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Tuberculosis (TB) is a chronic infectious disease caused by Mycobacterium tuberculosis, with several
million new cases detected each year. Current methods of diagnosis are time-consuming and/or expensive
or have a low level of accuracy. Therefore, new diagnostics are urgently needed to address the global
tuberculosis burden and to improve control programs. Serological assays remain attractive for use in
resource-limited settings because they are simple, rapid, and inexpensive and offer the possibility of
detecting cases often missed by routine sputum smear microscopy. The aim of this study was to identify
M. tuberculosis seroreactive antigens from a panel of 103 recombinant proteins selected as diagnostic
candidates. Initial library screening by protein array analysis and enzyme-linked immunosorbent assay
(ELISA) identified 42 antigens with serodiagnostic potential. Among these, 25 were novel proteins. The
reactive antigens demonstrated various individual sensitivities, ranging from 12% to 78% (specificities, 76
to 100%). When the antigens were analyzed in combinations, up to 93% of antibody responders could be
identified among the TB patients. Selected seroreactive proteins were used to design 3 new polyepitope
fusion proteins. Characterization of these antigens by multiantigen print immunoassay (MAPIA) revealed
that the vast majority of the TB patients (90%) produced antibody responses. The results confirmed that
due to the remarkable variation in immune recognition patterns, an optimal multiantigen cocktail should
be designed to cover the heterogeneity of antibody responses and thus achieve the highest possible test
sensitivity.

Tuberculosis (TB) is a chronic infectious disease caused by
Mycobacterium tuberculosis and is one of the leading causes of
mortality due to infectious disease worldwide (9). Nearly one-
third of the world’s population is believed to be infected, with
approximately 8.8 million new cases detected each year (30,
45). The World Health Organization (WHO) cites TB as the
single most important fatal infection, with over 1.6 million
deaths per year, the majority (95%) of which are in developing
countries (45).

Because of logistical and technical shortcomings, human TB
testing in most countries is limited to clinical evaluation of
symptomatic individuals and screening of high-risk popula-
tions. Compounding the severity of TB is the realization that a
leading cause of death among HIV-positive people is concom-
itant TB, accounting for about one-third of AIDS-related
deaths. It is estimated that a rapid and widely available diag-
nostic with 85% sensitivity and 95% specificity would result in
400,000 fewer deaths each year and would greatly reduce the
global health cost of TB (18).

Existing TB diagnostic methods are either too time-consum-
ing, too complex and labor-intensive, too inaccurate, or too
expensive for routine use in resource-limited settings (2, 36).
For active pulmonary disease, sputum smear microscopy, cul-
ture, and/or PCR-based probes can be used to support X-ray

findings and/or clinical observations suggestive of TB. Of
these, microscopic examination of sputum is the only rapid,
relatively simple, and inexpensive test for TB. The reported
sensitivity of Ziehl-Neelsen staining of unprocessed sputum
smears from immunocompetent adults is only 40 to 70% (19,
21), and it may be significantly lower for children and/or HIV-
infected patients (12). A delayed or missed TB diagnosis cer-
tainly contributes to M. tuberculosis transmission and increased
TB mortality (22, 27).

Mycobacterial culture is the gold standard method of TB
diagnosis. However, it requires up to 8 weeks for the isolation
of M. tuberculosis from a clinical specimen, and importantly, in
10 to 20% of positive cases, the bacillus is not successfully
cultured (3). Culture is more expensive than microscopy and
requires a high standard of technical expertise. Therefore, a
sensitive and specific point-of-care test for the rapid diagnosis
of patients with active TB would facilitate early treatment and
reduce M. tuberculosis transmission.

An antibody test for TB has long been sought. Serologic
assays remain attractive for use in resource-limited settings
because they generally are simple, rapid, and relatively inex-
pensive compared to other methods. For TB, serological tests
may also offer the possibility of detecting cases that are usually
missed by routine sputum smear microscopy, such as extrapul-
monary disease and pediatric TB. Numerous in-house serolog-
ical assays for TB, using a variety of antigens to detect circu-
lating antibodies, have been developed over the years,
including complement fixation tests, hemagglutination tests,
radioimmunoassays, and enzyme-linked immunosorbent assays
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(ELISAs) (11, 38–40). Both lateral-flow and enzyme immuno-
assay formats have been developed and are currently available
commercially, but so far none has demonstrated adequate sen-
sitivity and specificity (7, 13, 31, 38).

In this study, we assessed a large panel of recombinant TB
antigens for their serodiagnostic potential. From an initial
screen of 103 recombinant proteins by protein microarray anal-
ysis and ELISA, 42 previously known and novel TB antigens
were found to elicit specific antibody responses in TB patients.
Several fusion proteins comprised of tandem arrangements of
the selected antigens were made and serologically character-
ized by ELISA and multiple-antigen print immunoassays
(MAPIA). The antigens identified hold promise for the develop-
ment of a rapid and highly sensitive serodiagnostic test for TB.

MATERIALS AND METHODS

Study populations. Serum samples from individuals who had pulmonary tu-
berculosis (culture and/or acid-fast bacterium [AFB] smear positive), collected
prior to treatment, were obtained previously from Brazil (n � 92) (Roberto
Badaro, Federal University of Bahia, Salvador, Brazil) (16). Serum samples
obtained in India (from sputum smear-positive patients [n � 36] and sputum
smear- and culture-negative controls from an area of malaria endemicity [en-
demic controls {EC}] [n � 20]) were obtained from the World Health Organi-
zation TB Specimen Bank. Samples from healthy U.S. blood donors (nonen-
demic controls [NEC] [n � 46]) were obtained from Boston Biomedica (West
Bridgewater, MA). In all cases, drawing of blood was carried out with informed
consent and the approval of the local ethics committee in the relevant country.

Antigen identification, cloning, and purification. M. tuberculosis genes were
selected as previously described (5). Briefly, M. tuberculosis genes included those
previously identified by serological expression cloning and T-cell expression
cloning methodologies at IDRI (23), those identified by proteomics as encoding
secreted or membrane-associated proteins by two-dimensional PAGE (2D-
PAGE) and mass spectrometry analysis (28; http://www.mpiib-berlin.mpg.de/2D
-PAGE/) or as containing putative secretion signals, genes required for growth in
macrophages (34), genes that were up- or downregulated in response to oxygen
and carbon limitation (35), and mycobacterium-specific genes within the known
immunogenic classes EsX and PE/PPE, based on Tuberculist (http://genolist
.pasteur.fr/TubercuList/index.html). All targets were subjected to N-terminal
signal sequence analysis and membrane-spanning region analysis, using the
SignalP (http://www.cbs.dtu.dk/services/SignalP/) and TMPred (http://www.ch
.embnet.org/software/TMPRED_form.html) programs. Predicted proteins were
chosen as those containing fewer than three transmembrane regions and a
molecular mass of 6 to 80 kDa.

DNAs encoding selected M. tuberculosis genes were PCR amplified from
H37Rv genomic DNA by use of Pfx DNA polymerase (Invitrogen, Carlsbad,
CA). PCR primers were designed to incorporate specific restriction enzyme sites
5� and 3� of the gene of interest and excluded in the target gene for directional
cloning into the expression vector pET17b or pET28a (Novagen, Madison, WI).
After PCR amplification, purified PCR products were digested with restriction
enzymes, ligated into pET28a by use of T4 DNA ligase (NEB), and transformed
into XL10G cells (Stratagene). Recombinant plasmid DNAs were recovered
from individual colonies grown on LB agar plates containing appropriate anti-
biotics and were sequenced to confirm the correctly cloned coding sequence. The
recombinant clones contained an N-terminal six-histidine tag followed by a
thrombin cleavage site (pET28a) and the M. tuberculosis gene of interest.

The three fusion proteins described in this work (DID90A, DID90B, and
DID104) were designed to incorporate specific restriction enzyme sites 5� and 3� of
the gene of interest, with primer sequences as follows: Rv0934mat-5�HindIII, CAA
TTAAAGCTTTGTGGCTCGAAACCACCGAGC; Rv0934-3�SacI, CAATTAGA
GCTCGCTGGAAATCGTCGCGATCAA; Rv2032-5�SacI, CAATTAGAGCTCA
TGCCGGACACCATGGTGACC; Rv2032-3�XhoI, CAATTACTCGAGCTACC
GGTGATCCTTAGCCCG; Rv2031-5�NdeI-6his, CAATTACATATGCATCACC
ATCACCATCACATGGCCACCACCCTTCCCGTTC; Rv2031-3�HindIII, CAAT
TAAGCTTGTTGGTGGACCGGATCTGAATG; Rv2875mat-5�NdeI, CAATTA
CATATGCATCACCATCACCATCACGGCGATCTGGTGGGCCCG; Rv2875-
3�HindIII, CAATTAAAGCTTCGCCGGAGGCATTAGCACGCT; Rv0831-
5�NdeI-6his, CAGTTCCATATGCATCACCATCATCACCACATGCTCCCCGA
GACAAATCAG; and Rv0831-3�HindIII, CTAGTCAAGCTTCTGGCGAAGCA
GCTCATCTTTC. The Rv0934 and Rv2032 genes were PCR amplified from pET

plasmid template DNA (30 cycles of 94°C for 30 s, 58°C for 30 s, and 58°C for 1 min
30 s). Rv0934 was restriction enzyme digested with HindIII and SacI and then cloned
into the pET29a vector. The Rv2032 PCR product was digested with SacI and XhoI
and ligated into the pEt29a-Rv0934 vector to create pET29a-Rv0934-Rv2032.
Rv2031 was digested with NdeI and HindIII and cloned into the pET29a-Rv0934-
Rv2032 vector. The resulting plasmid was sequence verified to contain the fusion
gene construct DID90A (Rv2031-Rv0934-Rv2032). The pET29a-DID90A plasmid
carries the coding sequence for a 90-kDa protein containing an N-terminal six-
histidine tag, followed by the M. tuberculosis genes Rv2031, Rv0934 (C24 to S374),
and Rv2032, separated by restriction site linkers. The Rv2875mat PCR product was
digested with NdeI and HindIII, ligated into digested pET29a-DID90A vector, and
sequence verified to generate pET29a-DID90B (Rv2875-Rv0934-Rv2032), carrying
the coding sequence for a 91-kDa protein containing an N-terminal six-histidine tag,
followed by the M. tuberculosis genes Rv2875 (G31-A193), Rv0934 (C24-S374), and
Rv2032, separated by restriction site linkers. Rv0831 was digested with NdeI and
HindIII and cloned into the digested pET29a-DID90A vector. The resulting plasmid
was sequence verified to contain the fusion gene construct DID104 (Rv0831-
Rv0934-Rv2032). The pET29a-DID104 plasmid carries the coding sequence for a
104-kDa protein containing an N-terminal six-histidine tag, followed by the M.
tuberculosis genes Rv0831, Rv0934 (C24 to S374), and Rv2032, separated by restric-
tion site linkers.

Recombinant plasmids were transformed into the Escherichia coli BL21 de-
rivative Rosetta2(DE3)(pLysS) (Novagen). Recombinant strains were cultured
overnight at 37°C in 2� yeast tryptone broth containing appropriate antibiotics,
diluted 1/25 in fresh culture medium, grown to mid-log phase (optical density at
600 nm [OD600] of 0.5 to 0.7), and induced by the addition of 1 mM IPTG
(isopropyl-�-D-thiogalactopyranoside). Cultures were grown for an additional 3
to 4 h, cells were harvested by centrifugation, and the bacterial pellets were
stored at �20°C. Bacterial pellets were thawed and disrupted by sonication in 20
mM Tris (pH 8.0), 150 mM NaCl, and 1 mM phenylmethylsulfonyl fluoride
(PMSF), followed by centrifugation to fractionate the soluble and insoluble
material. Recombinant His-tagged protein products were isolated under native
(soluble recombinant proteins) or denaturing (8 M urea) conditions, using Ni-
nitrilotriacetic acid metal-ion-affinity chromatography according to the manufac-
turer’s instructions (Qiagen, Valencia, CA), followed by ion-exchange chroma-
tography (Bio-Rad, Hercules, CA) when necessary. Protein fractions were eluted
with an increasing imidazole gradient and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Affinity-purified protein fractions were com-
bined, dialyzed against 20 mM Tris, pH 8.0, concentrated using Amicon Ultra
10-kDa-cutoff centrifugal filters (Millipore, Billerica, MA), and quantified using
the BCA protein assay (Pierce, Rockford, IL). Lipopolysaccharide (LPS) con-
tamination was evaluated by the Limulus amoebocyte lysate assay (Cambrex
Corp., East Rutherford, NJ). All of the recombinant proteins used in this study
showed residual endotoxin levels of �100 endotoxin units (EU)/mg of protein.

Protein array serological screening. Glass-based chips were fabricated with
duplicate sets of a total of 79 recombinant M. tuberculosis proteins by Full Moon
Biosystems, Sunnyvale, CA. Human IgG1 and EbaN1 were included as positive-
control proteins to verify array development, and buffer alone was included as a
background negative control. Sera were diluted 1/100 with blocking buffer and
incubated with each slide at room temperature for 2 h. After being washed, slides
were incubated with biotin-conjugated mouse anti-human IgG(H�L) (Jackson
ImmunoResearch, West Grove, PA), washed, and then developed with Cy5-
conjugated streptavidin (Martek Biosciences, Columbia, MD). Slides were
scanned at 635 nm, using GenePix Pro 6.0 (Molecular Devices, Sunnyvale, CA).
The signal intensity of binding of each antigen for each individual serum was
normalized to the buffer-only spots for each individual serum to derive a fold-
over-control (FOC) value. Positive TB reactivity was determined for individual
proteins as a mean signal intensity of at least 3-fold above the mean for the
control sera. Data tables were analyzed in MS Excel (Microsoft, Redmond, WA).

Antibody detection by ELISA. Polysorp 96-well plates (Nunc, Rochester, NY)
were coated with 50 �l of 2-�g/ml recombinant antigen in 0.1 M sodium bicar-
bonate, pH 9.6, overnight at 4°C and then blocked for 2 h at room temperature
with phosphate-buffered saline plus 0.05% Tween 20 (PBST)–1% (wt/vol) bovine
serum albumin (BSA) on a plate shaker. Sera were diluted 1:100 in PBST–0.1%
BSA in duplicate and added to each well. Plates were incubated at room tem-
perature for 2 h with shaking and then washed with PBST with 0.1% BSA, and
then horseradish peroxidase (HRP)-conjugated anti-human IgG (Sigma, St.
Louis, MO), diluted 1:10,000 in PBST with 0.1% BSA, was added to each well
and incubated at room temperature for 60 min with shaking. After being washed,
plates were developed with peroxidase color substrate (KPL, Baltimore, MD),
and the reaction was quenched by addition of 1 N H2SO4 after 15 min. The
corrected optical density of each well at 450 to 570 nm was read using a
VERSAmax microplate reader (Molecular Devices, Sunnyvale, CA). Positive
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ELISA responses were defined as optical density readings of 	2-fold above the
mean for the control sera, with a minimum defined optical density cutoff of 0.2.

Antigen evaluation by MAPIA. MAPIA was performed as previously described
(26). Briefly, a semiautomatic microaerosolization device (Linomat IV; Camag
Scientific Inc., Wilmington, DE) was used to spray antigens at a range of con-
centrations (between 0.02 mg/ml and 0.1 mg/ml) through a syringe needle onto
nitrocellulose membranes (Schleicher & Schuell, Inc., Keene, NH) to generate
parallel bands. After antigen printing, the membrane was cut into 3-mm-wide
strips perpendicular to the antigen bands. The strips were blocked for 1 h with
1% nonfat milk in PBST and then incubated with individual serum samples
diluted 1:50 in blocking solution for 1 h at room temperature. The strips were
washed five times with PBST and incubated for 1 h with alkaline phosphatase-
conjugated anti-human IgG diluted 1:5,000 (Sigma, St. Louis, MO). The strips
were washed with PBST as described above, and the human IgG antibodies
bound to immobilized antigens were visualized with 5-bromo-4-chloro-3-in-
dolylphosphate–nitroblue tetrazolium substrate (KPL). MAPIA results were
scored by two independent operators who were unaware of the sample status.
The appearance of any band of any intensity was read as a positive reaction.

RESULTS

M. tuberculosis protein array screening for seroreactivity. In
previous work, we described the selection of a large body of M.
tuberculosis antigens by use of data mining techniques to define
new antigens with T-cell reactivity and vaccine potential (5). In
this study, we examined the humoral immune response to these
antigens by protein array analysis and ELISA to identify anti-
gens with diagnostic potential. Throughout this study, a total of
103 recombinant M. tuberculosis proteins were produced in E.
coli, with the majority achieving 	95% purity according to
visualization of SDS-PAGE gels (Fig. 1). We fabricated glass-
based protein arrays to comprehensively analyze the diagnostic
potential of a large number of M. tuberculosis proteins in a
consistent and comparable fashion. A total of 79 M. tubercu-
losis proteins were expressed, immobilized on glass-based ar-
rays, and tested with 32 sera from sputum-positive TB patients

and with 16 NEC sera. Several proteins were recognized and
bound by IgG within serum samples and could be grouped as
(i) TB sensitive but lacking specificity (i.e., binding TB patient
sera but also binding some NEC sera) or (ii) TB specific (i.e.,
binding specific patient sera but not NEC sera). A total of 28
M. tuberculosis proteins displayed TB-specific reactivity, with a
mean signal intensity of at least 3-fold above the control level
(Fig. 2 and Table 1).

M. tuberculosis antigen characterization by ELISA. To con-
firm the protein array results and to further test M. tuberculosis
recombinant proteins not available at the time of protein array
generation (n � 24), ELISA screening was performed using
the same serum set used for the protein arrays. TB-positive
antibody responses were observed by ELISA for 34 proteins,
including 20 of the 28 antigens that were positive in the protein
array screen. Antibody responses observed for 5 proteins were
below the FOC cutoff of 3-fold by protein array analysis, as
were those for 9 additional proteins not present on the arrays
(Table 1). A total of 42 proteins were found to bind antibodies
in the sera of TB patients by either protein array or ELISA
screening, as shown in Table 1. These included the following 17
previously described immunogenic M. tuberculosis proteins:
Rv0934 (38 kDa) (17), Rv1813 (4), Rv1827 (Cfp17) (43),
Rv1837 (GlcB) (14), Rv1860 (DPEP) (8), Rv1886 (Ag85b)
(42), Rv1908 (KatG) (46), Rv1984 (44), Rv2031 (
-crystallin)
(20), Rv2220 (GlnA1) (41), Rv2608 (PPE42) (6), Rv2873
(mpt83) (15), Rv2875 (mpt70) (32), Rv3407(29), Rv3841
(Bfrb) (33), Rv3874 (Cfp10) (10), and Rv3881 (Mtb48) (24).
They also included 25 previously uncharacterized M. tubercu-
losis antigens (Rv0054, Rv0164, Rv0410, Rv0455, Rv0655,
Rv0831, Rv0952, Rv1009, Rv1099, Rv1240, Rv1288, Rv1410,
Rv1569, Rv1789, Rv2032, Rv2450, Rv2623, Rv2866, Rv3020,

FIG. 1. SDS-PAGE analysis of purified recombinant M. tuberculosis proteins. Individual M. tuberculosis proteins are listed by their H37Rv gene
numbers. Two to 5 �g of each antigen was run in a 4 to 20% SDS-PAGE gel and stained with Coomassie blue to determine its relative purity. Lanes
M, molecular size standards (160, 120, 80, 60, 40, 25, 20, 15, and 10 kDa).
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Rv3044, Rv3310, Rv3611, Rv3614, Rv3619, and Rv3628). The
remainder of the recombinant antigens tested either failed to
elicit significant antibody responses by this serum set or
showed nonspecific binding with the control serum samples
and therefore were excluded from further analysis.

The antigens eliciting specific antibody responses in the ini-
tial screen by ELISA were further characterized with a larger
panel of 92 serum samples from sputum-positive TB patients
from Brazil and 46 control sera. Representative ELISA results
are summarized in Fig. 3. TBF10, a previously characterized
fusion consisting of three proteins (Rv0379, Rv0934, and
Rv3874), was used as a reference antigen (16). TBF10 elicited
antibody responses in 53 of the 92 TB sera (sensitivity, 58%;
specificity, 89%). The recombinant antigens demonstrated var-
ious sensitivities in ELISA, ranging from 12% to 76%, with low
or no reactivity with NEC sera (specificity, 70 to 100%). Sev-
eral antigens had individual sensitivities and specificities ex-
ceeding those of TBF10. These were Rv0831 (76% sensitivity
and 89% specificity), Rv2875 (74% sensitivity and 91% speci-
ficity), Rv1886 (74% sensitivity and 87% specificity), and
Rv2032 (70% sensitivity and 96% specificity). The Rv2608
antigen appeared to recognize a large proportion of the TB
sera but had high levels of background binding (specificity,
70%). When antigen profiles of individual serum reactivities
were analyzed, the combination of Rv2875, Rv2031, Rv2032,
Rv0831, and TBF10 was able to elicit antibody responses in 86
of the 92 Brazilian TB samples (93% sensitivity), while 6 of 46
NEC samples (87% specificity) reacted with one or more of
these antigens. The 6 remaining TB-positive samples failed to
elicit antibody responses to any of the antigens or to a prepa-
ration of M. tuberculosis whole-cell lysate (data not shown).

Design of polyprotein fusions. Due to the heterogeneity of
the antibody responses observed in TB patients, multiple an-
tigens are necessary to increase the sensitivity of serodiagnostic
tests. Based on the above ELISA antigen recognition patterns, we
developed a series of fusion proteins, designated DID90A
(Rv2031-Rv0934-Rv2032), DID90B (Rv2875-Rv0934-Rv2032),
and DID104 (Rv0831-Rv0934-Rv2032), to assess the ability of
these antigens to complement each other when arranged in
tandem. The antigen fusions and individual antigen compo-
nents were assessed by ELISA, using a panel of 36 sputum
smear-positive samples and 20 EC samples from India, with

comparison to 20 NEC sera. As shown in Fig. 4, the DID90A
and DID90B fusion proteins demonstrated reactivity profiles
with the Indian TB and EC samples similar to that obtained for
the TBF10 antigen (61% sensitivity and 85% specificity), with
the DID104 fusion performing slightly better (69% sensitivity
and 85% specificity). Some differences among the individual
antigens were observed within the Brazilian and Indian serum
cohorts. Among the Indian TB-positive samples, Rv0831 had
increased sensitivity (83%), but it also cross-reacted with the
EC sera (70% sensitivity). Rv2875 (55% sensitivity and 90%
specificity) and Rv2032 (53% sensitivity and 85% specificity)
had slight decreases in sensitivity but similar specificities. The
Rv0934 antigen exhibited similar reactivity profiles in both the
Brazilian and Indian cohorts (41% sensitivity and 95% speci-
ficity), while Rv2031 was poorly recognized within the Indian
serum samples.

Characterization of M. tuberculosis antigens by MAPIA. We
used MAPIA to validate the selected antigens and fusion mol-
ecules most suitable for developing rapid lateral-flow assays.
MAPIA involves the immobilization of multiple antigens on
nitrocellulose membranes and provides a valuable means to
characterize individual recognition patterns. We previously
found that the serological performance of antigens in MAPIA
is a good predictor of their performance in other membrane-
based assays (26). The four fusion proteins, along with the
single component antigens, were evaluated by MAPIA. Figure
5 demonstrates the presence in most TB sera of IgG antibodies
against several single antigens and fusion proteins. Antibody
responses to at least one antigen could be detected in 27 of 30
TB-positive serum samples, while no or very weak bands were
observed for the negative-control group.

DISCUSSION

It has been suggested that implementation of rapid serolog-
ical tests would be useful in combination with other methods
for diagnosis of active TB in settings where bacterial culture is
not routinely available (2). However, so far, no rapid serodi-
agnostic test has proven reproducibly accurate, preventing
widespread application of such tests. Antibody responses in TB
are directed against a broad set of antigens, with remarkable
patient-to-patient variation in antigen recognition (1). Even

FIG. 2. Serum reactivity in recombinant M. tuberculosis protein arrays. Seventy-nine M. tuberculosis proteins were printed in duplicate,
incubated with TB-positive or NEC sera, developed, and scanned. Representative images of 3 control sera (A) and 3 TB-positive sera (B) on
protein arrays are shown.
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taking this variation into account, the sensitivities of tests have
generally been poor (1, 3, 25). The low specificities of anti-
body-based tests evaluated to date may result from the pres-
ence of antibodies in response to any of the following circum-
stances: latent TB, inactive (treated) disease, prior vaccination
with Mycobacterium bovis bacillus Calmette-Guérin (BCG), or
exposure to non-M. tuberculosis mycobacteria. Since these con-
ditions may influence the performance of serological assays,
reported results obtained in different clinical settings vary sig-
nificantly (9), with test sensitivities ranging from 10 to 90% and
specificities ranging from 47 to 100% (31, 38, 40). Higher test
sensitivities are typically associated with lower specificities, and
vice versa; no commercial serologic test is currently available
that meets acceptable levels of sensitivity and specificity (38).

Despite these limitations, the interest in developing simple
formats for rapid TB diagnosis remains high for field imple-
mentation in resource-limited settings.

We expressed and purified over 100 potential M. tuberculosis
proteins selected by genome and database mining. We previ-
ously described the T-cell reactivity and vaccine potential of
some of these antigens (5). The present study examined the
serodiagnostic value of the candidate molecules by protein
array analysis, ELISA, and MAPIA. As expected, many of the
proteins were nonreactive with TB patient sera, while others
reacted with both TB patient and control sera. Such proteins
were excluded from further analyses. From the initial protein
array and ELISA screens, 42 antigens demonstrated various
degrees of reactivity with TB patient sera. Among these, 17

TABLE 1. Serologic responses to M. tuberculosis proteins in protein array and ELISA screens

H37Rv
locus tag

Gene
name

Molecular
mass (kDa)

Reference for
previously described

immune function

Functional
categorya

Initial
target

selectionb

Protein
array FOC

value

ELISA
antibody
responsec

Rv0054 ssb 17.3 2 S 4 �
Rv0164 TB18.5 17.7 10 S 3 ��
Rv0410 pnkG 81.6 9 S 3 �
Rv0455c Hypothetical 16.6 10 S 1 �
Rv0655 mkl 39.3 3 M 4 ��
Rv0831c Hypothetical 30.2 10 S 2 ���
Rv0934 pstS1 38.2 17 3 S 4 ���
Rv0952 sucD 31.2 7 B 3 �
Rv1009 rpfB 38 3 M 4 �
Rv1099 Hypothetical 34.6 10 M 3 ��
Rv1240 mdh 34.3 7 H ND �
Rv1288 Hypothetical 49.6 10 B 3 �
Rv1410c p55 54.7 3 M 3 �
Rv1569 bioF1 40 7 M ND ��
Rv1789 PPE26 38.6 6 P/E 3 ��
Rv1813c Hypothetical 15 4 10 H 3 �
Rv1827 cfp17 17.2 43 10 EC ND �
Rv1837 mtb81 80.7 14 10 M ND ��
Rv1860 apa 32.7 8 3 S 3 �
Rv1886c fpbB 34.6 42 1 S 3 ���
Rv1908 katG 80.6 46 0 M ND �
Rv1984c cfp21 21.8 44 3 S 3 �/�
Rv2031 acr 16.2 20 0 S 3 �
Rv2032 acg 36.6 10 H 5 ���
Rv2220 glnA1 53.5 41 7 S 1 ��
Rv2450 rpfE 17.4 3 B 4 �/�
Rv2608 PPE42 59.7 6 6 P/E 2 ���
Rv2623 TB31.7 31.7 10 H 4 �
Rv2866 Hypothetical 10.2 10 H 7 �
Rv2873 mpt83 20 15 3 S 3 ��
Rv2875 mpt70 19.1 32 3 S 4 ���
Rv3020 esxS 9.8 3 P/E 3 �/�
Rv3044 fecB 36.9 3 H 1 �
Rv3310 sapM 31.8 3 S ND ��
Rv3407 Hypothetical 11 29 0 B 3 �/�
Rv3611 Hypothetical 23.8 16 M 3 �
Rv3614 Hypothetical 19.8 10 M 5 ��
Rv3619 esxI 9.8 3 P/E 6 �
Rv3628 ppa 18.3 7 S 3 �/�
Rv3841 bfrB 20.4 33 7 EC ND ��
Rv3874 cfp10 10.8 10 3 P/E ND ��
Rv3881 mtb48 47.6 24 10 S ND ��

a As defined by Tuberculist (http://genolist.pasteur.fr/TubercuList/index.html). 0, virulence, detoxification, adaptation; 1, lipid metabolism; 2, information pathways;
3, cell wall and cell processes; 6, PE/PPE proteins; 7, intermediary metabolism; 8, unknown; 9, regulatory proteins; 10, conserved hypothetical proteins; 16, conserved
hypothetical proteins with an ortholog in M. bovis.

b EC, expression cloning; S, secreted proteins; P/E: PE, PPE, and EsX proteins; M, macrophage growth required; H, hypoxic response; B, other database searches.
c �, �2-fold mean difference between TB-positive and -negative controls; �/�, near mean cutoff with fewer than 12% of the TB-positive serum samples; �, ��,

and ���, percentages of TB-positive responders (12 to 28%, 29 to 43%, and 	44%, respectively).

VOL. 17, 2010 M. TUBERCULOSIS ANTIGENS OF HIGH SERODIAGNOSTIC VALUE 1543



FIG. 3. ELISA results for recombinant M. tuberculosis proteins. TB�, confirmed sputum smear-positive pulmonary TB samples (n � 92) from
Brazil; NEC, negative, nonendemic (U.S.) control sera (n � 46). Representative data for 24 recombinant M. tuberculosis antigens are shown. The
median OD is represented by a horizontal line. Individual antigens are listed at the bottom of each graph, with positive samples determined as those
samples giving ELISA readings 2-fold above the mean of the negative controls, with an OD450 of 	0.2.

1544 IRETON ET AL. CLIN. VACCINE IMMUNOL.



antigens were previously reported (4, 6, 8, 10, 14–17, 20, 24, 29,
32, 33, 41–44, 46), while the remaining 25 proteins were pre-
viously uncharacterized. These antigens included 16 presump-
tively secreted or membrane-associated antigens, 8 antigens
expressed from genes required for growth in macrophages, 6
antigens induced by hypoxia, 5 antigens associated with viru-
lence, from the PE/PPE and EsX classes, and 4 antigens from
other database searches. While there was generally good con-
cordance between the assays, with 20 of 28 proteins positive for
specific TB seroreactivity, some differences were observed.
Eight antigens positive by protein array (Rv0952, Rv1813,
Rv1984, Rv2450, Rv3020, Rv3407, and Rv3611) showed low
responses by ELISA or lacked specificity within the serum
subsets; conversely, 5 proteins positive by ELISA (Rv0455,

Rv0831, Rv2220, Rv2608, and Rv3044) failed to demonstrate
responses above the cutoff values in protein arrays. These
discrepancies may be due to variable coating efficiencies of
antigens on the different immobilization surfaces or to differ-
ences between assays in calculating cutoff values.

The seroreactive TB antigens were analyzed for responses to
a larger panel of TB serum samples from sputum smear-pos-
itive patients and to NEC sera to further reduce the antigen
complexity down to those most useful at diagnosing active TB.
The antigens demonstrated various individual sensitivities,
ranging from 12% to 78%, with generally low background
binding (specificity, �76 to 100%). Typically, antigens with low
sensitivities had high specificities (for Rv1860, 12% sensitivity
and 100% specificity; for Rv3874, 16% sensitivity and 100%

FIG. 4. Fusion protein serum ELISA. Results for DID90A, DID90B, DID104, TBF10, and the individual component antigens are displayed
as box plots. TB�, confirmed pulmonary TB samples (n � 36) from India; NEC, negative, nonendemic (U.S.) control sera (n � 30); EC, negative,
endemic (Indian) control sera (n � 20). Each box represents data from the 25th to the 75th percentile, the median is represented by a horizontal
line, and the whiskers extend to the lowest and highest values.

FIG. 5. M. tuberculosis antigen reactivity in MAPIA. The 4 fusion polyproteins and 6 single antigens were printed on nitrocellulose membranes
(listed on the right), and the assay was performed as described in Materials and Methods. Each strip represents one serum sample and displays
the antigen reactivity pattern for that sample. Results are shown for 10 negative-control sera (left) and 30 sera from TB patients, including 6 from
India and 24 from Brazil (right).
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specificity), while increasing sensitivity resulted in decreased
specificity (for Rv2608, 78% sensitivity and 76% specificity; for
Rv1886, 74% sensitivity and 87% specificity). Based on addi-
tive responses among individual serum samples, Rv0934,
Rv3874, