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Abstract
Tuberculosis (TB) caused by Mycobacterium tuberculosis (M.tb) is a major health care threat worldwide causing over a
million deaths annually. Host-pathogen interaction is complex, and a strong genetic contribution to disease susceptibility has
been proposed. We have investigated single-nucleotide polymorphisms (SNPs) within cGAS/STING in Indian TB patients
and healthy cohorts from India and Germany by Lightcycler®480 genotyping technique. The cGAS/STING pathway is an
essential defense pathway within the cytosol after M.tb is internalized and mycobacterial DNA is released inducing the
production of type I IFNs. We found that the rs311686 SNP upstream of cGAS provides protection from getting TB overall
and is differently distributed in pulmonary TB patients compared with extra-pulmonary and particularly relapse cases. This
SNP furthermore differs in distribution when comparing individuals with respect to BCG vaccination status. Taken together,
our results show that the presence of the rs311686 SNP inﬂuences the course of TB signiﬁcantly. However, structural
conformation changes were found only for the cGAS rs610913 SNP. These ﬁndings underscore the importance of M.tb
DNA recognition for TB pathogenesis and may eventually help in risk stratiﬁcation of individuals. This may ultimately help
in prevention of disease and aid in developing new vaccination and treatment strategies.
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According to the World Health Organization (WHO) report in
2017, tuberculosis (TB) is the ninth leading cause of death
worldwide with an estimated range of 10.4 million new TB
cases registered globally and 1.3 million deaths having
occurred in 2016. India alone accounts for one fourth of the
global incidents of TB cases every year. Approximately 7.7%
of the notiﬁed cases were TB relapse cases worldwide. WHO
estimates the rate of treatment completion to be between 83%
and 86% and the risk of TB relapse after successful treatment
2% annually (World Health Organization. Global TB database. Geneva, Switzerland: WHO, 2017. http://www.who.int/
tb/data/en/ accessed November 2017).
TB is caused by Mycobacterium tuberculosis (M.tb), an
acid-fast bacterium that can elude the host's conventional
combat strategies to promote intracellular life within the
endosomal compartments of macrophages and antigenpresenting cells (APCs). Recognition of M.tb by pattern
recognition receptors (PRRs) in APCs triggers a Th1response crucial for eliminating the disease. Besides tolllike receptors (TLRs), complement receptors, C-type
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lectins, dectin 1 & 2, MINCLE, DC_SIGN, and other PRRs
restrict maturation of mycobacteria-containing phagosomes
by inducing synthesis and release of inﬂammatory and
regulatory cytokines [1–4]. Intracellular pathogens like M.tb
can escape the endosome and translocate to the cytosol
during infection thereby initiating cytosolic recognition
pathways [5–7]. The cytosolic translocation ability depends
on an intact region of difference (RD) 1 locus of M.tb
encoding components of a type seven secretion system
(ESX-1) and essential secreted effectors. These have been
shown to be involved in arrest of phagosome maturation,
necrosis, granuloma formation, and dissemination of
mycobacteria [8, 9]. The subcellular compartmentalization
of M.tb thus critically affects inﬂammatory patterns of
infected macrophages and bacillary spread.
The endosomal and cytosolic PRRs (i.e., TLRs and
retinoic acid-inducible gene-I-like receptors - RLRs) are
crucial to detect nucleic acids from various intracellular
pathogens to generate protective immune responses to
pathogens. Immunostimulatory activity of foreign nucleic
acids have been known for a long time, however, research
on cytosolic DNA sensing has been advanced only in the
past few years. Upon recognition of cytosolic DNA the
cyclic GMP-AMP synthase (cGAS) and stimulator of
interferon genes (STING) pathway leads to the induction of
type I interferons [10, 11], whereas activation of the
NLRP3/AIM2 inﬂammasome leads to the release of mature
IL-1β and IL-18 [12, 13]. These two pathways counteract
each other in restricting or developing the disease depending on the host's immune status and stage of infection [14].
cGAS is a member of the nucleotidyl transferase family
and it acts as a sensor for cytosolic dsDNA, which stimulates the endogenous second messenger cGAMP for STING
activation in multiple cell types including macrophages
[15]. cGAS interaction with DNA precedes the synthesis of
cyclic di-GMP-AMP (c-diGAMP) from ATP and GTP
activating STING to induce a conformational change
allowing it to translocate from the ER to the Golgi [16, 17].
This leads to the availability of the STING carboxyl terminus to subsequent recruitment and activation of TANKbinding kinase 1 (TBK1) and IFN regulatory factor 3
(IRF3) via a phosphorylation-dependent mechanism
[18, 19] to produce IFNβ [11, 15, 20]. STING also activates
NF-κB, which together with IRF3 activates transcription of
type I IFNs and other cytokines [21]. Cytosolic DNA is
vital for the induction of autophagy, an important host
defense mechanism against M.tb [22]. Thus, it is important
to understand the role of the cytosolic DNA surveillance
pathway (CSP) during mycobacterial infection being either
protective or detrimental to the host. In vitro experiments
with cGAS knockdown/knockout in human and mouse
macrophages upon infection with M.tb revealed a hampered
production of IFNs and induction of autophagy [11, 23, 24]

in an ESX-1-dependent manner [25], thus indicating a
speciﬁc importance of cGAS in the pathogenesis of TB. So
far, there have been no reports on the importance of cGAS
single-nucleotide polymorphisms (SNPs) for disease susceptibility. Owing to the strong genetic factor in TB,
however, we considered it worthwhile looking into the
potential role of genetic variations of this important pathway for TB susceptibility.
Apart from the c-diGAMP produced through cGAS,
STING also recognizes cyclic di-nucleotides (CDNs).
CDNs are characterized by ubiquitous secondary messengers in bacteria maintaining bacterial metabolism, virulence
regulation, and bioﬁlm formation [26]. CDN-induced
immune responses through STING have been shown to be
effective against intracellular pathogens [27]. A recent
report suggests that the CDN adjuvant protein subunit of
M.tb elicits a TH1/TH17 immune response through STING
activation, leading to an enhanced protection against TB
infection [28]. STING has a prominent role in several
infectious diseases and autoimmune disorders [29–32].
There are reports suggesting that variations in the STING
gene may lead to conformational changes near the cterminal region, where the ligand-binding pocket is located
[33–35]. This may eventually impact binding efﬁcacy of
STING with the respective ligands.
It has been well established that host genome-wide
association studies (GWAS) are crucial to understand the
genetic role in susceptibility to M.tb [36]. However, candidate gene approaches are also needed as so far no clear
results from GWAS studies have been obtained. We have
reported earlier on the importance of TLR mutations in TB
susceptibility in an Indian TB cohort [37–39]. Although
there were several mutations identiﬁed, there is still a need
to understand the complete role of immunological variations
within the cohorts that can control TB and vaccine efﬁcacy.
Hence, we considered it important to check for a potential
role of variations of cGAS/STING genes for individual TB
susceptibility, as we still do not know why only 10% of
people infected with M.tb actually proceed to active disease.
The following SNPs were selected to study them in both
Indian and German cohorts of TB patients and controls:
cGAS rs610913 C/A and rs311686 A/G; STING
rs78233829 G/C (aa code G230A), rs1131769 A/G (aa code
H232R) and rs7380824 C/T (aa code R293Q).

Results
Baseline characteristics of the patient cohorts and
controls
The baseline characteristics of the Indian cohort consisting
of TB patients, household controls (HHC, apparently
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Table 1 Baseline characteristics
of the Indian cohort

Age (mean ± SD)

Gender

BCG

F (%)

M (%)

+(%)

Controls (N = 380)

32.77 ± 9.85*

170 (44.74)*

210 (55.26)

299 (78.7)*

HC (N = 202)

31.82 ± 10.2

68 (33.66)

134 (66.33)

169 (83.66)

HHC (N = 178)

33.83 ± 9.35

102 (57.30)

76 (42.7)

130 (73.03)

Primary TB (N = 345)

25.52 ± 10.51*

204 (59.13)*

141 (40.87)

148 (42.9)*

PTB (N = 221)

25.96 ± 11.18

124 (56.11)

97 (43.89)

96 (43.43)

EPTB (N = 124)

24.79 ± 9.34

80 (64.52)

44 (35.48)

52 (41.93)

Relapse TB (N = 100)

30.36 ± 10.97*

49 (49)

51 (51)

35 (35)

HC healthy unrelated control, HHC healthy household controls (apparently healthy, TB-disease status
unknown), PTB pulmonary TB, EPTB- extra-pulmonary TB; Age: homogeneity of variance within the
cohort was met. In all categories, age distribution signiﬁcantly differs from normality
*p value based on χ2-test, p < 0.0001. Patients were younger than controls and there are more female in TB
group than controls; BCG status differs in patients and controls; relapse were older compared with
primary TB

healthy, TB-status unknown) and healthy controls (HC) are
summarized in Table 1. The cohort consisted of 345 primary TB patients (221 pulmonary TB (PTB), 124 extrapulmonary TB (ETB)) and 100 relapse cases). The control
cohort consisted of 202 HC and 178 HHC of the TB
patients with similar genetic background and socioeconomic status. On average within our cohort patients
were signiﬁcantly younger (W = 82620, p < 2.2e-16) than
the controls. There were more females within the TB group
as compared with the control group (χ2 (1) = 15.00032, p <
0.0001). Thus, whenever appropriate, analyses were adjusted to age and gender. Between controls and patients as
expected the difference in BCG vaccination was highly
signiﬁcant (χ2 (1) = 85.27127, p < 2.6e-20) conﬁrming a
protective effect of the vaccination. Compared with primary
TB patients relapse cases were signiﬁcantly older (W =
10686, p < 2.5e-05). BCG vaccination status was not different between these two groups (χ2 (1) = 0.5177839,
p < 0.47).

Differences in SNP distribution
Allelic frequencies of Indian HC and the German cohort are
summarized in Table 2. Differences in allele distribution
match HapMap-project data, where they were available
except for rs311686. Here, we found a higher frequency of
the A-Allele than reported for Central Europe in the German
Cohort as well as in the Indian cohort as compared with a
Gujarati community in the United States. We have observed
signiﬁcantly different distributions of rs311686, STING
230, and STING 293 allele frequency among Indian and
German healthy cohorts, which may point to an importance
of these genes and a shift over time due to selective pressure. Hardy–Weinberg equilibrium was conﬁrmed for all
SNPs except for cGAS rs311686 (p < 0.0001), which was
owing to higher frequency of heterozygotes. cGAS SNPs

were in moderate Linkage Disequilibrium (D’ = 0.234),
whereas STING SNPs were strongly linked (D’ = 0.997-1)
(Table 3).

Higher frequency of rs311686G in PTB as compared
to ETB, relevance of BCG vaccination status
Distribution of rs311686 SNP frequencies comparing different clinical presentations of TB and healthy controls of
the Indian cohort are summarized in Table 4. Comparing
both control groups (HHC & HC), HHC showed a higher
frequency of the G-allele as compared with the HC group
(p < 0.01, OR = 0.56 (0.359−0.873)). Similarly, HC and
TB patients exhibited a signiﬁcantly different distribution
pattern (p < 0.003, OR = 0.56 (0.36−0.813)). HHC and TB
patients failed to show any difference (p < 0.87, OR =
0.96). Comparing pulmonary TB (PTB) and extrapulmonary TB (EPTB) cases the frequency of the GAllele was signiﬁcantly higher in PTB cases (p < 0.04,
OR = 0.491), however, after adjustment for gender and
age signiﬁcance was weaker (p < 0.05, OR = 0.62
(0.37−1.01)). As mentioned earlier, in our Indian cohort the
BCG-status was signiﬁcantly different between patients and
controls (p < 0.0001, OR = 0.202) and also between
patients and their HHCs (p < 0.0002, OR = 0.44). Logistic
regression analysis revealed a signiﬁcant correlation of
BCG status and SNP frequency comparing HHC and TB
patients (p < 0.05, OR = 2.64). Hence, we subdivided the
HHC and primary TB patients into BCG-positive and
-negative groups. In BCG-negative individuals, the frequency of the G-Allele was signiﬁcantly higher in HHC
than in TB patients (80.49% vs 63.77 %, p < 0.04, OR =
1.97). After adjusting for gender and age, however, signiﬁcance was lost (p < 0.09, OR = 2.223). With regard to
the BCG-positive individuals, no signiﬁcant differences
were observed between HHC and TB patients (as well as
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0.085

< 0.024

0.261

< 0.0001

< 0.00035

Linkage disequilibriuma

D'

CGAS_3116_6109

0.226

Sting_230_293

1

Sting_230_232

0.998

Sting_232_293

0.997

There are strikingly less G-Allele carriers (SNP rs311686)
in TB relapse cases as compared with the primary TB
group and controls (p < 0.0001, OR = 2.702 (1.639
−4.54)), indicating a protective effect of the G-genotype
for becoming a relapse case (Table 5). The interaction with
gender is also signiﬁcant (p < 0.02, OR = 3.33), so further
subgroup analysis was performed: Here, within the male
cohort only the difference remained signiﬁcant (p < 0.0001,
OR = 4.119), whereas within females no signiﬁcant difference could be observed (p < 0.182, OR = 1.334) (not
shown in the Table). No signiﬁcant interaction with BCG
was found (p = 0.78, OR = 1.17) between primary and
relapse TB cases.

Importance of the presence of the rs610913 SNP for
efﬁcacy of BCG vaccination in females

**p value based on χ2 test

Cohort consists of only healthy unrelated controls (HC)

*p value based on χ2 test, p < 0.05 indicates signiﬁcant difference from assumed HWE

Signiﬁcant difference of rs311686 distribution in TB
relapse cases as compared with TB cases

CEU European population, GIH Gujarati Indians in Houston population, NA not available

C->T ([Arg]->[Gln])
STING293_T

In healthy unrelated Indian cohort

whole cohorts). Taken together the results indicate protection from TB when the G-Allele is present, but between
HHC and TB patients it does not have a direct impact.
When comparing related individuals not having received
BCG vaccination a signiﬁcant difference was found. Successful vaccination thus may overcome the increased risk
observed for the A-allele. Furthermore, the different distribution between PTB and EPTB points towards a protective effect of the G-Allele against dissemination of the
disease (Tables 5 and 6).

a

0.3837

NA

0.2701

9.52

10

9.54

23.68
13.08

A->G ([Hist]->[Arg]) Missense
STING232_A

Missense

14.06

12.93

0.548

0.346

32.95

NA

30.8

NA

33.56

26.63

37.45

11.98

Missense

STING230_C

Missense

C->A ([Pro]->[His])

G->C ([Gly]->[Ala])

rs610913_C

34.94
8.98 kb upstream might inﬂuence
the promoter region of cGAS
rs311686_G

59.6
44.57

German
cohort (%)
Function

58.8

<0.0001

a

Allele frequencies Variation (aa)

Table 2 Allele frequencies of the cGAS and STING SNPs investigated here

Indian
cohorta (%)

Hap-MAP CEU Hap-Map GIH HWE in Indian
cohort*

German vs Indian
cohort**

Table 3 Linkage disequilibrium

Next, we analyzed the frequency of SNP cGAS rs610913
within our cohorts. We did not ﬁnd any signiﬁcant difference in distribution of the rs610913 SNP comparing controls and TB patients as such. However, when taking BCG
vaccination into account, the SNP was differently distributed, just failing to reach statistical signiﬁcance
(p < 0.06, OR = 0.654). Comparing a potential gender
inﬂuence, a signiﬁcant difference in SNP frequency in the
female cohort only could be found (p < 0.03, OR = 2.141)
(not shown in Table), but the SNP itself in the subgroup of
BCG vaccinated or unvaccinated females did not reach
signiﬁcance, maybe owing to low statistical power because
of the limited case number in this subgroup (Tables 7–9).
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Table 4 rs311686 SNP
frequencies in the Indian cohorts

rs311686 SNP

Percentage of allele-carriers N (%)
Controls N (%)

TB N (%)

Relapse N (%)

HC

HHC

PTB

EPTB

AA

104 (52.26)

73 (41.47)

75 (37.31)

56 (49.12)

59 (64.13)

AG

23 (11.56)

43 (24.43)

49 (24.38)

18 (15.79)

0

GG

72 (36.18)

60 (34.09)

77 (38.31)

40 (35.09)

33 (35.87)

HC healthy unrelated control, HHC healthy household control (apparently healthy, TB-disease status
unknown), PTB pulmonary TB, EPTB extra-pulmonary TB
Table 5 rs311686 SNP comparison between different groups
Comparison

N (%) of GG/AG vs AA

χ2
p value

Logistic regressiona
OR

p value

OR

Interaction for
genderb

Interaction for
BCGb

CI

p value

OR

p value

OR

Controls vs TB

198 (52.8)

184 (58.4)

0.145

0.904

0.07

0.725

0.512–1.027

0.59

0.85

0.256

1.56

HC vs HHC

95 (47.74)

103 (58.52)

0.03

0.649

0.01

0.56

0.359–0.873

0.03

2.63

0.02

0.2

HC vs TB

95 (47.74)

184 (58.41)

0.01

0.651

0.003

0.56

0.36–0.813

0.27

1.538

0.26

1.886

103 (58.52)

184 (58.41)

0.98

0.995

0.87

0.96

0.62–1.49

0.18

1.72

0.05

2.64

58 (50.88)

126 (62.69)

0.04

0.491

0.05

0.62

0.37–1.01

0.91

1.01

0.12

2.223

198 (52.8)

33 (35.87)

0.003

1.997

0.001

2.203

1.369–3.57

0.03

2.857

0.292

1.82

184 (58.43)

33 (35.87)

0.0001

2.506

0.0001

2.702

1.639–4.54

0.02

3.33

0.776

1.17

HHC vs TB
EPTB vs PTB
Controls vs relapse
TB vs relapse

TB primary TB including both PTB and EPTB
a

Adjusted for age and gender, based on Wald’s statistic

b

Interaction term of a logistic regression model, based on Wald’s statistic meaning whether the analysis has any inﬂuence with respect to either
gender and/or with BCG
P-values of 0.05 and lower are shown in bold

STING 230C is less frequent in HHC as compared
with primary TB patients

Differences in hypothetical cGAS structure resulting
from the SNPs investigated

Within the closely related STING protein, SNPs have been
reported that are in linkage disequilibrium. We investigated
one representative SNP and found the C allele frequency of
STING 230 to be slightly more frequent in TB patients as
compared with HHC in a logistic regression model, which
just misses statistical signiﬁcance (p < 0.06, OR = 1.493).
No other differences between controls or primary TB
patients was observed for this SNP, neither signiﬁcant
interactions with gender nor with BCG, indicating that no
genuine impact originates from them (Supplementary
Tables 1 and 2).
In summary, statistical analyses from our cohort show
three signiﬁcant ﬁndings for the cGAS genotype: (i) A
signiﬁcantly reduced frequency of the G-Allele of rs311686
in patients with EPTB compared to PTB, which just reaches
signiﬁcance after adjustment. (ii) A highly signiﬁcantly
lower frequency of the G-Allele of rs311686 in relapse
cases as compared with primary TB. And (iii) a signiﬁcant
interaction with the BCG vaccination for rs311686 and
rs610913 in females.

Statistically, we found the SNP rs311686 to have impact on
course and susceptibility of TB. Although this SNP is not in
a coding region, it indirectly may lead to conformational
changes owing to co-segregating SNPs. Looking into the
potential inﬂuence on protein structure by modeling, as
expected we failed to detect any signiﬁcant structural conformational changes (data not shown). The wildtype and
variant forms of cGAS resulting from the rs610913 SNP, in
contrast, led to hypothetical structures with conformational
differences. The outcome of SIFT predictions speciﬁed the
amino-acid change from P to H at position 261 to be
potentially damaging. Likewise, Polyphen analysis revealed
that the mutation of P at 261 to H is damaging with a score
of 0.988. I-mutant indicated a decrease of DDG value (Free
energy change), i.e., −1.42 Kcal/mole, specifying a
decrease in protein stability in the H variant as compared
with the P variant. MutPred revealed that this mutation
(P261H) resulted in loss of helix (p < 0.044) and loss of
glycosylation at (p < 0.0446). Therefore, we conclude that
according to in silico analysis the mutation of P to H may

0.523–1.515

0.91–6.25
2.223

0.89
0.676
0.89
0.63

0.09
1.97
0.04

0.29–0.68

79 (57.25)

BCG status in whole cohort

P-values of 0.05 and lower are shown in bold

Adjusted for age and gender, based on Wald’s statistic

b

a

63 (63.77)
33 (80.48)

Discussion

63 (54.31)

HHC vs TB

HHC vs TB

Not BCG vaccinated

BCG vaccinated

rs311686 GG/AG vs AA

0.06–0.2
0.12

0.44
0.0002
0.096
3.521 × 10
148 (42.9)
130 (73.03)
HHC vs TB
BCG vaccinated

1.18 × 10−13
0.338
8.83 × 10−8
148 (42.9)
169 (83.66)
HC vs TB
BCG vaccinatedb
BCG vaccination effect on TB

potentially change cGAS function. However, further
experimental analyses will be needed to support this theory.
Evaluation of the 3D structures of the P and H variants
revealed a RMSD difference of 0.01 and 0.01 Å in C alpha
and backbone, respectively (Fig. 1a, b). Both the P and H
variant had four functionally important nests. Whereas the P
variant has 1 tunnel, 3 functional pores, and 64 pockets; the
H variant 261 has 1 tunnel, 2 functional pores and 66
pockets in their structure (Fig. 2a, b). The P variant was
slightly more ﬂexible as compared with the H variant. The
outcome of the analyses of four major clefts (Supplementary Table 3 and Fig. 1a, b) pointed out a signiﬁcant difference in the volume of the second largest cleft. The P
variant had a volume of 1606.92 Å3, whereas the H variant
had a larger volume of 1743.61 Å3. This speciﬁed a better
capacity for binding interactions in the latter. However, the
volumes of three other major clefts were slightly higher in
the P variant compared with the H variant. In summary, it is
likely that some minor conformational changes at the
structural level are taking place owing to the mutation.

−21

p value
OR
p value

N (%)
Comparison
BCG-status

Table 6 BCG inﬂuence on rs311686 SNP

b

Logistic regressiona
χ2

OR

CI
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Here we report on the potential importance of cGAS/STING
SNPs for TB susceptibility by analyzing patient and control
cohorts for SNP distribution. First, we found that genetic
variations within cGAS and STING differed signiﬁcantly
when comparing healthy controls from Germany and India.
Although this is very hypothetical, this difference could
point to a selection of genetic (“potentially beneﬁcial”)
variants in regions of high prevalence of a disease over long
time as it has been shown, i.e., for Malaria [40]. Next, we
analyzed the demographic characteristics of our TB cohort
and found a disbalance in the male to female ratio in TB
patients favoring females, which contrasts with the current
WHO report where the male to female ratio is 1.7. We have
observed age, gender, and BMI to be strong predictors of
primary TB, whereas there was no difference in distribution
of these parameters between relapse and primary TB. We
have used two different control groups, HC and HHC. HC
were individuals living distantly from patients, whereas the
HHC group comprised individuals living within the
household of patients. Thus, results obtained by comparison
of HHC and TB are less vulnerable for confounding
environmental factors and put a stronger emphasis on
potential genetic links.
cGAS is a recently identiﬁed molecule crucial for DNA
recognition and control of viral infections and infections
caused by intracellular bacterial pathogens [29]. DNA
binding to cGAS leads to the induction of type I IFNs
through the STING pathway, representing an important
innate defense mechanism. Human retroviruses are also able

A SNP upstream of the cyclic GMP-AMP synthase (cGAS) gene protects from relapse and extra-pulmonary. . .
Table 7 rs610913 SNP
frequencies

rs610913 SNP

Percentage of allele carriers N (%)
Controls N (%)
HC

TB N (%)
HHC

Relapse N (%)

PTB

EPTB

AA

87 (45.55)

69 (46)

74 (40.66)

42 (43.75)

37 (41.73)

AC

84 (43.98)

61 (40.66)

82 (45.05)

44 (45.83)

45 (45.32)

CC

20 (10.47)

20 (13.33)

26 (14.29)

10 (10.42)

11 (11.29)

HC healthy unrelated control, HHC healthy household control, PTB pulmonary TB, EPTB extrapulmonary TB
Table 8 rs610913 SNP Comparison between different groups
comparison

N (%) of CC/AC vs AA

χ2

Logistic regressiona

Interaction for
genderb

Interaction for
BCGb

P value

p value

p value

OR

p value

OR

C.I

OR

OR

Controls vs TB

185 (54.25)

162 (58.76)

0.62

0.492

0.454

0.87

0.61–1.25

0.888

0.95

0.193

0.58

HC vs HHC

104 (54.45)

81 (54)

0.934

1.01

0.709

0.92

0.57–1.46

0.422

0.68

0.22

2.28

HC vs TB

104 (54.45)

162 (58.27)

0.411

0.856

0.422

0.84

0.6–1.28

0.629

0.83

0.960

0.97

81 (54)

162 (58.27)

0.39

0.841

0.623

0.89

0.56–1.41

0.665

1.21

0.085

0.42

54 (56.25)

84 (59.34)

0.619

1.13

0.611

1.15

0.67–1.96

0.652

0.79

0.387

0.62

HHC vs TB
EPTB vs PTB
Controls vs relapse

185 (54.25)

56 (60.22)

0.84

0.196

0.340

0.79

0.49–1.27

0.656

0.81

0.726

0.82

TB vs relapse

162 (58.27)

56 (60.22)

0.74

0.992

0.90

0.97

0.58–1.6

0.734

0.85

0.541

1.4

a

Adjusted for age and gender, based on Wald’s statistic

b

Interaction term of a logistic regression model, based on Wald’s statistic meaning whether the analysis has any inﬂuence with respect to either
gender and/or with BCG

to activate the cGAS pathway through the cytosolic accumulation of reversely transcribed cDNA generated during
replication [41]. With respect to TB, cGAS knockout mice
have been shown to be more susceptible to M.tb, and the
mechanism suggested to explain this was the inability to
undergo autophagy. Thus, cGAS has an important role in
pathogen elimination and it has been reported that there are
several checkpoints critical for cGAS activity in order to
balance between disease progression and elimination [42].
The role of type I IFN in TB pathogenesis currently is
not completely understood. For a long time, it was thought
to have just a detrimental effect in chronic disease status
[43–46]. Recently, several studies reported a signiﬁcant
enhancing effect of type I IFNs toward innate immunity
pathways following mycobacterial infection [47]. For
example, in a new vaccination trial using the ESX-1 system
extracted from M. marinum with BCG yielded a better
protection with that of the classical BCG vaccine. This
effect correlated with a higher induction of Type I IFNs
[48]. Also, there are studies explaining the early production
of Type I IFNs to be important to induce pro-inﬂammatory
cytokines like IL-12p70 to develop adaptive immunity for
protection against M.tb [49]. Support for the importance of
Type I IFNs in TB pathogenesis are emerging, i.e., the 2′5′-oligoadenylate synthetase like (OASL) protein helps

mycobacterial survival by inhibiting autophagic mechanisms and antimicrobial peptide expression [50]. OASL is a
bi-functional protein, which upon RNA-recognition
enhances production of Type I IFNs through RIG-1,
whereas upon DNA recognition inhibiting cGAS and type I
IFN production. In mycobacterial disease one would
assume both DNA and RNA to be potential activators of
these pathways, however, little is known about their function in TB yet. Extensive study of this signaling pathway
(cGAS/STING/type I IFN/OASL) is needed in order to
better understand TB pathogenesis and identify new treatment targets.
Regarding the rs311686 cGAS SNP we found several
lines of evidences for a potentially crucial role of the GAllele within this genetic region. In primary TB patients, the
frequency of the SNP was higher as compared with the HC
group. An interesting aspect is that in the unvaccinated subcohort primary TB patients displayed lower G-allele frequencies as compared with HHC arguing for a beneﬁcial
effect originating from the mutation, which might be
masked by (successful) BCG vaccination. Strikingly, comparing PTB and EPTB patients we found the frequency of
the G-allele to be lower in EPTB, and even lower in relapse
cases. The incidence of TB relapse in those who completed
previous treatment can be 30-times higher than the

Interaction term of a logistic regression model, based on Wald’s statistic meaning whether the analysis has any inﬂuence with respect to gender

P-values of 0.05 and lower are shown in bold

Adjusted for age and gender, based on Wald’s statistic

b

a

3.7

0.877
0.769

0.07
0.47–2.27

0.5–1.13
0.71

1.03
0.08
1.119

0.654

0.74

0.06
78 (64.46)

63 (52.50)
26 (55.32)
Controls vs TB

Controls vs TB

BCG not vaccinated
rs610913 CC/AC vs AA

BCG vaccinated

140 (54.26)

OR
N (%)
comparison
BCG-status

Table 9 BCG inﬂuence on rs610913 SNP

0.15

OR
P value
p value
p value

OR

Logistic regressiona
χ2

C.I

Interaction with
genderb
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incidence of active TB in the general population [51]. Based
on the data analyzed over a period of 19 years at Bhagwan
Mahavir Medical Research Centre (BMMRC) the recurrent
TB rates were 10–12% within 6 months to 2 years of primary TB attack. Globally, they vary from 4.9 to 47%
depending on several factors including drug resistance of
the bacterial strain. Studying relapse cases is particularly
important as multi-drug resistant (MDR) TB is signiﬁcantly
rising currently [52]. According to a recent WHO report an
estimated rate of 19% of recurrent TB cases had MDR TB,
compared with only 4.1% of the newly diagnosed cases.
Little is known about individual genetic risk factors that
could inﬂuence recurrent TB and to our knowledge no clear
correlation with a SNP of PRRs has been found. From our
results, we might hypothesize that cGAS has an impact on
containing the disease, which is modulated by the G-Allele
region of the cGAS gene. cGAS-induced immunity may
help against dissemination of TB as well as against developing a relapse, in which dissemination of APCs, at least to
the lymph node, would be necessary to activate central
memory T cells, but also supports spreading of M.tb.
The rs311686 SNP is located upstream of the cGAS gene
and most likely affects the transcription rates of the gene.
cGAS is known to be highly regulated and cGAS levels are
crucial for the threshold of DNA sensing and cellular activation [53]. cGAS is known to be induced by Interferons
[54], and further in vitro studies have to be carried in order
to check whether the rs311686 variation leads to a different
activation pattern of the cGAS promoter. Different levels of
expression of cGAS and eventual IFN production might
beneﬁcially shift the balance of recognition of M.tb and thus
antigen-presentation to evoke Th1-response, on the other
hand also dissemination, which needs to be further
addressed by future studies.
As BCG does not have the ESX-1 locus helping in
translocation of bacteria into the cytosol, activation of the
cGAS/STING pathway seems unlikely to play a direct role
during vaccination. A recent study, however, revealed that
activation and maturation of bone marrow derived dendritic
cells after M. bovis infection is regulated by cGAS/STING/
TBK1/IRF3 signaling pathway [55]. We have seen an
inﬂuence of the rs311686 SNP within the unvaccinated
group, thus hinting that it rather acts upon re-infection,
when a memory has already been built, and might regulate
the efﬁcacy of reactivation. However, further investigation
of SNPs associated with cGAS/STING and/or type I IFN
production may help us to better understand this pathway
and its interaction with BCG vaccination. Uptake and
recognition of M. tuberculosis by cGAS/Sting and how the
genetic variation rs311686 analyzed here potentially may
interfer with this pathway is summarized in Fig. 3.
It has been shown that STING has anti-proliferation
effects by inducing memory T cells, and the mutations in
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Fig. 1 Structure prediction
models of cGAS rs610913 C
and A Distribution of functional
clefts in a P261 variant b H261
variant of cyclic GMP-AMP
synthase protein. Red, purple,
yellow, and blue indicate color
of clefts

Fig. 2 Functional pockets of
cyclic GMP-AMP synthase in
different colors representing
a P261 variant (64 pockets) and
b H261 variant (66 pockets)

the c-terminal domain of STING might modulate this effect
[56]. This also has been discussed to have a role in different
types of diseases such as autoimmune diseases, cancer, and
infections caused by intracellular pathogens. Hence, functional analysis of this SNP might be beneﬁcial to explain the
potential mechanism in disease progression. We failed to
ﬁnd any effects of genetic variations of STING for susceptibility and course of TB.
Structure analysis showed interesting results with respect
to the rs610913 sequence of cGAS. At position 261 Proline
changes to Histidine upon C to A conversion of the DNA
sequence. MutPred analysis revealed that this mutation
results in loss of Helix (p < 0.04) as well as loss of glycosylation (p < 0.04), which might cause changes during
DNA-induced oligomerization of cGAS. The polymorphism investigated seems to affect the active site of cGAS.
The H variant is predicted to have 66 pockets, whereas the P
variant would have only 64 pockets making the P variant
slightly more ﬂexible. Also there would be a larger volume
in the second cleft for the H variant. It has been suggested
that larger clefts in proteins correlate with larger binding

sites and better chances for increased bonding interactions
[57]. Thus, occurrence of a larger cleft in the H variant
could hint towards an increased binding interaction. Functional analyses with recombinantly expressed variants of
cGAS will be needed to clearly understand the role of the
genetic variations for protein function, however.
Previous studies indicate that the residues involved in
minor groove binding, arginine ﬁngers and the Zn-thumb
were targets to bind dsDNA. Changes in these active sites
affect the catalytic rate of cGAS [58]. Others have shown
that cGAS interacts with two dsDNA through two binding
sites and site B has an important role in the cooperative
DNA binding [59]. Another study focused on the necessity
of two sites with site A playing a major role in conformational change and site B being involved in DNA
binding [60].
We did not observe any signiﬁcant trend in the frequency
of the STING 230 C allele in TB patients as compared to
HHC. A previous study on HPV infection also failed to ﬁnd
any signiﬁcance for the distribution of cGAS 610913 and
STING 230 SNPs [61]. Previous studies on structural
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Fig. 3 Schematic overview on
M.tb DNA recognition by the
cGAS/STING system and a
potential inﬂuence of the
rs311686 SNP. After entry of
the mycobacteria into the cell
via the endosome mycobacterial
DNA is released in to the
cytosol. This is recognized by
cGAS dimers leading to the
synthesis of 2’3’-cGAMP from
ATP and GTP, which is a ligand
for STING. STING together
with cGAMP translocates to the
endoplasmic reticulum to recruit
TBK1 and IRF3.
IRF3 subsequently dimerizes
and translocates into the nucleus
to induce the production of type
I IFNs. SNP rs311686G may
lead to different concentrations
of cGAS followed by a change
in dimerization of cGAS ﬁnally
leading to an altered induction of
type I IFN

analyses of STING SNPs revealed that the G230A SNP
present in the C-terminal domain has slightly better binding
afﬁnity with c-di-GMP as compared with that of wildtype or
R232H. The G230A variant is more ﬂexible as compared
with the WT variant and can bind more efﬁciently c-diGMP [62]. There were several other reports of STING
germline missense mutations causing infectious diseases
owing to gain-of-function mutations. However, the
mechanism of STING SNPs in TB needs to be investigated
in further studies. A recent study shows that STING pathway is crucial for DC activation during M.tb infection but
not involved in host protection in vivo [63]. Although, we
did not ﬁnd any differences in distribution of SNPs in
German and Indian healthy cohort, it is important to study
these SNPs in larger sample sizes and in different ethnic
groups.
In summary, our results obtained from genotyping
patient and control cohorts support the hypothesis that the
cGAS/STING-induced type I IFN might be important in
susceptibility and course of TB. As we have seen differences in the frequency of the rs311686 SNP comparing
EPTB and relapse cases, these pathways may be particularly
important during the long-term interaction of the host with
M.tb. cGAS might inﬂuence dissemination and memory
building in mycobacterial disease, hence, it is important to

completely understand the cGAS/STING triggered immunological mechanism in order to potentially develop intervention strategies based on these results. Conﬁrmatory trials
including even larger sample size and functional studies of
the proteins involved and their genetic variations are needed, which may help us to better stratify risk groups in order
to improve prevention and therapy of TB.

Materials and methods
Cohort description
In brief, 725 subjects were studied consisting of 345 TB
patients with PTB or EPTB disease, as well as relapse cases,
and 380 Controls (HC) including household contacts
(HHC). Patients, who attended Free Chest TB Clinic PPM
DOTS at Mahavir Hospital and Research Centre, Hyderabad, were conﬁrmed with the sputum microscopy for AFB,
culture and chest X-ray or histopathology as per the guidelines of Revised National Tuberculosis Control Program
(RNTCP). Patients with diabetes, hypertension, HIV and
other comorbid conditions were excluded from the study.
Informed consent was obtained from all subjects. The study
was approved by the institutional ethics committee of
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Bhagwan Mahavir Medical Research Centre (BMMRC),
Hyderabad and Charité Medical University Berlin as
described earlier [39]. The German cohort consisted of 309
volunteers, all details about this cohort have been described
earlier [64]. Buccal swabs were collected to test the volunteer genotypes. Genomic DNA was extracted using the Flexi
gene DNA kit from Qiagen, Hilden, Germany, according to
the manufacturer’s protocol. Quantity of DNA was conﬁrmed by Nano Drop and DNA was stored at − 20 °C.

Sensor: GGTGACCATGCTGGCATC-FL, Anchor
AGGATCGGGTTTACAGCAACAGCA-PH
STING R293Q F: 5′-ACCCTGGTAGGCAATGA-3′,
R: 5′-GCTTAGTCTGGTCTTCCTCTTAC-3′,
Sensor:
CCTCAAGTGTCCGGCAGAAGAGTT-FL,
Anchor: LC640-GGCCTGCTCAAGCCTATCCTCCCGGPH

SNP selection

The amino-acid sequence of human cGAS (Accession
number: NP_612450.2) was taken from NCBI. SIFT (v5.1)
[67] and Polyphen (http://genetics.bwh.harvard.edu/pph2/)
software was used to predict damaging impact of aminoacid substitutions. SIFT prediction relied upon nature of
conserved amino-acid residues in sequence alignments from
PSI-BLAST, whereas Polyphen investigated the role of
substitution based on physical and evolutionary characteristics. A support vector machine (SVM)-based methodology
SNPs & GO [68] was implemented to detect mutation
related to disease using the protein sequence as input. It uses
Gene Ontology annotation data to predict disease afﬁnity of
a mutation. Mutpred [69] was utilized to predict whether the
amino-acid substitution was pathogenic or benign. I-Mutant
suite [70] was instrumental to predict stability changes
owing to the mutation from amino-acid sequence. rs610913
was analyzed by taking the X-ray crystal structure of human
cGAS (P variant, i.e, P261) in PDB (4KM5) as template, the
model of H variant (H261) of the protein was generated
using Swiss Mode [71]. We analyzed reﬁnement and quality
assessments of the model with Swiss PDB viewer [72],
ProSA [73] and SAVES server (https://servicesn.mbi.ucla.
edu/SAVES/). A comparison of P and H variants with
regards to surface topography, nests, tunnels, pores, clefts,
cavities, and pockets lodging functional residues were carried out using ProFunc [74] and CASTp [75]. The structures
were visualized with PyMOL v1.6.0.0. (www.pymol.org).
Figure 3 was drawn using Inkscape version 0.92.3.

After analyzing the relevant literature SNPs described in the
cGAS/Sting pathway were selected on minor allele frequency and likely functional relevance. This included
rs610913 and rs311686 (8.98 kb upstream in the cisregulatory region) of cGAS. This genetic region was
termed c6orf150 and includes the cGAS gene as well as a
gene termed DDX43 [65]. Although rs311686 is in the
coding region of DDX43 (and consequently now is listed is
DDX43 SNP in the databases) it also was suggested to
inﬂuence the promoter region of cGAS, which is located
just downstream of the DDX43 gene [66]. Co-segregation
of other genetic variations may also play a role and examination of haplotypes in the future may be needed. The
following SNPs for STING were included rs78233829 G/C
(aa code G230A), rs1131769 A/G (aa code H232R) and
rs7380824 C/T (aa code R293Q). The selected SNPs were
non-synonymous, and if in a coding region led to an aminoacid change potentially affecting function of the protein.

Genotyping
The cGAS/STING SNPs were analyzed with the Light
Cycler® 480 (Roche). The technique has been previously
described [64]. The following primers and probes were
designed and synthesized by TIBmolbiol, Berlin, Germany.
rs610913 F: 5′-AATCAAAAGGCAAAAGTCTTACC3′, R: 5′-GCACCTAATGAATTTGATGTCATG-3′,
Sensor AGCATCTTAGAAGCTGATAATATTTCACC
T-FL, Anchor LC640-AACTGACTCAGATGATTTTCTPH
rs311686 F: 5′-TGTGCGATTATCTGAAATGATTTG3′, R: 5′-CAAAGCCTAGTTTAAGTAAGCAGG-3′,
Sensor GTTGATGTGCCTCAAACCTCTC-FL, Anchor
LC640-GCCATTGATACAAGCTCCTCTGGAATACTCPH
STING G230A F: 5′-GGGTCTCACTCCTGAATCA
GGT-3′, R: 5′-CCGATCCTTGATGCAAGCA-3′,
Sensor
GGTCAGCGGTCTGCTGG-FL,
Anchor
LC640-CAGTTTATCCAGGAAGCGAATGTTGGG-PH
STING H232R F: 5′-CCCACTCCCCTGCACACTT-3′,
R: 5′-TGACCCCAACATTCGCTTCC-3′,

In silico analysis

Statistical analysis
R (version 3.3.2) was used for all statistical analyses and a
p value of < 0.05 was considered signiﬁcant for all tests
except for Hardy–Weinberg equilibrium. The assumptions
of homogeneity of variance within the cohorts were met.
Ethnical differences in the proposed SNPs of the German
and Indian cohort were analyzed by frequency distribution
and compared with Hapmap data available at NCBI, which
they resembled except for the rs311686 SNP. Baseline
characteristics were analyzed by χ2 tests or Student’s t test
as appropriate. Comparison of genotype frequencies
between patients, HHC, and HC was carried out using a
generalized linear model adjusted for age and gender
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summarizing for minor genotypes if not otherwise speciﬁed.
Conﬁdence intervals were calculated for these adjusted
p values.
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