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Approximately 1.7 billion people in the world harbor latent Mycobacterium tuberculosis 
(Mtb) with a substantial risk of progression to clinical outcome. Containment of these 
seed beds of Mtb is essential to eliminate tuberculosis completely in high burden settings 
such as India. Hence, there is an urgent need for the identification of new serological 
markers for detection or vaccine candidates to prevent latent tuberculosis infection 
(LTBI). DosR regulon antigens of Mtb might serve as attractive targets for LTBI diagnosis 
or vaccine development as they are specifically expressed and are upregulated during 
latent phase. In this study, we investigated the role of Rv2004c, a member of DosR 
regulon (exclusive to Mtb complex), in host–pathogen interaction and its immunogenic 
potential in LTBI, active TB, and healthy control cohorts. Rv2004c elicited strong antibody 
response in individuals with LTBI compared to active TB patients and healthy cohorts. 
Recombinant Rv2004c induced pro-inflammatory cytokine response in human periph-
eral blood mononuclear cells and THP-1 cells via NF-κB phosphorylation. Interaction 
of Rv2004c with toll-like receptor (TLR)-2 was confirmed using HEK-Blue hTLR-2 and 
pull-down assays. Rv2004c enhanced the surface expression of TLR-2 at mRNA and 
protein levels in THP-1 cells. Our findings revealed that Rv2004c induces strong humoral 
and cell mediated immune responses. Given these observations, we propose Rv2004c 
to be a potential diagnostic marker or an attractive vaccine candidate that can be useful 
against LTBI.
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inTrODUcTiOn

Initiation of Directly Observed Treatment Short course (DOTS) throughout India in 1997 to elimi-
nate active tuberculosis (TB) led to the containment of TB burden to a certain extent (1, 2) but failed 
to eliminate/treat latent tuberculosis infection (LTBI). However, the overall prevalence of active TB 
is still at an alarming state in the Indian subcontinent (3). A key challenge for better control of TB 
primarily includes the reservoirs of LTBI- and human immunodeficiency virus (HIV)-associated 
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TB. HIV infection usually promotes the resuscitation of LTBI. 
According to a recent estimate, approximately 1.7 billion popula-
tion was infected with LTBI (4), which serves as the seedbed of 
Mycobacterium tuberculosis (Mtb), with a possibility of reactivat-
ing into future active TB.

Virtually all active TB cases are preceded by a period of sub-
clinical asymptomatic infection. Hence, there is an urgent need 
for the screening of high-risk persons who can progress to active 
TB and eradication of such subclinical infections will reduce the 
TB transmission in high burden and low resource settings such as 
India and Africa (5). The high-risk groups include HIV-infected 
individuals, house hold contacts of active TB cases, recipients of 
TNF-α blockers, individuals undergoing immune suppressive 
therapy, diabetic patients, and people with malnutrition (6). The 
tuberculin skin test (TST) is still most widely used for diagnosing 
LTBI in low resource countries even though it has limitations. To 
date, there are no affordable and accurate diagnostic tools and or 
vaccines to combat LTBI.

Currently available novel LTBI diagnostics are based on 
interferon-γ release assays (IGRAs), which measure IFN-γ 
released by T-cells (QFT-Gold) or IFN-γ-secreting T-cells 
(T-SPOT.TB) that are stimulated with Mtb-specific antigens 
(ESAT-6, CFP-10, and TB 7.7) (7). However, IGRAs are not 
recommended by World Health Organization over TST in low- 
and middle-income countries with high background of active TB 
cases, for LTBI diagnosis since they are expensive, lack specific-
ity to differentiate LTBI from active TB and cannot be used for 
infants and immune compromised individuals (8). Thus, the ideal 
LTBI diagnostic tool should be latent specific and affordable. The 
DosR regulon antigens of Mtb might serve as potential targets for 
LTBI diagnosis, as they specifically express and upregulate during 
the latent phase. The antigens encoded by the DosR regulon were 
shown to induce strong T-cell mediated immune responses in 
individuals with LTBI suggesting that expression of these DosR 
antigens is latent specific (9). Hence, evaluating the humoral 
immune response of DosR regulon genes might be an interesting 
approach to use them as serodiagnostic markers.

During latency, Mtb exists in dormant or non-replicating 
persistent (NRP) state and survives in hostile environment of 
granuloma entailing hypoxia, low pH, and high NO intermedi-
ates (10). A granuloma is a dynamic environment made up of 
mononuclear inflammatory cells that provide a niche for the 
survival of Mtb and also limit growth of bacteria by innate 
immune functions. Matured granuloma is composed of a core of 
macrophages surrounded by layers of T cells and B cells followed 
by a periphery of fibroblasts (11). In this state, bacilli downsize 
their metabolic activities resulting in decrease in RNA and pro-
tein synthesis through upregulating a regulon of 48 genes known 
as DosR regulon (12, 13). The two sensor kinases, DosS and 
DosT (members of regulon) activate the DosR, a transcriptional 
factor that further controls all the 48 genes in the regulon. Even 
though bacilli require oxygen for their physiological growth, Mtb 
endures in the micro aerobic conditions for a long period of time, 
pointing to the role of DosR regulon in bacterial adaptation and 
granuloma maintenance (14).

In the granulomas, the outcome of the infection is determined 
by the interaction of different host and pathogen-specific factors 

that have been implicated in the progression of the disease (15). 
Pattern recognition receptors (PRRs) play an important role dur-
ing Mtb infection. PRRs interact with different mycobacterial cell 
wall components, induce cytokine responses, and control early 
infection. Among PRRs, toll-like receptors (TLRs) are the key 
receptors that recognize a wide array of conserved ligands of Mtb. 
Among TLRs, TLR-2 associating either with TLR-1 or TLR-6 as 
a heterodimer recognizes different Mtb components (16) leading 
to the commencement of downstream signaling events and secre-
tion of cytokines such as TNF-α, IL-8, IL-1β, IFN-γ, and IL-12. 
TNF-α plays an important role in activation and recruitment of 
macrophages and other immune cells to the site of infection (17). 
Interaction of TLRs with mycobacterium cell wall components 
has been reported extensively (18–20). However, such interactions 
between TLRs and DosR regulon proteins are not yet deciphered.

Rv2004c is one of the uncharacterized proteins of DosR 
regulon. Localization of Rv2004c on cell surface of Mtb 
was reported using transmission electron microscopy (21). 
Interaction of peptide sequences of Rv2004c with the surface of 
U937 macrophages and A549 epithelial cells was demonstrated 
(21). Expression of Rv2004c exclusively in Mtb complex has been 
reported (21). However, its interaction with surface receptors and 
downstream signaling mechanisms are not yet deciphered. It has 
also been shown that Mtb upregulates Rv2004c under in  vitro 
non-replicating persistence and nitric oxide stress conditions 
(12, 22). Transposon site hybridization mutation studies showed 
that Rv2004c is essential for the survival of Mtb in murine mac-
rophages (23). The immunogenic potential of Rv2004c in latent 
tuberculosis infected (LTBI) individuals of Japanese population 
was reported (24). But, studies about humoral immune response 
in LTBI individuals from high burden countries such as India 
are lacking.

In this study, we elucidated the role of Rv2004c in host–
pathogen interaction and its immunogenic response in LTBI 
individuals. We demonstrated that LTBI individuals exhibited 
higher immunoreactivity to Rv2004c when compared to indi-
viduals with pulmonary tuberculosis (PTB) and healthy controls 
(HCs) in urban population of Hyderabad, India. To the best of 
our knowledge, this is the first report pertaining to humoral 
immune response of a DosR regulon antigen, Rv2004c in sera 
samples of LTBI individuals. Its interaction with TLR-2 surface 
receptor, and pro-inflammatory cytokine response in human 
peripheral blood mononuclear cells (PBMCs) and THP-1 cells 
was also deciphered. Our findings support the involvement of 
Rv2004c in host–pathogen interactions, and its ability to serve as 
a potential serodiagnostic marker for LTBI.

MaTerials anD MeThODs

cohort characteristics and Blood 
samples
The human cohort consisted of 129 individuals (healthy  =  37; 
latent  =  52; active TB  =  40) of both sexes (males  =  69 and 
females = 60), recruited from Government Chest Hospital and 
Bhagwan Mahavir Hospital and Research Centre, Hyderabad. 
For experiments involving human samples, World Medical 
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Association (Declaration of Helsinki) ethics code was fol-
lowed. Written informed consent was collected from all the 
individuals, and the study was approved by both Biosafety 
and Ethics Committees of the University of Hyderabad and 
Bhagwan Mahavir Hospital and Research Centre. Individuals 
below 18  years, pregnant women, individuals with diabetes or 
any autoimmune diseases, and immunecompromised individu-
als were excluded from the study. Five milliliters of blood was 
collected from each subject, and the sera obtained were stored 
at −80°C. Active TB was determined by acid fast staining of the 
sputum samples, chest X-ray, and culture. Sampling from active 
TB cases was performed prior to treatment with anti-TB drugs. 
For LTBI testing, hospital staff from Government Chest Hospital 
and Bhagwan Mahavir Hospital as well as house hold contacts of 
active TB cases (individuals who do not have any signs and symp-
toms of active TB upon examination by an expert clinical physi-
cian, chest X-ray, and tested negative by Ziehl-Neelsen staining of 
sputum) were recruited. IGRA (QuantiFERON-TB Gold (QFT®), 
Cellestis, VIC, Australia) positive cases were considered as LTBI, 
and negative cases were considered as HCs.

cloning, expression, and Purification of 
rv2004c
Rv2004c gene comprising 1,497  bp length was amplified using 
Mtb H37Rv DNA and cloned into pET-28a vector at BamHI and 
HindIII restriction sites using the primers listed in Table S1 in 
Supplementary Material. The resultant recombinant construct 
was transformed into BL21(DE3) pLysS. Overnight culture was 
inoculated into 1 L of LB broth containing kanamycin 50 µg/ml 
and chloramphenicol 34 µg/ml and allowed to grow up to the OD 
of 0.3–0.5. Then, the culture was induced with 1 mM IPTG and 
harvested after 4 h of incubation. The pellet was resuspended and 
sonicated in lysis buffer (20 mM Tris, 300 mM NaCl) contain-
ing 0.3% sarkosyl and 1 mM PMSF. The lysate was centrifuged 
at 10,000  rpm for 30  min at 4°C. The supernatant collected 
was incubated with cobalt resin for 3 h at 4°C on a rotor spin. 
Later, the supernatant was loaded on to polypropylene column 
and washed thrice with wash buffer-1 (lysis buffer with 5  mM 
imidazole), wash buffer-2 (lysis buffer with 10 mM imidazole), 
and wash buffer-3 (lysis buffer with 20 mM imidazole) and finally 
eluted with elution buffer (lysis buffer with 200 mM imidazole). 
The homogeneity of protein was checked on 12% SDS-PAGE gel, 
and the protein was stored at −80°C for future use. Endotoxin 
levels checked with limulus amebocyte lysate test (after treatment 
with polymyxin-B agarose beads) were found to be very low.

generation of rv2004c-specific Polyclonal 
antibody
To raise the polyclonal antibody against recombinant Rv2004c pro-
tein, Swiss Albino female mice were maintained in animal house 
facility at University of Hyderabad. Experiments were performed 
based on the guidelines of Institutional Ethical Committee. Pre-
immune sera were collected from mice before raising polyclonal 
sera against Rv2004c. 100 µg of recombinant Rv2004c was mixed 
thoroughly with complete Freund’s adjuvant (Santa Cruz, CA, 
USA) and injected into each mouse (intraperitoneal). Booster 

doses were given with incomplete Freund’s adjuvant twice at 
2  weeks interval. Antibody titers were measured by ELISA. 
Mice were sacrificed on the 47th day, and blood was collected 
and incubated for 4 h at 37°C and overnight at 4°C. Serum was 
collected from the blood by performing centrifugation and stored 
at −80°C. Recombinant Rv2004c was detected as 60 kDa single 
band on western blot when probed with Rv2004c-specific poly-
clonal sera (Figure S1 in Supplementary Material), but not with 
pre-immune sera.

indirect elisa with latent and active TB 
sera samples
To check for the humoral immune response of LTBI, PTB, and 
HC against Rv2004c protein, indirect ELISA was carried out as 
described earlier (25). In brief, approximately 500 ng (per well) 
recombinant Rv2004c was coated on ELISA plate in bicarbonate 
buffer and incubated overnight at 4°C. Plate was blocked with 
0.2% BSA for 2  h at room temperature and washed with 1× 
PBST + 0.05% Tween 20 for five times by soaking the plate for 
1 min each time. Sera samples were diluted to 1:250 in 1× PBS 
(containing 0.2% BSA); 100 µl of diluted sera samples were added 
into each well and incubated for 3 h at room temperature. Plate 
was washed five times with 1× PBST and incubated with 1:15,000 
diluted HRP-conjugated antihuman IgG secondary antibody 
(Sigma Aldrich, USA) for 1 h. Plate was washed five times with 1× 
PBST and developed in dark with 3,3′,5,5′-tetramethylbenzidine 
substrate solution (eBiosciences, USA) for 30 min. The reaction 
was stopped by adding 2 N sulfuric acid, and readings were meas-
ured at 450  nm by correcting the wavelength at 570  nm using 
ELISA reader (TECAN Infinite M200).

rv2004c and Tlr-2 interaction
HEK-Blue TLR-2/TLR-4™ Reporter Assay
HEK-Blue hTLR-2/TLR-4™ (InvivoGen, USA) is an engineered 
cell line co-transfected with TLR-2/TLR-4 and secreted embry-
onic alkaline phosphatase (SEAP) reporter gene. The SEAP is 
placed under the control of IFN-β promoter conjoined with five 
NF-κB and AP-1 binding sites. Interaction of ligand with TLR-2 
results in the activation of NF-κB that induces the synthesis of 
SEAP, which can change the pink color detection medium into 
purple color; the latter can be measured spectrophotometrically 
at 620 nm. Approximately 50,000 cells (HEK-Blue hTLR-2) and 
25,000 cells (HEK-Blue hTLR-4) were seeded in each well and 
treated with different concentrations of Rv2004c (10, 50, 100, 
and 200  ng) for a period of 6  h in presence of HEK-Blue™ 
detection medium. Recombinant His-tagged Rab5 and FSL-1 
(Mycoplasma salivarium derived lipoprotein) were used as nega-
tive and positive controls, respectively.

Immunoprecipitation Assay
To identify the interaction of Rv2004c with TLR-2 surface recep-
tors, whole-cell protein was isolated from THP-1 cells using 
whole-cell extraction buffer (WEB) (200 mM Tris, 2 mM EDTA, 
0.1% NP40, 250 mM NaCl) containing protease inhibitor cocktail. 
50 µl of Dynabeads® (Life Technologies, USA) was washed twice 
with WEB and incubated at room temperature with anti-Rv2004c 
polyclonal antibody for 2 h followed by incubation with 10 µg 
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of recombinant Rv2004c or recombinant Rab5 (negative control) 
for 4 h. Later, the Dynabeads, antibody and protein complex was 
washed twice with WEB, and the complex was incubated with 
whole-cell lysate overnight at 4°C. The formed complex was again 
washed twice with WEB and resuspended in 30 µl 4× SDS buffer 
and heated at 98°C for 10 min. The samples were subjected to 
SDS electrophoresis, and the bands were transferred on to PVDF 
membrane. The blot was probed with antihuman-TLR-2 (Novus 
Biologicals, USA) and anti-His antibody (Sigma Aldrich, USA) 
for TLR-2 and recombinant Rv2004c, respectively, followed by 
protein A HRP conjugate (Abcam, Cambridge, UK). The blot was 
then developed in versa doc (Bio-rad) using Super signal west 
Pico Kit (Thermo Fischer Scientific, USA).

analysis of surface expression of Tlr-2 
by qrT-Pcr and Flow cytometry
1  ×  106 differentiated THP-1 cells were treated with different 
concentrations of Rv2004c (10 and 100 ng) for a period of 24 h. 
Trichostatin A (TSA) (250  ng) treated THP-1 cells served as 
positive control. Total RNA was isolated using Trizol method. 
2 µg of DNase treated RNA was converted into cDNA by using 
first strand cDNA synthesis kit (Invitrogen, Life Technologies, 
USA). Quantitative real-time PCR was performed in Eppendorf 
real-time PCR machine by utilizing primers listed in Table S1 in 
Supplementary Material. 10  µl reaction mixture included 5  µl 
SYBR green (Takara, Japan), 0.2 µl of each primer, and 40 ng of 
cDNA and DNase free water. The reaction was incubated at 95°C 
(10 min), 95°C (15 s), 58°C (15 s), and 72°C for 15 s. Calculation 
was done by using ΔΔCT method. Glyceraldehyde-3-phosphate 
dehydrogenase was used as housekeeping gene for normalization 
of transcript levels. For flow cytometry analysis, THP-1 cells 
were harvested, rinsed using 1× PBS and incubated with goat 
antihuman TLR-2 antibody (R&D Systems, USA) or isotype 
matched goat IgG2a for 1 h at 4°C. Cells were rinsed once again 
with 1× PBS + 2% FBS and probed with donkey anti-goat IgG 
FITC-conjugated secondary antibody (Santa Cruz, CA, USA). 
Unstained cells were used as negative control. The intensity of 
fluorescence was measured by BD FACS Canto II flow cytometer 
(BD Biosciences, USA). Data were analyzed by using FlowJo 
software (Tree Star Inc., USA).

cytokine assays
Human PBMCs were isolated using Ficoll-Histopaque (Sigma, 
USA) gradient method. 1 × 106 PBMCs were seeded into each 
well by suspending in RPMI1640 complete media containing 10% 
FBS. Cells were treated with different concentrations of Rv2004c 
(10, 100, and 1,000  ng/ml) or proteinase K (Pro K)-treated 
Rv2004c (negative control) or LPS (100 ng/ml; positive control), 
and supernatant was collected at 24  h time point and stored 
at −80°C. A total of around 0.2  ×  106 THP-1 cells (per well) 
were seeded into 24-well plate and differentiated with phorbol 
12-myristate 13-acetate (Sigma, MO, USA) for 48 h. Cells were 
treated with different concentrations of recombinant Rv2004c 
as mentioned for PBMCs. As negative controls, untreated cells 
and cells treated with Pro K digested Rv2004c were used. THP-1 
cells that were preincubated with anti-TLR-2 antibody (3 µg/ml)  

before Rv2004c (1  µg/ml) induction were also used as one of 
the controls. Supernatants were collected after 24 and 48  h 
time intervals. Analysis of pro-inflammatory cytokines such as 
TNF-α, IL-8, IL-1β, IFN-γ, and IL-12 cytokines was carried out 
using sandwich ELISA kit (eBiosciences, USA) according to the 
manufacturer’s instructions.

Western Blot analysis
7 × 106 differentiated THP-1 cells were treated with 1 µg of Rv2004c 
for 24 h. Untreated cells and cells treated with LPS (100 ng/ml) 
served as negative and positive controls, respectively. Whole-cell 
protein from THP-1 cells was prepared according to the protocol 
described earlier (26). 100 µg of total protein was subjected to 
SDS PAGE and transferred onto PVDF membrane. The blots were 
probed with mouse antihuman p65 NF-κB antibody (Abcam, 
USA) followed by goat anti-mouse secondary antibody (Sigma 
Aldrich, USA). Blots were developed in versa doc (Bio-rad) using 
Super signal west Pico Kit (Thermo Fischer Scientific, USA).

statistical analysis
GraphPad prism 5.01 software was used to perform statistical 
tests. Wherever required, Student’s t-test, Mann–Whitney’s  
U test or the Wilcoxon rank sum test, and one-way ANOVA were 
performed for statistical analyses of the results. p values < 0.05 
were considered as statistically significant.

resUlTs

rv2004c is specifically recognized in lTBi 
compared to that of PTB and hc cohorts
Latently infected population was screened using Quanti-
FERON-TB Gold (QFT®) kit. Out of 89 samples screened, 52 
were latent positive, and 37 were negative for this test (we con-
sidered these 37 as HCs). Since Rv2004c is a cell surface protein, 
we expected that it could induce strong B-cell response in LTBI 
population. We evaluated IgG antibody response against Rv2004c 
protein in latently infected (n = 52) and active TB groups (n = 40) 
by comparing with HCs (n = 37). Our data demonstrated that 
antibody titers for Rv2004c were significantly higher in LTBI 
group followed by PTB cases, as compared to HC (p < 0.0001). 
Higher immunoreactivity of LTBI group than that of PTB cases 
might be due to higher expression of Rv2004c during latency. 
The median values of HC, LTBI, and PTB were 0.3, 0.9, and 0.6, 
respectively (Figure 1).

rv2004c interacts with Tlr-2 surface 
receptor
Previous studies demonstrated that most of the Mtb ligands inter-
act via TLR-2 or TLR-4 (19, 20, 27). Hence, we were interested 
to see the interaction between Rv2004c and TLR-2/TLR-4, which 
triggers the downstream signaling. Host receptors involved in the 
interaction with Rv2004c were identified by HEK-Blue hTLR-2™ 
reporter assay. Rv2004c induced SEAP secretion from HEK-Blue 
hTLR-2 cells in a dose-dependent manner. Positive control 
(FSL-1) also stimulated HEK-Blue hTLR-2™ cells to secrete 
SEAP. Recombinant Rab5 (negative control) did not induce 
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FigUre 1 | Humoral immune response of Rv2004c in healthy control (HC), 
latent tuberculosis infection (LTBI), and pulmonary tuberculosis (PTB) groups 
was performed by indirect ELISA method. Immunoreactivity to Rv2004c was 
significantly higher in sera samples of LTBI compared to that of PTB and HC 
cohorts. The median values of each population were represented with a 
horizontal line including ±SD. Data represent three independent experiments. 
Statistical analysis was carried out by using Mann–Whitney U test. p values 
were represented with asterisk symbol (**p < 0.01, ***p < 0.001).

FigUre 2 | Interaction of Rv2004c with toll-like receptor (TLR)-2. (a) HEK-Blue hTLR-2™ reporter assay: cells were treated with different concentrations of 
Rv2004c (10, 50, and 100 ng) for 6 h, and the color formation was measured at 620 nm in ELISA reader. Recombinant Rab5 was used as a negative control. Cells 
treated with 10 ng of Mycoplasma salivarum-derived lipoprotein (FSL-1) served as positive control. Data were represented as mean ± SD of three independent 
experiments. One-way ANOVA followed by Tukey’s multiple comparison test was performed for statistical analysis. p values were represented with an asterisk 
symbol. (ns = non significant, *p < 0.05, ***p < 0.001). (B) Immunoprecipitation for binding analysis of TLR-2 with Rv2004c: the THP-1 cell lysates incubated with 
Rv2004c (100 µg) were immunoprecipitated using anti-Rv2004c polyclonal antibody conjugated to magnetic beads. The formed immune complex was probed with 
anti-TLR-2 and anti-His antibodies to detect TLR-2 and Rv2004c. Cell lysate incubated with pre-immune sera + Rv2004c and cell lysate incubated with anti-
Rv2004c polyclonal antibody + Rab5 (another His-tagged recombinant protein) were used as negative controls.
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SEAP activity (Figure  2A). HEK-Blue hTLR-4™ cells treated 
with Rv2004c failed to augment SEAP activity (Figure S2 in 
Supplementary Material). This indicated that Rv2004c interaction 
is TLR-2 specific. Moreover, Rv2004c interaction with TLR-2 was 
further reinforced by immunoprecipitation assay. Anti-Rv2004c 
polyclonal sera captured Rv2004c  +  TLR-2 complex, which 
was visualized on western blot upon probing with anti-TLR-2 
antibody and anti-His antibody. Anti-Rv2004c poly clonal sera 
incubated with recombinant Rab5 and whole-cell lysate did not 
capture TLR-2. This ruled out the non-specific interaction of 
poly-clonal sera or any other bacterial components eluted during 
recombinant protein preparation with TLR-2 (Figure 2B).

rv2004c Upregulates Tlr-2 expression
Besides binding to TLR-2, Rv2004c also enhanced the expression 
of TLR-2, which was analyzed by quantitative real-time PCR 
and flow cytometry. THP-1 cells that were treated with Rv2004c 
and TSA (positive control) showed increased expression of 
TLR-2 mRNA when compared with untreated cells (Figure 3A). 
Furthermore, upregulation of TLR-2 was confirmed at protein 
level by flow cytometric analysis in Rv2004c-treated THP-1 cells 
(Figure 3B).
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FigUre 3 | Upregulation of toll-like receptor (TLR)-2 expression upon treatment with Rv2004c. (a) Fold increase in the TLR-2 expression at mRNA level was 
quantified in differentiated THP-1 cells that were treated with 100 ng of Rv2004c and 250 ng of Trichostatin A (TSA) (positive control) by real-time PCR. Untreated 
cells served as negative control. (B) Surface expression of TLR-2 on differentiated THP-1 cells was analyzed by flow cytometry upon treatment with 10 and 100 ng 
of Rv2004c for 24 h. Untreated cells and cells probed with isotype-matched control were used as negative controls. Data from three experimental replicates 
(mean ± SD) were represented as a shift in histogram peaks (left side), percentage of TLR-2-expressing cells and mean fluorescence intensity (MFI) (right side). 
One-way ANOVA followed by Tukey’s multiple comparison test was performed for statistical analysis. In all the graphs, p values were represented with an asterisk 
symbol (*p < 0.05, **p < 0.01, ***p < 0.001).
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rv2004c induces Pro-inflammatory 
response
Human PBMCs treated with Rv2004c at a concentration of 10 ng 
to 1 µg secreted TNF-α, IL-8, IL-1β, IFN-γ, and IL-12 in a dose-
dependent manner (Figure 4). Similarly, THP-1 cells treated with 
Rv2004c showed dose- and time-dependent cytokine responses 
(TNF-α, IL-8, and IL-1β) (Figure 5A). Cells treated with LPS 
(100 ng/ml) functioned as positive control and induced strong 
cytokine response whereas negative controls (unstimulated cells 
and cells that were treated with Pro K digested Rv2004c) did not 
show such an effect. Rv2004c-treated THP-1 cells that were pre-
incubated with anti TLR-2 neutralizing antibody secreted less 
TNF-α, IL-8, and IL-1β. Rv2004c-treated THP-1 cells produced 
activated form of NF-κB (p65), which was visualized by probing 
the whole-cell lysate with antiphospho NF-κB antibody (Novus 
Biological, USA) whereas in unstimulated THP-1 cells active 
form of NF-κB was not detected (Figure 5B). This indicates that 
Rv2004c activates the NF-κB signaling pathway in response to 
its interaction with TLR-2 and induces the pro-inflammatory 
cytokine response.

DiscUssiOn

Mycobacterium tuberculosis is the etiological agent of TB and 
still remains a major global health burden. It infected about 
10.4 million people, newly, and killed about 1.8 million in 2015, 
globally (28). Next to HIV infection, TB is the leading cause of 

death due to a single bacteriological agent (29). Mtb can cause 
primary active infection, or it can enter into dormant state and 
persist for years, asymptomatically, in LTBI individuals (30). 
Resuscitation of dormant bacilli is one of the major causes of 
active TB. Latent-specific antigens that strongly induce immune 
responses are likely to serve as potent serodiagnostic markers/
vaccine candidates that can help control LTBI. In this study, we 
evaluated the serodiagnostic potential of Rv2004c in LTBI. Our 
results showed that Rv2004c was significantly recognized in LTBI 
individuals compared to that of PTB and HC cohorts (Figure 1). 
The cohort collected from Hyderabad region included people 
from various regions of Telangana and Andhra Pradesh. This is 
the first report from India showing humoral immune response 
in LTBI. Validating the humoral immune response of Rv2004c 
in different ethnic populations and other high burden settings 
is warranted. The prognostic value of a novel LTBI diagnostic 
tool can be further enhanced through a combined approach by 
screening and involving other putative DosR regulon antigens in 
addition to Rv2004c. Serological potential of other latent-specific 
antigens was also reported (31). Hence, latent-specific DosR 
regulon antigen Rv2004c might be a potential target for induc-
ing antibody-mediated immunity in current TB (BCG) vaccine 
strategies to prevent LTBI.

Besides its serodiagnostic potential, we identified the interact-
ing surface receptors of Rv2004c. Previously, it was reported that 
peptide fragments of Rv2004c interact with the surface of U-937 
macrophages and A-547 epithelial cells (21). This stimulated 
our interest to further explore the interacting surface receptors 
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FigUre 4 | Pro-inflammatory cytokine response of peripheral blood mononuclear cells (PBMCs) stimulated with Rv2004c. Sandwich ELISA was performed from the 
supernatants of PBMCs treated with different concentrations of Rv2004c for 24 h. We detected dose-dependent increase in TNF-α, IL-8, IL-β, IFN-γ, and IL-12 p40. 
Un-induced (UI) cells and cells treated with proteinase K (Pro K) digested Rv2004c (Rv2004c + Pro K) served as negative controls. PBMCs stimulated with LPS 
(100 ng/ml) served as positive control. Data represent mean ± SD of three individual experiments. One-way ANOVA followed by Tukey’s multiple comparison test 
was performed for statistical analysis. p values were represented with asterisk symbols (ns = non significant, **p < 0.01, ***p < 0.001).
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of Rv2004c. We also demonstrated the interaction of recombi-
nant Rv2004c with TLR-2 by HEK-Blue™ reporter assay. This 
interaction was further confirmed by immunoprecipitation assay 
(Figures 2A,B). Moreover, Rv2004c enhanced the TLR-2 expres-
sion in THP-1 cells, which was confirmed by qRT-PCR and flow 
cytometric analyses (Figures 3A,B). It is an acceptable practice 
to study the functional properties of hypothetical proteins by 
expressing them in prokaryotic expression system as it is not 
possible to overexpress and purify these proteins in mycobacte-
rial systems. Thus, recombinant Rv2004c obtained from E. coli 
expression system demonstrated the possible interaction with 
TLR-2 leading to plausible downstream signaling events during 
M. tuberculosis infection.

During Mtb infection, the first immune cells that encounter 
the bacilli in the lungs are the alveolar macrophages. Recognition 
of different virulence factor of Mtb by macrophages is critical for 
the development of adaptive immune response. Interaction of 
different cell wall components such as lipoprotein and glycolip-
ids of Mtb occurs through TLR-2 indicating that these innate 
immune receptors play a vital role in defense against mycobacte-
rial infections (32). It has been reported that Mtb lipoproteins 
LpqH (19  kDa protein), LprA (Rv1270), and LprG (Rv1411c) 
were recognized by TLR-2 receptors (33). Previous studies dem-
onstrated that lipopeptides of Mtb involve in TLR-2-dependent 
maturation of dendritic cells and activation of naïve T-cells 
resulting in initiation of adaptive immune responses (34). Besides 

lipoproteins, glycolipids such as phosphatidylinositol manno-
side, lipoarabinomannan, and lipomannans are also recognized 
by TLR-2 (33). Role of TLR-2 in Mtb antigen recognition during 
pathogenesis and susceptibility of host to Mtb infection in TLR-
2-deficient mice was well established (16, 35). TLR-2-deficient 
mice have shown reduced bacterial clearance and failed to form 
functional mycobactericidal granulomas (32). Modulation of 
TLR-2 expression by Mtb antigens has been reported (36). In our 
earlier studies, other DosR genes like DATIN and Rv3131 were 
shown to interact with TLR-2 and Rv3131 upregulated TLR-2 
expression (26, 37).

Interaction of Mtb antigens with TLR-2 usually triggers a 
downstream signaling pathway resulting in the secretion of 
pro- or anti-inflammatory cytokines that are critical for recruit-
ment of macrophages, other immune cells, and maintenance of 
granulomatous structure. Mtb relentlessly maintains the balance 
between pro- and anti-inflammatory repertoire by manipulating 
the host innate immune system in local milieu of granuloma 
for its existence (37, 38). Role of TNF-α in the formation and 
maintenance of granuloma has been extensively reported (39, 
40). TNF-α is essential for activation of phagocytes and control 
of chronic infection with Mtb. TNF-deficient mice showed 
exacerbated immune responses and granuloma disintegration 
(41). Previously, it was reported that Mtb induces strong IL-1 β 
cytokine secretion, which involves in-host resistance to myco-
bacterial growth (42). IL-12 and IFN-γ are critical cytokines that 
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initiate the acquired immune responses during Mtb infection. 
Humans deficient with IL-12 and IFN-γ pathways have been 
associated with susceptibility to TB (39). IL-12 initiates the 
T-helper 1 cells to secrete IFN- γ, which is essential for control 
of bacterial burden in granulomas (43). On the other hand, 
IL-10, an anti-inflammatory cytokine modulates macrophage 
functions and suppresses their ability to secrete TNF-α and 
IL-12 and controls pro-inflammatory responses (39). Ultimately, 
pulmonary inflammation maintains dynamic equilibrium 
in granuloma and prevents the dissemination of infection to 
new sites. In the current study, Rv2004c induced strong pro-
inflammatory cytokine responses (TNF-α, IL-8, and IL-1β) in 
THP-1 cells in a dose- and time-dependent manner whereas 
PBMCs showed only a dose-dependent increase of TNF-α, IL-8, 
IL-1β, IFN-γ, and IL-12 (Figure 4). In another study, Rv2004c 
was shown to stimulate strong IFN-γ response in Japanese LTBI 
population (24). In an earlier report, other DosR regulon gene, 
Rv2626c stimulated TNF-α and IL-12 in RAW macrophages by 
activating NF-κB downstream signaling pathway and induced 

strong IFN-γ response in active TB patients (44). In this study, 
we also demonstrated phosphorylation of NF-κB in Rv2004c 
treated macrophages by western blot analysis (Figure  5B). 
Given this, it might be possible that interaction of Rv2004c with 
TLR-2 activates the NF-κB pathway, leading to secretion of pro-
inflammatory cytokines.

In conclusion, the Mtb DosR antigen, Rv2004c might possibly 
interact with TLR-2 inducing cytokine response to enable the 
endurance of Mtb in the granulomas during latent infection. 
On the other hand, Rv2004c elicited strong humoral immune 
responses in LTBI individuals compared to PTB and HC cohorts. 
Our results suggest a possible use of Rv2004c as a putative sero-
diagnostic marker for latent TB or an attractive target for vaccine 
development as it can induce both humoral as well as cellular 
immune responses. However, identification of the molecular 
functions of Rv2004c, its requirement during latent infection, 
its role in disease reactivation and the nature and extent of the 
T-cell responses it triggers  in LTBI individuals will be some of the 
interesting issues to be addressed in future studies.

FigUre 5 | Pro-inflammatory cytokine response of THP-1 cells treated with Rv2004c. (a) Differentiated THP-1 cells treated with different concentrations of 
Rv2004c secreted TNF-α, IL-8, and IL-1β in a dose- and time-dependent manner. Positive and negative controls for THP-1 cytokine assay were same as 
mentioned for peripheral blood mononuclear cells. To check whether the cytokine response triggered by Rv2004c was through toll-like receptor (TLR)-2 interaction, 
Rv2004c stimulated THP-1 cells that were preincubated with anti TLR-2 antibody were assessed for TNF-α, IL-8, and IL-1β cytokines response. Data represent 
mean ± SD of three individual experiments. One-way ANOVA followed by Tukey’s multiple comparison test was performed for statistical analysis. p values were 
represented with asterisk symbols (*p < 0.05, **p < 0.01, ***p < 0.001). (B) Analysis of NF-κB activation in Rv2004c treated THP-1 cells. Western blot with 
antibodies specific to phosphorylated p65 was performed to detect active form of NF-κB. β-Actin was used as an internal control, and LPS-treated cells were used 
as a positive control.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


9

Doddam et al. Immunogenicity of DosR gene, Rv2004c of M. tuberculosis

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 712

reFerences

1. Tahir M, Sharma SK, Rohrberg DS, Gupta D, Singh UB, Sinha PK. DOTS at a 
tertiary care center in northern India: successes, challenges and the next steps 
in tuberculosis control. Indian J Med Res (2006) 123:702–6. 

2. Kolappan C, Subramani R, Chandrasekaran V, Thomas A. Trend in tubercu-
losis infection prevalence in a rural area in South India after implementation 
of the DOTS strategy. Int J Tuberc Lung Dis (2012) 16:1315–9. doi:10.5588/
ijtld.12.0098 

3. Cazabon D, Alsdurf H, Satyanarayana S, Nathavitharana R, Subbaraman 
R, Daftary A, et  al. Quality of tuberculosis care in high burden countries: 
the urgent need to address gaps in the care cascade. Int J Infect Dis (2017) 
56:111–6. doi:10.1016/j.ijid.2016.10.016 

4. Houben RMGJ, Dodd PJ, Jaramillo E, Williams B, Raviglione M, Dye C. 
The global burden of latent tuberculosis infection: a re-estimation using 
mathematical modelling. PLoS Med (2016) 13:e1002152. doi:10.1371/journal.
pmed.1002152 

5. Kasprowicz VO, Churchyard G, Lawn SD, Squire SB, Lalvani A. Diagnosing 
latent tuberculosis in high-risk individuals: rising to the challenge in 
high-burden areas. J Infect Dis (2011) 204:S1168–78. doi:10.1093/infdis/jir449 

6. Rangaka MX, Cavalcante SC, Marais BJ, Thim S, Martinson NA, Swaminathan 
S, et  al. Controlling the seedbeds of tuberculosis: diagnosis and treat-
ment of tuberculosis infection. Lancet (2015) 386:2344–53. doi:10.1016/
S0140-6736(15)00323-2 

7. Lalvani A. Diagnosing tuberculosis infection in the 21st century: new tools to 
tackle an old enemy. Chest (2007) 131:1898–906. doi:10.1378/chest.06-2471 

8. WHO. Use of tuberculosis interferon-gamma release assays (IGRAs) in low 
and middle income countries. World Health Organization Policy Statement. 
(2011). p. 1–70.

9. Leyten EM, Lin MY, Franken KL, Friggen AH, Prins C, van Meijgaarden 
KE, et al. Human T-cell responses to 25 novel antigens encoded by genes of 
the dormancy regulon of Mycobacterium tuberculosis. Microbes Infect (2006) 
8:2052–60. doi:10.1016/j.micinf.2006.03.018 

10. Guirado E, Mbawuike U, Keiser TL, Arcos J, Azad AK, Wang SH, et  al. 
Characterization of host and microbial determinants in individuals with 
latent tuberculosis infection using a human granuloma model. mBio (2015) 
6:e02537-14. doi:10.1128/mBio.02537-14 

11. Marakalala MJ, Raju RM, Sharma K, Zhang YJ, Eugenin EA, Prideaux B, 
et al. Inflammatory signaling in human tuberculosis granulomas is spatially 
organized. Nat Med (2016) 22:531–8. doi:10.1038/nm.4073 

12. Voskuil MI, Schnappinger D, Visconti KC, Harrell MI, Dolganov GM, Sherman 
DR, et al. Inhibition of respiration by nitric oxide induces a Mycobacterium 
tuberculosis dormancy program. J Exp Med (2003) 198:705–13. doi:10.1084/
jem.20030205 

13. Schnappinger D, Ehrt S, Voskuil MI, Liu Y, Mangan JA, Monahan IM, 
et  al. Transcriptional adaptation of Mycobacterium tuberculosis within 
macrophages: insights into the phagosomal environment. J Exp Med (2003) 
198:693–704. doi:10.1084/jem.20030846 

14. Roberts DM, Liao RP, Wisedchaisri G, Hol WG, Sherman DR. Two sensor 
kinases contribute to the hypoxic response of Mycobacterium tuberculosis. 
J Biol Chem (2004) 279:23082–7. doi:10.1074/jbc.M401230200 

15. Saraav I, Singh S, Sharma S. Outcome of Mycobacterium tuberculosis and toll-
like receptor interaction: immune response or immune evasion? Immunol Cell 
Biol (2014) 92:1–6. doi:10.1038/icb.2014.52 

16. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: 
update on toll-like receptors. Nat Immunol (2010) 11:373–84. doi:10.1038/
ni.1863 

17. Clay H, Volkman HE, Ramakrishnan L. Tumor necrosis factor signaling 
mediates resistance to mycobacteria by inhibiting bacterial growth and 
macrophage death. Immunity (2008) 29:283–94. doi:10.1016/j.immuni.2008. 
06.011 

18. Lancioni CL, Li Q, Thomas JJ, Ding X, Thiel B, Drage MG, et al. Mycobacterium 
tuberculosis lipoproteins directly regulate human memory CD4+ T  cell 
activation via toll-like receptors 1 and 2. Infect Immun (2011) 79:663–73. 
doi:10.1128/IAI.00806-10 

19. Pecora ND, Gehring AJ, Canaday DH, Boom WH, Harding CV. Mycobacterium 
tuberculosis LprA is a lipoprotein agonist of TLR2 that regulates innate 
immunity and APC function. J Immunol (2006) 177:422–9. doi:10.4049/
jimmunol.177.1.422 

20. Byun E-H, Kim WS, Kim J-S, Jung ID, Park Y-M, Kim H-J, et al. Mycobacterium 
tuberculosis Rv0577, a novel TLR2 agonist, induces maturation of dendritic 
cells and drives Th1 immune response. FASEB J (2012) 26:2695–711. 
doi:10.1096/fj.11-199588 

21. Forero M, Puentes A, Cortés J, Castillo F, Vera R, Rodríguez LE, et  al. 
Identifying putative Mycobacterium tuberculosis Rv2004c protein sequences 
that bind specifically to U937 macrophages and A549 epithelial cells. Protein 
Sci (2005) 14:2767–80. doi:10.1110/ps.051592505 

22. Voskuil MI, Visconti KC, Schoolnik GK. Mycobacterium tuberculosis gene 
expression during adaptation to stationary phase and low-oxygen dormancy. 
Tuberculosis (2004) 84:218–27. doi:10.1016/j.tube.2004.02.003 

eThics sTaTeMenT

For experiments involving human samples, World Medical 
Association (Declaration of Helsinki) ethics code was followed. 
Written informed consent was obtained from all the individu-
als, and the study was approved by both Institutional Ethics and 
Biosafety Committees of the University of Hyderabad and 
Bhagwan Mahavir Hospital and Research Centre.

aUThOr cOnTriBUTiOns

SD carried out experiments, analyzed the data, and wrote the 
manuscript. VP helped in execution of the experiments and 
analyzing data. NA conceptualized the study, provided funding, 
critically reviewed the manuscript, and extended overarching 
supervision throughout the study.

acKnOWleDgMenTs

The authors would like to thank Senior Research Fellowship, 
Council of Scientific and Industrial Research, India (CSIR-
SRF) to SD, DST WOS-A [SR/WOS-A/LS-126/2013 (G)] to 

VP; Department of Biotechnology, Government of India (BT/
PR12817/COE/34/23/2015) to NA; the authors would like to 
thank Dr. P. Sandhya Rani for her valuable scientific discussions 
and inputs to develop the manuscript. The authors would like 
to thank Mr. Naveen Kumar for his help in flow cytometric 
analysis.

FUnDing

Work in NA’s lab is funded by grants from the Department 
of Biotechnology (DBT; BT/PR12817/COE/34/23/2015). SD 
was supported by a CSIR fellowship (CSIR-SRF). VP was sup-
ported by the DST Women Scientist—A Project [SR/WOS-A/
LS-126/2013 (G)]. The funders had no role in study design, data 
collection and analysis, decision to publish, or preparation of 
the manuscript.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00712/
full#supplementary-material.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.5588/ijtld.12.0098
https://doi.org/10.5588/ijtld.12.0098
https://doi.org/10.1016/j.ijid.2016.10.016
https://doi.org/10.1371/journal.pmed.1002152
https://doi.org/10.1371/journal.pmed.1002152
https://doi.org/10.1093/infdis/jir449
https://doi.org/10.1016/S0140-6736(15)00323-2
https://doi.org/10.1016/S0140-6736(15)00323-2
https://doi.org/10.1378/chest.06-2471
https://doi.org/10.1016/j.micinf.2006.03.018
https://doi.org/10.1128/mBio.02537-14
https://doi.org/10.1038/nm.4073
https://doi.org/10.1084/jem.20030205
https://doi.org/10.1084/jem.20030205
https://doi.org/10.1084/jem.20030846
https://doi.org/10.1074/jbc.M401230200
https://doi.org/10.1038/icb.2014.52
https://doi.org/10.1038/ni.1863
https://doi.org/10.1038/ni.1863
https://doi.org/10.1016/j.immuni.2008.06.011
https://doi.org/10.1016/j.immuni.2008.06.011
https://doi.org/10.1128/IAI.00806-10
https://doi.org/10.4049/jimmunol.177.1.422
https://doi.org/10.4049/jimmunol.177.1.422
https://doi.org/10.1096/fj.11-199588
https://doi.org/10.1110/ps.051592505
https://doi.org/10.1016/j.tube.2004.02.003
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00712/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00712/full#supplementary-material


10

Doddam et al. Immunogenicity of DosR gene, Rv2004c of M. tuberculosis

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 712

23. Rengarajan J, Bloom BR, Rubin EJ. Genome-wide requirements for 
Mycobacterium tuberculosis adaptation and survival in macrophages. Proc 
Natl Acad Sci U S A (2005) 102:8327–32. doi:10.1073/pnas.0503272102 

24. Hozumi H, Tsujimura K, Yamamura Y, Seto S, Uchijima M, Nagata T, et al. 
Immunogenicity of dormancy-related antigens in individuals infected with 
Mycobacterium tuberculosis in Japan. Int J Tuberc Lung Dis (2013) 17:818–24. 
doi:10.5588/ijtld.12.0695 

25. Rani PS, Doddam SN, Agrawal S, Hasnain SE, Sechi LA, Kumar A, et  al. 
Mycobacterium avium subsp. paratuberculosis is not discerned in diabetes 
mellitus patients in Hyderabad, India. Int J Med Microbiol (2014) 304:620–5. 
doi:10.1016/j.ijmm.2014.04.010 

26. Peddireddy V, Doddam SN, Qureshi IA, Yerra P, Ahmed N. A putative nit-
roreductase from the DosR regulon of Mycobacterium tuberculosis induces 
pro-inflammatory cytokine expression via TLR2 signaling pathway. Sci Rep 
(2016) 6:24535. doi:10.1038/srep24535 

27. Peddireddy V, Doddam SN, Ahmed N. Mycobacterial dormancy systems 
and host responses in tuberculosis. Front Immunol (2017) 8:84. doi:10.3389/
fimmu.2017.00084 

28. World Health Organization (WHO). WHO | Global Tuberculosis Report 2016. 
Geneva: World Health Organization (2016).

29. Zumla A, Raviglione M, Hafner R, von Reyn CF. Tuberculosis. N Engl J Med 
(2013) 368:745–55. doi:10.1056/NEJMra1200894 

30. Velayati AA, Abeel T, Shea T, Konstantinovich Zhavnerko G, Birren B, Cassell 
GH, et al. Populations of latent Mycobacterium tuberculosis lack a cell wall: iso-
lation, visualization, and whole-genome characterization. Int J Mycobacteriol 
(2016) 5:66–73. doi:10.1016/j.ijmyco.2015.12.001 

31. He H, Yang H, Deng Y. Mycobacterium tuberculosis dormancy-associated anti-
gen of Rv2660c induces stronger immune response in latent Mycobacterium 
tuberculosis infection than that in active tuberculosis in a Chinese pop-
ulation. Eur J Clin Microbiol Infect Dis (2015) 34:1103–9. doi:10.1007/
s10096-015-2335-8 

32. Drennan MB, Nicolle D, Quesniaux VJF, Jacobs M, Allie N, Mpagi J, et al. 
Toll-like receptor 2-deficient mice succumb to Mycobacterium tuberculosis 
infection. Am J Pathol (2004) 164:49–57. doi:10.1016/S0002-9440(10)63095-7 

33. Gopalakrishnan A, Salgame P. Toll-like receptor 2 in host defense against 
Mycobacterium tuberculosis: to be or not to be—that is the question. Curr Opin 
Immunol (2016) 42:76–82. doi:10.1016/j.coi.2016.06.003 

34. Hertz CJ, Kiertscher SM, Godowski PJ, Bouis DA, Norgard MV, Roth MD, 
et al. Microbial lipopeptides stimulate dendritic cell maturation via toll-like 
receptor 2. J Immunol (2001) 166:2444–50. doi:10.4049/jimmunol.166.4.2444 

35. Thada S, Valluri VL, Gaddam SL. Influence of toll-like receptor gene poly-
morphisms to tuberculosis susceptibility in humans. Scand J Immunol (2013) 
78:221–9. doi:10.1111/sji.12066 

36. Rocha-Ramírez LM, Estrada-García I, López-Marín LM, Segura-Salinas E, 
Méndez-Aragón P, Van Soolingen D, et al. Mycobacterium tuberculosis lipids 

regulate cytokines, TLR-2/4 and MHC class II expression in human macro-
phages. Tuberculosis (Edinb) (2008) 88:212–20. doi:10.1016/j.tube.2007.10.003 

37. Kumar A, Lewin A, Rani PS, Qureshi IA, Devi S, Majid M, et al. Dormancy 
associated translation inhibitor (DATIN/Rv0079) of Mycobacterium tubercu-
losis interacts with TLR2 and induces proinflammatory cytokine expression. 
Cytokine (2013) 64:258–64. doi:10.1016/j.cyto.2013.06.310 

38. Nair S, Ramaswamy PA, Ghosh S, Joshi DC, Pathak N, Siddiqui I, et al. The 
PPE18 of Mycobacterium tuberculosis interacts with TLR2 and activates 
IL-10 induction in macrophage. J Immunol (2009) 183:6269–81. doi:10.4049/
jimmunol.0901367 

39. Torrado E, Cooper AM. Cytokines in the balance of protection and pathology 
during mycobacterial infections. Adv Exp Med Biol (2013) 783:121–40. 
doi:10.1007/978-1-4614-6111-1_7 

40. Roach DR, Bean AGD, Demangel C, France MP, Briscoe H, Britton WJ. TNF 
regulates chemokine induction essential for cell recruitment, granuloma 
formation, and clearance of mycobacterial infection. J Immunol (2002) 
168:4620–7. doi:10.4049/jimmunol.168.9.4620 

41. Flórido M, Appelberg R. Characterization of the deregulated immune activa-
tion occurring at late stages of mycobacterial infection in TNF-deficient mice. 
J Immunol (2007) 179:7702–8. doi:10.4049/jimmunol.179.11.7702 

42. Mayer-Barber KD, Barber DL, Shenderov K, White SD, Wilson MS, Cheever A, 
et al. Cutting edge: caspase-1 independent IL-1 production is critical for host 
resistance to Mycobacterium tuberculosis and does not require TLR signaling 
in vivo. J Immunol (2010) 184:3326–30. doi:10.4049/jimmunol.0904189 

43. Cooper AM, Solache A, Khader SA. Interleukin-12 and tuberculosis: an 
old story revisited. Curr Opin Immunol (2007) 19:441–7. doi:10.1016/j.
coi.2007.07.004 

44. Bashir N, Kounsar F, Mukhopadhyay S, Hasnain SE. Mycobacterium tuber-
culosis conserved hypothetical protein rRv2626c modulates macrophage 
effector functions. Immunology (2010) 130:34–45. doi:10.1111/j.1365-2567. 
2009.03196.x 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

The reviewer, TD, and handling editor declared their shared affiliation, and the 
handling editor states that the process nevertheless met the standards of a fair and 
objective review.

Copyright © 2017 Doddam, Peddireddy and Ahmed. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.0503272102
https://doi.org/10.5588/ijtld.12.0695
https://doi.org/10.1016/j.ijmm.2014.04.010
https://doi.org/10.1038/srep24535
https://doi.org/10.3389/fimmu.2017.00084
https://doi.org/10.3389/fimmu.2017.00084
https://doi.org/10.1056/NEJMra1200894
https://doi.org/10.1016/j.ijmyco.2015.12.001
https://doi.org/10.1007/s10096-015-2335-8
https://doi.org/10.1007/s10096-015-2335-8
https://doi.org/10.1016/S0002-9440(10)
63095-7
https://doi.org/10.1016/j.coi.2016.06.003
https://doi.org/10.4049/jimmunol.166.
4.2444
https://doi.org/10.1111/sji.12066
https://doi.org/10.1016/j.tube.2007.10.003
https://doi.org/10.1016/j.cyto.2013.06.310
https://doi.org/10.4049/jimmunol.0901367
https://doi.org/10.4049/jimmunol.0901367
https://doi.org/10.1007/978-1-4614-6111-1_7
https://doi.org/10.4049/jimmunol.168.9.4620
https://doi.org/10.4049/jimmunol.179.11.7702
https://doi.org/10.4049/jimmunol.0904189
https://doi.org/10.1016/j.coi.2007.07.004
https://doi.org/10.1016/j.coi.2007.07.004
https://doi.org/10.1111/j.1365-2567.2009.03196.x
https://doi.org/10.1111/j.1365-2567.2009.03196.x
http://creativecommons.org/licenses/by/4.0/

	Mycobacterium tuberculosis DosR Regulon Gene Rv2004c Encodes a Novel Antigen with Pro-inflammatory Functions and Potential Diagnostic Application for Detection of Latent Tuberculosis
	Introduction
	Materials and Methods
	Cohort Characteristics and Blood Samples
	Cloning, Expression, and Purification of Rv2004c
	Generation of Rv2004c-Specific Polyclonal Antibody
	Indirect ELISA with Latent and Active TB Sera Samples
	Rv2004c and TLR-2 Interaction
	HEK-Blue TLR-2/TLR-4™ Reporter Assay
	Immunoprecipitation Assay

	Analysis of Surface Expression of TLR-2 by qRT-PCR and Flow Cytometry
	Cytokine Assays
	Western Blot Analysis
	Statistical Analysis

	Results
	Rv2004c is Specifically Recognized in LTBI Compared to that of PTB and HC Cohorts
	Rv2004c Interacts with TLR-2 Surface Receptor
	Rv2004c Upregulates TLR-2 Expression
	Rv2004c Induces Pro-inflammatory Response

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


