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Immunologic evaluation and validation of methods
using synthetic peptides derived from Mycobacterium tuberculosis
for the diagnosis of tuberculosis infection
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The goal of this study was to demonstrate the usefulness of an enzyme-linked immunosorbent assay (ELISA) for
the serodiagnosis of pulmonary tuberculosis (PTB) and extrapulmonary TB (EPTB). This assay used 20 amino acid-
long, non-overlapped synthetic peptides that spanned the complete Mycobacterium tuberculosis ESAT-6 and Ag85A
sequences. The validation cohort consisted of 1,102 individuals who were grouped into the following five diagnostic
groups: 455 patients with PTB, 60 patients with EPTB, 40 individuals with non-EPTB, 33 individuals with leprosy
and 514 healthy controls. For the PTB group, two ESAT-6 peptides (12033 and 12034) had the highest sensitivity
levels of 96.9% and 96.2%, respectively, and an Ag854-peptide (29878) was the most specific (97.4%) in the PTB
groups. For the EPTB group, two Ag85A peptides (11005 and 11006) were observed to have a sensitivity of 98.3%
and an Ag85A4-peptide (29878) was also the most specific (96.4%). When combinations of peptides were used, such
as 12033 and 12034 or 11005 and 11006, 99.5% and 100% sensitivities in the PTB and EPTB groups were observed,
respectively. In conclusion, for a cohort that consists entirely of individuals from Venezuela, a multi-antigen immu-
noassay using highly sensitive ESAT-6 and Ag85A peptides alone and in combination could be used to more rapidly
diagnose PTB and EPTB infection.
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The World Health Organization (WHO) lists tuber-
culosis (TB) as the most important fatal infection world-
wide (WHO 2009). The development of a new diagnos-
tic test for TB infection is an important component of
the Global Plan to Stop TB and the WHO Stop TB Strat-
egy. In 2005 alone, an estimated 8.8 million individu-
als were infected with TB and 1.6 million people died
of the disease (WHO 2009). Importantly, less than one
half of the total 8.8 million estimated cases were diag-
nosed as smear-positive; the diagnosis of smear-negative
patients has proven to be more challenging. Currently, a
definitive diagnosis of both pulmonary TB (PTB) and
extrapulmonary TB (EPTB) relies on the time consum-
ing culture of mycobacteria. A vast majority of TB cases
occur in developing countries that have limited resourc-
es. Rapid, inexpensive diagnostic tests would aid these

Financial support: CDCH/UCV-PI 09-00-6256-2007, LOCTI-02-
2009/04-2010

+ Corresponding author: zaraujogarcia@yahoo.com

Received 8 February 2012

Accepted 7 November 2012

countries in limiting the spread of infection within their
communities (WHO 2009). In addition, molecular meth-
ods based on nucleic acid amplification to diagnose TB
infection are rapid, highly specific and more sensitive
than microscopic examination of smears, but are less
sensitive compared to culture assays for smear-negative
TB cases (Abebe et al. 2007).

Serological tests that rely on the detection of anti-
bodies against Mycobacterium tuberculosis-specific an-
tigens possess several advantages: they are simple, inex-
pensive and feasible for the diagnosis of TB. Potential M.
tuberculosis antigens were recently reviewed in a meta-
analysis. A total of 254 studies were identified that en-
compassed nine native proteins, 27 recombinant proteins,
15 lipid-derived antigens and 30 combination antigen
targets. These results indicated that highly specific tests
frequently exhibited poor sensitivity, which limited the
use of these antigens when a single antigen was used in
the assay (Steingart et al. 2009). Recently, there has been
renewed interest in the development of antibody-based
diagnostic assays that utilise multiple antigens to achieve
high sensitivity and specificity (Abebe et al. 2007). Many
attempts to develop a serologic TB test have been made.
These assays need to discriminate active from latent in-
fection, avoid cross-reactivity with Bacillus Calmette-
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Guérin (BCG) or non-tuberculous mycobacteria and be
inconsistent and specific in genetically and immunologi-
cally diverse populations (Abebe et al. 2007, Ireton et
al. 2010). Serodiagnosis of TB has long been the subject
of investigation. Several enzyme-linked immunosorbent
assays (ELISA) have been attempted and result in large
variability depending on whether antigen alone or a pool
of antigens was used, the immunoglobulin (Ig) class or
subclass measured and the Mycobacterium tuberculosis
strain used (Chiang et al. 1997, Turneer et al. 1998, Pot-
tumarthy et al. 2000, Raja et al. 2002, Conde et al. 2004,
Mabey et al. 2004, Gupta et al. 2005). This indicates that
more optimal antigens have yet to be tested or that there
is a differential antibody response as a result of ethnic
genetic variation (Lyashchenko et al. 1998, Demkow et
al. 2004, Araujo et al. 2008). A successful serodiagnostic
test for TB hinges on the capacity of the assay to detect
the pauci and multibacillary forms of TB, paediatric TB
cases and TB-infected patients coinfected with human
immunodeficiency virus (HIV) (Mabey et al. 2004, Ti-
wari et al. 2007). Many reports have proposed utilising
several combinations of antigens or specific antibodies
for a serological assay for the diagnosis of TB (Araujo et
al. 2004, Kumar et al. 2008, He et al. 2011).

Proteins that are actively secreted during culture on
synthetic media are of particular interest. At least eight
proteins secreted by M. tuberculosis have been isolated
and characterised. Of these proteins, the ESAT-6 and the
Ag85 complexes (Ag85c¢) have been tested to determine
their accuracy and consistency for use in a diagnostic as-
say for TB infection (Wiker & Harboe 1992, Lopez-Vid-
al et al. 2004). M. tuberculosis ESAT-6 antigen is small
[~100 amino acids (aa), an apparent molecular mass of
6 kDa], highly immunogenic and has been shown to in-
duce antibody production. Therefore, it is plausible that
the detection of a humoral response to ESAT-6 may play
a fundamental role in the identification of individuals
that have been exposed to TB recently and have an in-
creased risk of disease in endemic areas (Harboe 1998,
Lopez-Vidal et al. 2004). Often, the Ag85c¢ proteins are
the most common proteins identified in M. tuberculosis
culture supernatants. The 85A (31 kDa), 85B (30 kDa)
and 85C (31.5 kDa) proteins are encoded by three genes
that are located at different sites in the mycobacterial
genome. These proteins have extensive cross-reactivity
and homology at the aa and gene levels (Wiker & Har-
boe 1992). For these three proteins, immunological re-
activity has been reported in TB-infected patients and
in healthy controls (HC) and the antibody responses
to the 85B and 85A proteins in infected patients were
observed to be significantly higher compared to the
antibody response to the 85C protein (Weldingh et al.
2005). Because the diagnoses of EPTB, TB-HIV coin-
fection, childhood TB and sputum smear-negative PTB
are extremely challenging, this study aimed to assess the
serodiagnostic potential of synthetic peptide antigens
that spanned the complete sequence of M. tuberculosis
ESAT-6 and Ag85A proteins for the rapid diagnosis of
PTB and EPTB in a majority of patients studied and at
an accepted cost-benefit ratio.

PATIENTS, MATERIALS AND METHODS

Study population - In a previous study, a prospective
ELISA trial was performed using 22 different peptides
to analyse 95 serum samples (50 adult patients with pul-
monary disease and 45 HC), which allowed the selection
of peptides that were observed to have better sensitivity
and specificity for validation. In this study, the validation
set consisted of a total of 1,102 samples. The experimen-
tal group consisted of 455 samples from patients with
PTB and 60 samples from patients with EPTB, which
included 41 from patients with tuberculous pleural ef-
fusion, six from patients with renal TB, eight from pa-
tients with lymph node TB, one from a patient with cu-
taneous TB, two from patients with TB meningitis, one
from a patient with miliary TB and one from a patient
with abdominal TB. The control group (CT) consisted
of 587 individuals, 514 of whom were HC. Thirty-three
individuals were infected with leprosy (LP). Of the total
LP samples, 11 were from patients with lepromatous LP,
eight from patients with borderline LP, 10 from patients
with borderline tuberculoid LP, two from patients with
tuberculoid LP and two from patients with borderline LP
(the CT group includes the HC and LP groups). Of the
CT group, 40 samples were obtained from patients with
non-EPTB (NEPTB), including 14 from patients with
non-tuberculous pleural effusion or malignant pleural
effusions, 11 from patients with parapneumonic exu-
dates, 10 from patients with transudates and five from
patient miscellaneous exudates (the NEPTB group).

Inclusion criteria for individuals with progressive
TB prior to treatment - Similar to criteria that have been
previously published (Kudoh & Kudoh 1974), PTB was
diagnosed using any one of the following criteria: (i) M.
tuberculosis staining positive for acid-fast bacilli (Ziehl-
Neelsen dye) and isolated from the sputum by culture
and (ii) non-stainable acid-fast bacilli in the smear but
M. tuberculosis isolated from the sputum by culture.

