion of at least
one tube at laparoscopy (Laparoscopy Grades 3 and 4). By apply-
ing this definition, 23 cases with TFI were identified. Controls
were defined as women negative for TFI [as determined by
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Figure 1. Flow-chart overview of the cohort selection, sample numbers and microbiology, C. trachomatis DNA analysis and IgG serology analysis. (A) Susceptibility
cohort; (B) Severity cohort. [CT+ = positive for C. trachomatis DNA; CT− = negative for C. trachomatis DNA; IgG+ = positive for C. trachomatis-specific IgG antibodies;
IgG− = negative for C. trachomatis-specific IgG antibodies; MO− = microorganism (N. gonorrhoeae, T. vaginalis, HSV1/2, C. albicans) negative; TFI+ = positive for TFI;
TFI− = negative for TFI.]

laparoscopy (grade 0 and/or hysterosalpingography grade 0: n =
409)]. Women who did not fulfil the criteria or had missing data
for cases and controls were excluded from the study (n = 58).
A flow diagram of the cohort used for the current study is pre-
sented in panel (B) of Fig. 1.

In the Netherlands, no ethical board approval is required for
retrospective chart review and collection of anonymized data.
Couples attending the fertility clinic in the UMCG are informed
about possible use of their anonymized data for research pur-
poses, and a ‘no objection procedure’ is followed. Only patients
who had not objected were included in the present study. Avail-
able clinical material (sera) from included patients was used. No
additional or new clinical material was collected for the purpose
of this study.

Laboratory analyses

Susceptibility cohort
A cervical swab was taken for the detection of C. trachoma-
tis DNA using PCR. Peripheral venous blood was collected for
the analysis of IgG antibodies against C. trachomatis. Infections
with the microorganisms Candida albicans, Neisseria gonorrhoeae,
Trichomonas vaginalis or herpes simplex virus (HSV) 1 or 2 may
result in symptoms similar to C. trachomatis infection; there-
fore, the patients’ infection status for these microorganisms
has been determined (van Doornum et al., 2001). Only the pa-
tient samples negative for all of these microorganisms were
used in our analyses. Mycoplasma genitalium infection may re-
sult in similar symptoms; however, M. genitalium infections
are relatively rare in the Netherlands and therefore not in-
cluded in these analyses. In addition, C. trachomatis serovars
were assessed in all C. trachomatis-positive samples, as described
previously, to confirm true C. trachomatis positivity (Morré
et al., 1998).

Severity cohort
Blood had been drawn from all patients for CAT. Chlamydia
trachomatis IgG MOMP serology was determined by Medac C.
trachomatis IgG p Elisa (Medac, Germany). Spare serum was
cryopreserved.

Single nucleotide polymorphism detection

Two polymorphisms genotyped in this study were NOD1 T/GG
(+32656 T > GG, partially identified as rs6958571) and NOD2
1007fs (rs2066847, SNP13, Leu1007fsinsC, 2936insC). We used an
assay-by-design from Applied Biosystems to detect the NOD1
+32656 T > GG polymorphism. Detection of the NOD2 1007fs
mutation was performed using real-time PCR under standard
conditions.

Statistical methods

We defined the following groups.

Susceptibility
(1) Chlamydia trachomatis positive: women who are both C. tra-
chomatis DNA and IgG positive; (2) Chlamydia trachomatis neg-
ative: women who are both C. trachomatis DNA and IgG nega-
tive; (3) As a subgroup of group 1: C. trachomatis positive with
or without symptoms. In all groups women infected with other
microorganisms were excluded from the analyses to generate
clear groups for the association between symptoms or the lack
of symptoms and the NOD SNs analysed.

Severity
(1) Chlamydia trachomatis positive and negative, respectively:
CT IgG serology-positive or -negative women, respectively; (2)
TFI positive and negative: TFI-positive or -negative women; (3)
Chlamydia trachomatis positive with TFI: CT IgG serology-positive
women with TFI; (4) Chlamydia trachomatis positive without TFI:
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Table 1. Distribution of the NOD1 +32656 T > GG and NOD2 1007fs genotypes in Dutch Caucasian women (negative for tested non-C. trachomatis
microogranisms) with or without clearly defined C. trachomatis infection (CT+ = positive for C. trachomatis DNA and C. trachomatis-specific
antibodies; CT− = negative for C. trachomatis DNA and C. trachomatis-specific IgG antibodies; N = number of samples with both serological and
genotyping results; S = symptomatic; AS = asymptomatic; TFI = TFI; sample numbers per SNP may differ, because genotypes could not be
obtained for all samples.)