All patients who were included in the study were
undergoing thoracentesis for diagnostic purposes by the
Department of Pneumology of the Caracas Vargas Hos-
pital. A diagnosis of TB pleural effusions was made in
these patients. Pleural fluid and biopsy samples that were
simultaneously obtained from patients after thoracen-
tesis were subjected to cytological and microbiological
(including mycobacteriological) culture and cytokine as-
says. Pleural biopsies were performed only when the ac-
id-fast bacillus staining (smear) or the culture of pleural
fluid to detect M. tuberculosis were negative. As recently
suggested by the National TB Program (Fernandez de
Larrea et al. 2011), EPTB was diagnosed by the following
criteria: (i) M. tuberculosis isolated from pleural effusion
by culture, (ii) pleural biopsy indicating granulomatous
inflammation in addition to positive acid-fast bacilli
staining, (iii) pleural biopsy indicating granulomatous
inflammation, negative acid-fast bacilli stain and either
positive sputum culture for M. tuberculosis or good ra-
diographic response to anti-TB treatment and (iv) no his-
tological or bacteriological confirmation, but alternative
diagnoses were excluded in addition to good clinical and
radiographic response to anti-TB treatment.
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Inclusion criteria for controls - HCs living in Caracas
consisted of laboratory staff and medical student volun-
teers who were negative for HIV and active TB infec-
tions, as determined by blood tests and X-rays, respec-
tively. Individuals with malignant pleural effusions were
diagnosed by pleural effusion cytology or by biopsy. Mis-
cellaneous pleural effusions were determined to be those
not linked to infection or malignant disease. Patients with
LP were clinically and histologically diagnosed accord-
ing to the classification of Ridley and Jopling (1966). The
CT groups included individuals with or without the pres-
ence of BCG scars. The tuberculin skin test (TST) was
performed according to international standards and the
existing norms of the Venezuelan Program of Tubercu-
losis Control (Arnadottir et al. 1996, MSDS 2006) for all
of the individuals utilised for this study. Two tuberculin
units of M. tuberculosis RT-23 purified protein derivative
(PPD) from the Statens Serum Institute in Copenhagen,
Denmark were used for the TST test. An individual was
determined to be TST" if an induration with a diameter
> 10 mm was observed 48 h post-test. The CT groups
included TST" and TST individuals.

Treatment was initiated for all patients with micro-
biological evidence that was suggestive of TB infection
and for whom positive bacilloscopy or culture was deter-
mined. Clinical and nutritional follow-up was performed
for six months after anti-TB drug treatment to evaluate
the treatment regimen. All of the patients were con-
firmed to be HIV-negative. Individuals with or without
the presence of BCG scars were included in the study.

Ethics - This study was approved by the Ethical
Committee of the Biomedicine Institute and the Cara-
cas Vargas Hospital (protocol CDCH-6256-06/LOCTI-
02-2009/12/03/08). Written informed consent was pro-
vided and voluntarily signed by all individuals enrolled
in the study.

Synthetic peptide, recombinant ESAT-6 (rESAT-6)
and Ag85c¢ - Because it has been shown that 3-5 aa con-
tribute strongly to the antigen-antibody binding within
a linear B-cell epitope (Cunningham & Wells 1993), up
to six antibody-binding sites are expected in a single
20-mer peptide. Twenty aa-long, non-overlapping syn-
thetic peptides that corresponded to the full lengths of
ESAT-6 and Ag85A were synthesised and used as sin-
gle-peptide antigens (Fundacion Instituto de Immuno-
logia de Colombia, Bogota, Colombia). The following
5 ESAT-6-peptides were synthesised: P1 (12033, 1-20;
MTEQQWNFAGIEAAASAIQG), P2 (12034, 21-40;
NVTSIHSLLDEGKQSLTKLA), P3 (12035, 41-60;
AAWGGSGSEAYQGVQQKWDA), P4 (12036, 61-80;
TATELNNALQNLARTISEAG) and P5 (12037, 76-
95; ISEAGQAMASTEGNVTGMFA). There were 17
Ag85A peptides synthesised as follows: P1 (29878, 1-22;
MQLVDRVRGAVTGMSRRLVVGAY), P2 (29879, 23-
43; VGAALVSGLVGAVGGTATAGAY), P3 (10993, 44-
63; FSRPGLPVEYLQVPSPSMGR), P4 (10994, 64-83;
DIKVQFQSGGANSPALYLLD), P5 (10995, 84-104;
GLRAQDDFSGWDINTPAFEWY), P6 (10996, 104-123;
YDQSGLSVVMPVGGQSSFYS), P7 (10997, 124-143;
DWYQPACRKAGCQTYKWETF), P8 (10998, 144-163;

LTSELPGWLQANRHVKPTGSY), P9 (10999, 164-182;
AVVGLSMAASSALTLAIYH), P10 (11000, 183-203;
PQQFVYAGAMSGLLDPSQAMG), P11 (29880, 204-
223; PTLIGLAMGDAGGYKASDMW), P12 (11002,
224-243; GPKEDPAWQRNDPLLNVGKLY), P13
(11003,244-263; IANNTRVWVYCGNGKPSDLG), P14
(11004, 264-283; GNNLPAKFLEGFVRTSNIKFY), P15
(11005, 284-303; QDAY NAGGRHNGVFDFPDSG), P16
(11006, 304-322; THSWEY WGAQLNAMKPDLQ) and
P17 (29881, 320-338; DLQRALGATPNTGPAPQGAY).
Peptides were synthesised based on the aa sequences of
M. tuberculosis ESAT-6 and Ag85A using a solid-phase
multiple-peptide system (Merrifield 1963, Tam & Heath
1983, Houghten 1985). rESAT-6) antigen was obtained
from Statens Serum Institute (Copenhagen, Denmark).
The Ag85c was procured from the Mycobacteria Re-
search Laboratories (Colorado State University, USA).

Serologic assays - The serum IgG levels that were re-
active against rESAT-6, ESAT-6 peptides and the Ag85c¢
and Ag85A peptides were determined by an ELISA as pre-
viously described (Araujo et al. 2008). Briefly, serum was
isolated from venous blood obtained from HC individuals
and patients. Ninety-six-well microtitre plates (Immuno-
lon, Birmingham, UK) were coated with the following (1
ug/well): rESAT-6 antigen and the Ag85¢ or the ESAT-6
and Ag85A synthetic peptides. Immunoenzymatic assays
were performed and standardised for the measurement of
reactive antibodies (IgG). After standardisation, serum
samples were diluted at 1:200. After incubation, plates
were then incubated with an anti-IgG peroxidase-conju-
gated monoclonal antibody (Promega Corporation, USA).
Plates were washed four times and a substrate solution
consisting of citrate buffer (pH 5.0), H202 30% and 10
mg ortho-phenylenediamine dihydrochloride (Sigma-Al-
drich) was added. The plates were incubated for 6 min at
room temperature and colour development was measured
using an ELISA microplate reader at 492 nm.

Statistical analysis - Receiver operating character-
istic (ROC) curves were utilised to analyse the diag-
nostic information of each method by comparing the
area under the curve (AUC), cut-off values, sensitivity,
specificity, predictive values and the likelihood ratio.
Comparisons of average age between groups were per-
formed using the Student’s 7 test and Fisher’s exact test
to compare differences between individuals who were
positive and negative for the TST. Differences between
isotype reactivities were compared between groups us-
ing the Mann-Whitney U test. A scattergram was plotted
using GRAPHPAD Prism v5.02 software (Trial version,
GraphPad Software, Inc, San Diego, CA, USA). Statisti-
cally significant differences were those determined to
have a p value < 0.05.

RESULTS

Gender, age and BCG vaccination - There was a
statistically significant difference in gender for the PTB
group, with 267/455 being female and 188/455 being male
(p <0.0001). A significant difference was also observed
for the EPTB group, with 45/60 being female and 15/60
being male (p < 0.0001) (Table I). Statistically significant
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differences also existed between the numbers of females
and males in the HC group, with 200/514 being female
and 313/514 being male (p < 0.0001) and for the NEPTB
group, with 25/40 being female and 15/40 being male (p
< 0.04) (Table I). There was no statistically significant
difference in the average ages of individuals between the
patient and CT groups (Table I). Both patients and HC <
20 years of age were more likely to have received BCG
vaccination as either neonates and/or during childhood
as part of the increasingly effective Venezuelan National
BCG Vaccination Program (data not shown).

Bacteriological and immunological studies - Table
I provides information about the bacteriological and tu-
berculin skin tests performed in this study. Either smear
alone or smear in addition to culture analysis were per-
formed for HC, NEPTB-infected patients and LP patients
(Table I). The skin reactivity test was performed to study
delayed-type hypersensitivity. Greater than 10 mm reac-
tions were considered to be positive. Statistically signifi-
cant differences in the percentages of patients that were
TST* were observed between the PTB and EPTB groups
(p < 0.0001) and between the HC group and both the
NEPTB (p <0.0001) and LP groups (p < 0.002) (Table I).

Optical density (OD) distribution and ROC analysis -
The analysis of ROC curves and the mean =+ the standard
deviations of OD 492 distributions are shown in Figs 1, 2.
Evaluation of the IgG reactivity against peptides 12033,
12034 and 12037 revealed significantly higher anti-pep-
tide IgG reactivities in the PTB group (0.436 + 0.267,
0.500 £ 0.292 and 0.504 + 0.283) when compared to the
CT group (0.338 +0.240, 0.391 £ 0.256 and 0.391 £ 0.197)
(p <0.0001) (Fig. 1A). Cut-off values for peptides 12033
[AUC = 0.554; 95% confidence interval (CI), 0.448-
0.657], 12034 (AUC = 0.688; 95% CI, 0.584-0.779) or
12037 (AUC = 0.529; 95% CI, 0.423-0.633) were > 0.113,
>0.143 and > 0.716, respectively (Fig. L A). For Ag85A, the
IgG reactivities against peptides 10994 and 10998 were
significantly higher for the PTB group (0.471 + 0.265 and
0.453 + 0.318) when compared to the CT group (0.402 +

0.252 and 0.343 + 0.250) (p < 0.0001) (Fig. 1B). Cut-off
values for peptides 29878 ((AUC = 0.526; 95% CI, 0.420-
0.630), 10994 (AUC = 0.692; 95% CI, 0.588-0.783) and
10998 (AUC = 0.591; 95% CI, 0.485-0.691) were < 0.083,
>(0.401 and > 0.261, respectively (Fig. 1B).

The IgG reactivity against ESAT-6 peptide 12035 was
significantly higher in the EPTB group (0.496 + 0.293)
when compared to the NEPTB group (0.372 +0.245) (p <
0.04) (Fig. 2A). Cut-off values for peptides 12033 (AUC
= 0.520; 95% CI, 0.386-0.652), 12035 (AUC = 0.662;
95% Cl, 0.527-0.780) and 12037 (AUC = 0.572; 95% CI,
0.436-0.700) were > 0.276, > 0.331 and > 0.223, respec-
tively (Fig. 2A). Ag85A peptide 11006 was observed to
have a significantly higher anti-peptide IgG response in
the EPTB group (0.384 + 0.148) when compared to the
NEPTB group (0.297 £ 0.183) (p < 0.002). In contrast,
the IgG reactivity was significantly higher against pep-
tide 10997 in the NEPTB group (0.451 + 0.241) when
compared to the EPTB group (0.306 £ 0.140) (p < 0.001).
Cut-off values for peptides 10997 (AUC = 0.620; 95%:
CI; 0.484-0.743), 11004 (AUC = 0.523; 95% CI, 0.389-
0.655), 11005 (AUC = 0.514; 95% CI, 0.381-0.647),
11006 (AUC = 0.529; 95% CI, 0.395-0.660), 29878 (AUC
=0.551; 95% CI, 0.416-0.681) and 29880 (AUC = 0.529;
95% CI; 0.395-0.660) were < 0.526, < 0.496, < 0.741, >
0.156, < 0.244 and > 0.214, respectively (Fig. 2B).

For the Ag85c and rESAT-6 antigens, IgG reactiv-
ity was significantly higher against both antigens in the
PTB group (0.714 £ 0.308 and 0.435 + 0.203) when com-
pared to the CT group (0.326 + 0.186 and 0.192 + 0.113)
(p < 0.0001) (data not shown). Cut-off values of > 0.410
and > 0.248 were observed for the Ag85¢ (AUC = 0.872;
95% CI, 0.761-0.944) and rESAT-6 (AUC = 0.874; 95%
CI, 0.763-0.945) antigens, respectively.

Sensitivity and specificity - The sensitivities and
specificities of the different ELISA tests for the PTB
and EPTB groups are illustrated in Table II. For the PTB
group, the sensitivity ranged from 9% (peptide 12037)
to 96.9% (peptide 12033) and the specificity ranged

TABLE I

Age and gender characteristics and immunological and bacteriological markers

Marker PTB EPTB HC NEPTB LP
Age (years) 38.6 £24.8 347+16.9 353+21.2 51+194 28 +21.4
Male (%) 41.3 25 60.9 375 42.4
TST* (%) 93.7 50° 42.1¢ 17.5¢ 60.6¢
Smear* (%) 64 20 0 0 0
Smear”+ culture” (%) 100 70 0 0 0

a, b: p<0.0001; ¢, d: p<0.0001; d, e: p<0.002. Age results are shown as mean =+ standard deviation. Serum samples were col-
lected from adult patients with a confirmed tuberculosis (TB) diagnosis according existing norms in the Venezuelan Program
of Tuberculosis Control. Volunteers in whom human immunodeficiency virus and active TB were ruled out by blood tests and
X-rays, respectively. Tuberculin skin test (TST)* status was defined for an induration with a diameter equal or superior to 10
mm after 48 h of the test. There was a statistically significant differences between feminine and masculine groups in PTB (p
< 0.0001), EPTB (p < 0.0001), HC (p < 0.0001) and NEPTB (p < 0.04) and also between a and b, ¢ and d and d and e. EPTB:
extrapulmonary TB; HC: healthy controls; LP: leprosy; NEPTB: non-EPTB.
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from 14.1% (peptide 12033) to 97.4% (peptide 29878)
(Table II). For the EPTB group, the sensitivity ranged
from 21.6% (peptide 29878) to 98.3% (peptides 11005
and 11006) and the specificity ranged from 15% (peptide
11005) to 96.4% (peptide 29878) (Table II).

Of all of the antigen and combinations studied, four
tests allowed the detection of infection in the largest
number of patients with high levels of sensitivity. For
the PTB and EPTB groups, combinations of two ESAT-
6-peptides (peptides 12033 and 12034) or two Ag85A-
peptides (peptides 11005 and 11006) yielded sensitivities
of 99.5% and 100%, respectively, but respective speci-
ficity levels dropped to 10.2% and 2.5% (Table II). Tests
that included recombinant antigens, such as Ag85c and
rESAT-6, were observed to have sensitivities of 85% and
95%, respectively. These sensitivities were lower com-
pared to the use of the peptide combinations 12033/12034
or 11005/11006 (Table II).

DISCUSSION

This study was focused on the use of ESAT-6 and
Ag85A synthetic peptides to improve the early diagnosis
of patients infected with PTB and EPTB. Initial ELISA
screens identified 13 peptides out of 22 that had accept-
able accuracies for diagnosing TB infection. These high-
ly sensitive and specific peptides were further studied
and validated in a larger panel of 515 patient samples and
587 HC serum samples. For the PTB group, the overall
sensitivities of the six immunological peptides ranged
from 9.02-96.9%. Two peptides exhibited high sensitivi-
ties: peptide 12033 (96.9%) and peptide 12034 (96.2%)).
For the EPTB group, the overall sensitivities of the seven
peptides that were validated ranged from 21.6-98.3%.
Two peptides, 11005 and 11006, had high sensitivities
(98.3%) and peptide 29878 exhibited even higher speci-
ficity (specificities of 97.4% and 96.4% for the PTB and
EPTB groups, respectively). Moreover, combinations of
peptides indicated that ESAT-6-peptides 12033/12034 and
Ag85A-peptides 11005/11006 exhibited maximum sensi-
tivities of 99.5% and 100%, respectively, which allowed
the detection of the largest number of PTB and EPTB
patients. The latter results, which demonstrated high IgG
reactivities against synthetic peptides that covered the
complete sequences of ESAT-6 and Ag85A, are in agree-
ment with a study indicating that the immunogenicity
of synthetic peptides is a result of the peptide’s capacity
to elicit anti-peptide antibodies that cross-react with the
cognate, intact protein (Van Regenmortel 2001).

For statistical analysis, the narrower the CI, the more
precise the value is for multiple comparisons. Within this
context, the sensitivities of five tests, including the 12033
and 12034 peptide tests, the rESAT-6 antigen, Ag85c¢ an-
tigen and the 12033/12034 combination peptide test, were
equivalent because the Cls overlapped. The combina-
tion test was observed to have the highest sensitivity at
99.5%. The 10994, 10998, 12037 and 29878 peptide tests
were also equivalent; peptide 29878 exhibited the highest
specificity at 97.4%. Because LP is also a mycobacterial
infection, the specificity of the assays could be affected by
cross-reactivity with Mycobacterium leprae. However, it
was demonstrated that the specificity was not affected by
including serum from patients with LP in this study.

To control the spread of PTB, effective vaccination
and accurate early diagnosis of the disease are critical.
It has been estimated that a rapid and widely available
diagnostic test with 85% sensitivity and 95% specific-
ity would result in 400,000 fewer deaths each year and
would reduce the spread of TB (Ireton et al. 2010). These
sensitivities and specificities are lower than those report-
ed in the tests in this study using peptides 12033 (96.9%),
12034 (96.2%) and 29878 (97.4%) and the combination of
peptides 12033/12034 (99.5%). The diagnosis of TB-HIV
coinfection, childhood TB and sputum smear-negative
PTB infection still poses serious challenges. The mor-
phological identification of acid-fast bacilli in sputum
smears is a faster but less-sensitive method compared to
culture because it requires a higher number of organisms
(roughly 50% of cases are positive overall) and is labour-
intensive (Gupta et al. 2005). This underscores the need
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Fig. 1: analysis of receiver operating characteristic and comparison of
the optical density (OD) distribution are shown between patient with
pulmonary tuberculosis (PTB) and control group (CT) (composed by
health control and leprosy groups). A: antibody reactivity to ESAT-6
peptides: 12033 peptide [PTB (o) and CT (m)], cut-off (<») > 0.113,
12034 peptide [PTB (a) and CT (v)], cut-off («») > 0.143, 12037 pep-
tide [PTB () and CT (0)], cut-off («—) > 0.716. *, **, ***: the signifi-
cance between PTB and CT groups, p < 0.0001; B: antibody reactivity
to Ag85A peptides: 28978 peptide [PTB (o) and CT (m)], cut-off («>)
<= 0.083, 10994 peptide [PTB (a) and CT (v)], cut-off («-) > 0.401,
10998 peptide [PTB (#) and CT (0)], cut-off («=) > 0.261. *, **: the
significance between PTB and CT groups, p < 0.0001.
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for a rapid, sensitive diagnostic test that could confirm
TB infection and help in TB control efforts. In our study,
the majority of sputum smear-negative patients with PTB
were observed to have antibodies that were highly sen-
sitive against ESAT-6 peptides (12033 and 12034). Ad-
ditionally, the sensitivities of these peptides, especially
in combination, were higher compared to the classical
smear assay (sensitivity, 64%). Recently, monoclonal an-
tibodies were generated against the M. tuberculosis-spe-
cific antigen ESAT-6, resulting in an ESAT-6-specific
ELISA that yielded a specificity of 100% and a sensi-
tivity of 95.4% (Feng et al. 2011). These data correlate
well with our findings when using this antigen. However,
the sensitivity achieved using rESAT-6 was lower (95%)
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Fig. 2: analysis of receiver operating characteristic and comparison of
the optical density (OD) distribution are shown between patients with
extrapulmonary tuberculosis (EPTB) and non-EPTB. A: antibody re-
activity to ESAT-6 peptides: 12033 peptide [EPTB (o) and NEPTB
(m)], cut-off («>) > 0.276, 12035 peptide [EPTB (a) and NEPTB (v)],
cut-off («») > 0.331, 12037 peptide [EPTB (#) and NEPTB (0)], cut-
off («») > 0.223. Asterisk means the significance between EPTB and
NEPTB groups, p < 0.04; B: antibody reactivity to Ag85A peptides:
10997 peptide [EPTB (o) and NEPTB (m)], cut-off («») <= 0.526,
11004 peptide [EPTB (a) and NEPTB (v)], cut-off («») <= 0.496,
11005 peptide [EPTB (#) and NEPTB (0)], cut-off («») <= 0.741,
11006 peptide [EPTB (@) and NEPTB (a)], cut-off («») > 0.156,
29878 peptide [EPTB (v) and NEPTB ({)], cut-off (<) <= 0.244,
29880 peptide [EPTB (#) and NEPTB (x)], cut-off («) > 0.214. *:
the significance between NEPTB and EPTB groups, p <0.001; **: the
significance between EPTB and NEPTB groups, p < 0.002.

compared to the ESAT-6 peptides. Thus, we developed a
new diagnostic test for PTB using ESAT-6 peptides that
is acceptable, easy and cost-effective. Conversely, very
limited information about the difference in the humoral
immune responses against each of the three components
of the native Ag85¢ is available because these antigens
are difficult to purify in large amounts by standard bio-
chemical techniques. A monoclonal antibody was also
generated against the Ag85¢ and the antigen was found
in the sputum of patients with PTB (Wallis et al. 1998)
and in patients with EPTB. A study performed using ce-
rebrospinal fluid indicated that an indirect ELISA test
using monoclonal antibodies against the Ag85¢ yielded
82% sensitivity and 86% specificity (Kashyap et al.
2007). In this study, the Ag85c test (Ag85c¢) reached 85%
sensitivity and 77.5% specificity and the Ag85A peptide
tests achieved better sensitivity and specificity when
compared to Ag85c: peptides 11005 and 11006 had a sen-
sitivity of 98.3% for the EPTB group and peptide 29878
exhibited specificities of 97.4% and 96.4%, for the PTB
and EPTB groups, respectively.

After statistical analysis for the EPTB group, the sen-
sitivities of the tests using peptides 11005, 11006, 29880,
10997, 11004, 12033 and 12035 and the 11005/11006 com-
bination were not statistically different. Peptide test 12035
was observed to have the highest sensitivity (100%). Af-
ter statistical analysis of the specificity, no statistically
significant differences were observed for peptides 11005,
11006, 29880, 10997, 11004, 12033, 12035, 12037 and
29878. Peptide 29878 was observed to have the highest
specificity (96.4%). These data are promising and allow
us to suggest that these peptide tests are useful as com-
plementary tests to exclude patients who are not infected
and to rapidly diagnose patients with EPTB. However,
difficulties in diagnosing EPTB exist. Sample cultures
take several weeks and in many cases, the diagnosis takes
a long time (Honore et al. 2001). This results in many pa-
tients being lost to follow-up. Other tests, such as biopsy,
the polymerase chain reaction-based methods and the
identification of enzymes, such as adenosine deaminase
and cytokines, such as interferon-y (IFN-y) and tumour
necrosis factor-a, in the serum have been designed to im-
prove diagnosis. However, these procedures are not per-
formed routinely in many developing countries (Valdes
et al. 1993). For the diagnosis of EPTB, IFN-y identifica-
tion in the pleural effusion for TB pleuritis patients has
emerged as an alternative to the identification of [IFN-y in
the serum because pleural IFN-y determination is a sen-
sitive and specific test for the diagnosis of TB pleuritis.
The measurement of cytokine levels in pleural effusion
was found to be useful in the diagnosis of the patients
with EPTB because the level of pleural IFN-y in patients
with EPTB was high and had elevated diagnostic useful-
ness (Aoe et al. 2003, Fernandez et al. 2011). Therefore,
the combined analysis of cytokine levels and humoral
reactivity against the combination 11005/11006 peptide
test should be analysed in parallel with clinical tests. This
process could represent a fast and effective diagnostic al-
gorithm for improving diagnosis prior to bacterial cul-
ture. Treatment for TB infection could be initiated more
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rapidly or cytological and pleural biopsy could be consid-
ered. In addition, while the IFN-y release assay (IGRA),
which detects IFN-y secreted by T-cells in response to
M. tuberculosis antigens, has emerged as a specific, al-
ternative test, it is important to investigate whether the
IGRA test could be of increased value in the diagnosis
of EPTB as compared to the pleural IFN-y test. Utilising
a combination of tests, such as a serological test and the
IFN-y test, may be complementary and could improve
the sensitivity or specificity of EPTB diagnosis.

Few studies have been reported that utilise an ELISA
for the detection of antibodies that are reactive against
M. tuberculosis synthetic peptides. A study that charac-
terised the ESAT-6 B-cell epitopes for use in an ELISA
supports the use of ESAT-6 synthetic peptides instead of
rESAT-6 (Lopez-Vidal et al. 2004). Because of the high
sensitivities observed, both with ESAT-6 peptides and
with Ag85A peptides, we suggest that using these pep-
tides in ELISA tests could be promising for the diagnosis
of PTB and EPTB infection.

Our results indicated that patients with PTB reacted
significantly to residues in the hydrophilic region of the
ESAT-6 protein (Harboe 1998). This hydrophilic region
appears in two of the five ESAT-6 peptides that were
tested: the 12033 and 12034 peptides, which consisted

of residues 1-220 (MTEQQWNFAGIEAAASAIQG) and
21-40 (NVTSIHSLLDEGKQSLTKLA), respectively.
The latter did not correlate with findings that were re-
ported in Mexican patients infected with TB: high IgG
reactivity against residues 61-80 (TATELNNALQN-
LARTISEAG) was observed (Lopez-Vidal et al. 2004).
Therefore, these data could indicate that heterogeneity
in the antibody response between populations could ex-
ist in response to antigen. With regard to Ag85A pep-
tides, patients with EPTB reacted significantly against
Ag85A peptides (11005 and 11006) that contained resi-
dues 284-303 (QDAYNAGGRHNGVFDFPDSG) and
304-322 (THSWEYWGAQLNAMKPDLQ). The ma-
jority of epitopes are discontinuous epitopes that typi-
cally contain segments of contiguous residues that are
able to bind antibody (Van Regenmortel 2001). This
was observed for four of the 22 synthetic peptides that
were analysed in this study: ESAT-6 peptides 12033 and
12034 for PTB infection and Ag85A peptides 11005 and
11006 for EPTB infection. Thus, in the case of EPTB
compared to PTB, heterogeneity in the recognition of
antigen exists between Venezuelan individuals infected
with TB. This heterogeneity must be taken into account
to develop antibodies for use in a diagnostic serological
test. Recently, many studies reported that combinations

TABLE 11

Analysis of receiver operating characteristics curves of the tests selected for validation

Sensitivity Specificity
Tests (%) CI (%) CI LR" LR PPV/NPV
PTB
12033/12034 99.5 98.6/99.9 10.2 8.1/128 1.09 0.18 49.4/86.4
12033 96.9 94.8/98.4 14.1 11.0/17.6 1.13 0.21 49.8/84.2
12034 96.2 93.8/97.8 16.5 13.2/20.2 1.15 0.23 50.3/83.3
rESAT-6 95 75.1/99.2 77.5 61.5/89.1 422 0.06 67.9/96.9
Ag85¢ 85 62.1/96.6 77.5 61.5/90.1 3.78 0.19 65.4/91.2
10994 47.2 30.4/64.5 94.8 85.6/98.9 9.13 0.56 85.0/74.3
10998 38.9 23.2/56.5 94.8 85.6/98.9 7.52 0.64 82.4/71.4
29878 27.8 14.2/45.2 974 95.8/98.7 1.02 0.18 67.6/97.2
12037 9.02 6.40/12.2 94.9 92.5/96.7 1.78 0.98 61.0/54.2
EPTB
11005/11006 100 91.5/100.0 2.5 0.3/8.8 1.09 0.99 60.5/50.0
11005 98.3 91.0/99.9 15 5.7/29.8 1.01 0.67 60.8/66.6
11006 98.3 91.0/99.9 30 16.6/46.5 1.01 0.67 60.2/50.0
29880 96.6 88.4/99.5 20 9.1/35.7 1.02 0.67 60.4/50.0
10997 94.7 73.9/99.1 27.5 14.6/43.9 1.31 0.19 38.3/91.7
11004 94.7 73.9/99.1 32,5 24.9/56.7 1.58 0.13 42.9/94.1
12033 78.9 54.4/93.8 45 29.3/61.5 1.44 0.47 40.4/81.8
12035 78.9 54.4/93.8 57.5 40.9/72.9 1.86 0.37 46.9/85.2
12037 579 33.5/79.7 70 53.5/83.4 1.93 0.60 47.8/77.8
29878 21.6 12.0/34.2 96.4 81.2/96.5 1.25 0.58 46.4/34.7

tests showing the best sensitivity and/or specificity were selected for validation. Synthetic peptides derived from the sequence of
ESAT-6 and Ag85A, as well as recombinant ESAT-6 (rESAT-6) and Ag85complex (Ag85¢c) were tested. CI: confidence interval;
EPTB: extrapulmonary tuberculosis; LR: likelihood ratio; NPV: negative predictive value; PPV: positive predictive value.
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of M. tuberculosis antigens or an optimal multi-antigen
cocktail should be designed to account for the heteroge-
neity of antibody responses and to achieve the highest
sensitivity (Ireton et al. 2010, He et al. 2011). As men-
tioned previously, when combinations of peptides were
analysed, it was found that the peptides used in com-
bination offered improved sensitivity. Combinations of
ESAT-6 peptides 12033 and 12034 and Ag85A peptides
11005 and 11006 were able to achieve 99.5% and 100%
sensitivity, respectively.

Finally, this study demonstrates the remarkable varia-
tion in the immune recognition patterns of Venezuelan
patients with either PTB or EPTB. It also recommends
further evaluation of the usefulness of the serodiagnosis
of TB. Tests using ESAT-6 and Ag85A synthetic pep-
tides demonstrated that a combinatorial use of different
ESAT-6 and Ag85A epitopes could provide a screening
strategy for the development of a multi-antigen ELISA.
The higher sensitivities that were observed with the
12033/12034 and 11005/11006 combinations of peptides
could reduce the frequency of false-negative results.
False-positive results could be reduced using the peptide
29878 test, which achieved maximum specificities of
97.4% and 96.4%. These techniques represent an oppor-
tunity to reduce the time-to-diagnosis for TB infection in
regions that are endemic for TB infection in Venezuela.
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