NOD1 +32656 T > GG NOD2 1007fs insC

Group n T/T % T/GG % GG/GG % n −/− % −/C % C/C %

CT+ 109 73 67 32 29 4 4 109 105 96 4 4 0 0
CT+ S 50 27 54 20 40 3 6 50 47 94 3 6 0 0
CT+ AS 59 46 78 12 20 1 2 59 58 98 1 2 0 0
CT− 254 130 51 115 45 9 4 254 245 96 9 4 0 0

TFI+ 21 10 48 10 48 1 4 23 23 100 0 0 0 0
TFI− 391 237 61 134 34 20 5 405 393 97 10 2 2 0

CT+TFI+ 9 5 56 4 44 0 0 10 10 100 0 0 0 0
CT+TFI− 33 19 58 13 39 1 3 35 35 100 0 0 0 00

CT IgG serology-positive women without TFI. Before conduct-
ing the severity analyses, the CT IgG positivity in cases and con-
trols was assessed to show the expected relation between CT
serology positivity and the severity of tubal pathology. Finally,
trend analyses were performed to test the hypothesis the poly-
morphisms would show a trend when comparing CT+ women
without symptoms to those with symptoms to those with TFI.

All groups were tested for Hardy–Weinberg equilibrium to
check for Mendelian inheritance. Fisher’s exact and χ2 tests
were used where appropriate and P-values < 0.05 were consid-
ered statistically significant.

RESULTS

Genotype distributions were in Hardy–Weinberg equilibrium.
Full overview of genotype distributions for all the subgroups

based on the C. trachomatis status and their presence or absence
of symptoms are presented in Table 1.

Susceptibility

NOD1 +32656 T > GG
Carriage of the NOD1+32656 GG insertion was significantly
lower in C. trachomatis-positive women (33%) compared to C.
trachomatis-negative women (49%) [p: 0.0057, OR: 0.52, 95% CI:
0.32–0.83] (Table 1). Chlamydia trachomatis-positive women car-
rying the GG insertion were more likely to have symptoms [p:
0.013, OR: 3.01, 95% CI: 1.32–6.91]. Homozygous GG carriage in-
creased risk of symptoms [OR: 3.70] in CT-positive women, al-
though this did not reach statistical significance.

NOD2 1007fs
Carriage of the NOD2 1007fs polymorphism did not show a sig-
nificant association with susceptibility to C. trachomatis infec-
tions (Table 1). Carrying theC insertion allele and symptoms inC.
trachomatis-positive women showed a risk effect similar to that
observed in NOD1 ∗GG carriage [OR: 3.70]; although this did not
reach statistical significance.

Severity

Presence of C. trachomatis IgG antibodies significantly increased
in more severe TFI [Fig. 2; Ptrend: <0.0001], confirming the ex-
pected relation between past C. trachomatis infections and de-
velopment of tubal pathology.

NOD1 +32656 T > GG

Carriage of theNOD1+32656 GG insertionwas significantlymore
frequent in women diagnosed with TFI (59,4%) compared to
women negative for TFI (39,4%) [p: 0.0383, OR: 2.25, CI: 1.08–4.69].

When comparing C. trachomatis-positive women without
symptoms to C. trachomatis-positive women with symptoms,
and to C. trachomatis-positive women with TFI, we observed
an increasing trend in carriage of the NOD1 GG allele (Fig. 3;
Ptrend: 0.0003).

DISCUSSION

Our results show a significantly reduced carriage of the NOD1
+32656 GG insertion allele in C. trachomatis-positive women
compared to the C. trachomatis-negative women, indicating a
protective effect against C. trachomatis infections. There was a
significant association of GG carriage with the occurrence of
symptoms during an infection. Presence of symptoms was also
significantly more frequently seen in NOD1 GG homozygotes
among C. trachomatis-positive women. The NOD2 C insertion al-
lele and symptoms in C. trachomatis-positive women showed the
same direction of association.

Analysis of our severity cohort revealed, however, a delete-
rious effect of the GG insertion polymorphism in patients with
TFI. Unlike in the susceptibility cohort, it was significantly more
frequent in C. trachomatis-specific IgG-positive women diag-
nosed with TFI compared to women negative for C. trachomatis-
specific IgG antibodies. NOD2 1007fs did not show associations
with either susceptibility to C. trachomatis infection or the sub-
sequent TFI in our study.

Our results contribute to the incomplete body of knowledge
on the role of NOD1 receptor in infections with C. trachoma-
tis. This is, to our knowledge, the first study of the effects of
NOD1 +32656 T > GG in C. trachomatis. Despite the fact that sev-
eral studies confirmed that NOD1 indeed senses and induces
cellular changes in response to this pathogen, precise mecha-
nisms and scope of its involvement in this particular infection
are not fully understood (Welter-Stahl et al., 2006). It has been
established that an upregulation of pro-inflammatory cytokine
genes upon Chlamydiae infection occurs in mice primary fibrob-
lasts, but not in those from NOD1-deficient mice. The study
did not confirm that the presence of a functional NOD1 recep-
tor also increased cytokine secretion in C. trachomatis infection
(Welter-Stahl et al., 2006). Opitz and colleagues demonstrated
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Figure 2. Distribution of C. trachomatis positivity in controls and TFI 1–4 groups (with increasing severity of TFI). In all other analyses in this study, TFI was defined as
extensive peri-adnexal adhesions and/or distal occlusion of at least one tube at laparoscopy (Laparoscopy Grades 3 and 4).

Figure 3. Carriage of the NOD1 ∗GG allele in C. trachomatis-positive women without symptoms (AS), with symptoms (S) and with TFI.

that C. pneumoniae induced a NOD1 (and NOD2)-mediated NF-κB
activation in HEK293 cells. In endothelial cells, NOD1 played a
dominant role in triggering a C. pneumoniae-mediated inflamma-
tory process (Opitz et al., 2005). Opitz et al., demonstrated that
infection with both active and heat-inactivated C. pneumoniae
resulted in increased NOD1-associated RIP2 expression, which
induces NF-κB expression, and that NOD1 induced cytokine ex-
pression after C. pneumoniae infection is abolished with NOD1-
specific siRNAs. These results indicate that NOD1 is involved

in Chlamydia infections (Opitz et al., 2005). Another study has
shown that NOD1 and NOD2 are expressed in a cloned murine
fallopian tube epithelial cell line (Derbigny, Kerr and Johnson
2005). What lacked so far are studies investigating the exact as-
sociations of different functional NOD polymorphisms in rela-
tion to infection with Chlamydiae.

In vitro studies of NOD1 recognition of pathogenic bacte-
ria and subsequent cytokine induction point to its role in
maintaining intestinal defence against invasive Gram-negative
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species, but their precise role is not always as clear in in vivo
models (Kim, Lee and Kagnoff 2004; Travassos et al., 2005).

NOD1 has been identified as the maximal inducer of the se-
cretion of interferon-beta (IFN-beta), typical of murine genital
C. muridarum infection (Prantner, Darville and Nagarajan 2010).
Research on the effect of IFN-beta shows its pleiotropic nature
and variability across different bacterial infections and in differ-
ent tissues. The effect of IFN-beta in Chlamydia-infected mice is,
however, adverse—secretion of IFN-beta results in the inhibition
of Chlamydia-specific CD4 T-cell responses and the delay of C.
muridarum clearance (Nagarajan et al., 2008). Type I interferons
(IFN-alpha and IFN-beta) were also demonstrated to enhance
susceptibility to Listeria monocytogenes (Auerbuch et al., 2004;
Carrero, Calderon and Unanue 2004; O’Connell et al., 2004). How-
ever, in a study of a lung model infected with C. pneumoniae,
IFN-beta appeared to be acting synergistically with IFN-gamma
and helped resolve the infection (Rothfuchs et al., 2006). Simi-
lar was found in H. pylori infection in a murine model, where
IFN-beta enhanced Th1 differentiation as a result of NOD1 stim-
ulation, which in turn led to a heightened IFN-gamma secretion
(Watanabe et al., 2010).

Hence, the protective effect of the NOD1 +32656 GG inser-
tion variant on susceptibility to C. trachomatis encountered in
our studymight be consistent with the findings of these studies.
Insertion would then likely disrupt the native functionality of
NOD1, leading to diminished IFN-beta secretion. Thiswould pre-
vent its inhibition of Chlamydia-specific T-cell responses, thereby
resulting in an effective immune reaction to the infection and a
more rapid clearance. Specific IFN-gamma-producing T-cells can
successfully clear C. trachomatis infection (Miyairi, Ramsey and
Patton 2010); hence, it is relevant how a NOD1-dependent im-
mune response might influence this type of immune response.
Conversely, in women with TFI, a full-fledged immune reaction
in the upper reproductive tract may damage the tubes; there-
fore, the ascended spreading of C. trachomatis in the reproduc-
tive tract would put the female GG allele carriers in a greater
risk of TFI. This would explain how a same variant may lead to
different consequences of the infection in lower and upper gen-
ital tract. Higher occurrence of symptoms in carriers of the GG
insertion would also be consistent with this hypothesis—amore
elaborate immune reaction to C. trachomatis would manifest in
the form of more pronounced symptoms. Also, the fact that dif-
ferent CD4 T-cell subsets take dominance in different parts of
the genital tract in response to C. trachomatis infections may
also be contributing to the diversity in outcomes of the infection
(Marks, Tam and Lycke 2010). A number of studies used to con-
struct our hypothesis has however been done onmurinemodels.
Further research on the roles of the NOD1 +32656 T > GG poly-
morphism, IFN-beta secretion, specific T-cell function in rela-
tion to human urogenital C. trachomatis information is therefore
needed.

Moreover, NOD1 +32656 GG insertion appears to not only al-
ter the sensing capacity of NOD1, it auto-modulates the transla-
tion of the protein, with GG/GG carriers expressing much lower
NOD1 levels compared to T/T carriers (Oikawa et al., 2012). Con-
sidering the proposed effect of NOD1-induced IFN-beta secre-
tion on C. trachomatis infection in urogenital tract, the inser-
tion would therefore exert protection against the infection via
two mechanisms. This warrants further studies on the NOD1-
induced immunity in response to urogenital C. trachomatis.

The fact that Chlamydia and NOD1 are in different compart-
ments, in the inclusion and in the cytosol, respectively, is in
contrast to our results and hypothesis. Currently no direct bind-
ing between Chlamydia and NOD has been proven. Therefore, it

might be hypothesized that Chlamydia indirectly activates NOD.
Degradation of host proteins by the chlamydial protease- or
proteasome-like activity factor (CPAF) may result in the forma-
tion of danger-associated molecular patterns which could then
activate the NOD-like receptor inflammasome (Bauernfeind and
Hornung 2013; Wen, Miao and Ting 2013). This hypothesis might
explain the observed association between NOD and Chlamy-
dia infections. Recent studies however have demonstrated that
CPAF does not cleave as many host proteins as previously ex-
pected, and that CPAF may be limited to the inclusion and not
secreted into the host cytosol (Chen et al., 2012; Bavoil and Byrne
2014; Snavely et al. 2014). These results indicate that the actual
biological mechanisms through which Chlamydia is associated
with NOD remains to be elucidated.

Analysis of NOD2 1007fs in susceptibility to and severity of
C. trachomatis infection did not demonstrate an association in
our study. Therefore, we did notmanage to confirm the assump-
tion that this functional polymorphism profoundly affects the C.
trachomatis sensing capabilities. Den Hartog and colleagues ob-
served a trend of NOD2 1007fs carriage in tubal pathology pa-
tients, but the sample numbers were too small for statistical as-
sociations (den Hartog et al., 2006).

NOD2mutations resulting in truncated Leucine Rich Repeats
(LRR) regions lead to Crohn’s disease, arguably due to the im-
paired sensing of pathogens and disruption in the intestinal pro-
tection barrier, followed by invasion of the intestinal lining and
prolonged inflammation, leading into IBDs (Li et al., 2004; Vig-
nal et al., 2007). The inability of monocytes to register pathogens
might ultimately result in an exaggerated adaptive response
(Ogura et al., 2001). However, how the mutations in the LRR-
coding section affect their carriers in the presence of C. trachoma-
tis infection has not been extensively studied to date.

It should be noted that the NOD2 1007fs mutant allele is
rare in the general population. In our susceptibility cohort, there
were no patients homozygous for this allele, and only 4% het-
erozygotes were observed. The severity cohort had only 0.49%
mutant homozygotes. We did not observe any effects of muta-
tion carriage when comparing C. trachomatis cases versus con-
trols, nor in comparisons based on the presence or absence of
symptoms within these two groups. Providing the NOD2 1007fs
mutation was recessive in its nature, the absence of any ob-
served effect in a C. trachomatis-positive cohort that lacks the
homozygotes would not be surprising, since it could be compen-
sated in heterozygote’s phenotype by the wild-type allele. How-
ever, several previous studies have found that the compound
heterozygote carriage for this and one other polymorphism
(SNP12) resulted in a heightened risk of developing Crohn’s dis-
ease (Hugot et al., 2001; Heresbach et al., 2004). Even though
we failed to confirm the association of NOD2 1007fs in our
study, we encourage further research involving a larger study
group, preferably with more other polymorphisms analysed
simultaneously.

Given the partially converging roles of NOD1 and NOD2 in
sensing certain pathogens, it can be useful to consider inves-
tigating whether combinations of their polymorphisms exhibit
synergistic effects. Therefore, a greater number of polymor-
phisms would need to be researched. There is a potential for
implementing the knowledge on these factors and using them
as genetic traits in order to improve individual risk predictions
by existing clinical models, as part of the paradigm shift within
health care towards personalized medicine (Harvey et al., 2012;
Lal et al., 2013; Malogajski et al., 2013). More work in this field,
however, still has to be done. A study by Sanders and colleagues
(2013) increased the predictive capacities of a post-meningitis
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hearing loss prediction model by adding a number of single nu-
cleotide polymorphisms (SNPs) in different PRR genes (Sanders
et al., 2013). Women carrying two or more SNPs in PRR genes in-
volved in recognizing that C. trachomatis show more than 2-fold
higher risk of developing tubal pathology after C. trachomatis in-
fection compared to women with less than two PRR SNPs (den
Hartog et al., 2006). The studies show the potential of host ge-
netic markers as indicators of risk of complication from C. tra-
chomatis infection in women. Host genetic markers could be ap-
plied for improving clinical management of women at risk and
making more salient decisions on which patients to refer to la-
paroscopies for diagnosing tubal pathology, which are invasive
and costly diagnostic procedures.

In order to identify immunogenetic factors with strongest
predictive value, next-generation sequencing and genome-wide
association studies (GWAS) are a favourable alternative and can
be used next to the candidate gene approach. New mouse mod-
els (Su et al., 2014) and new analysis methods such as Pathway of
Distinction Analysis (PODA) (Roberts et al., 2014) will help iden-
tify novel genes linked to the susceptibility to and severity of C.
trachomatis disease.

Further research on the effects of common SNPs in PRR
receptors in the risk of tubal damage and TFI as a result of
uncleared C. trachomatis infection may be a step towards suc-
cessful advances in personalized medicine. Improving diagnos-
tic protocols for subfertility by enabling risk group stratifica-
tion of women at the highest risk of complications due to
persistent genital C. trachomatis is a promising direction for
a future development, aimed at addressing important health
needs.

In conclusion, theNOD1+32656 GG insertion variant appears
to protect against the infection with C. trachomatis, whereas it
acts as a risk factor in developing TFI in women with a past C.
trachomatis infection. Also, the GG insertion leads to a higher oc-
currence of symptoms in C. trachomatis-positive women.

Our finding supports the involvement of NOD1 in C. trachoma-
tis recognition and subsequent responses. Taking into account
previously published research, it appears that NOD1 has a vital
role in bacterial sensing in humans and other species, but spe-
cific actions elicited by each of these receptors should prefer-
ably be examined for different bacterial species or groups sep-
arately. Variations in these pathogen-specific roles that might
be observed in different PRR receptors should not be surpris-
ing, considering the known diversity of bacterial mechanisms
of pathophysiology. NOD receptors are evidently important for
recognizing those pathogenic bacteria that manage to surpass
the extracellular or endosomal TLR sensing, as well as obligatory
intracellular bacteria, such as C. trachomatis. Diversity of PRR re-
ceptors enables not only a greater spectrum of sensing, but also
better fine-tuning of immune responses, establishing the basis
for specific, effective defence.
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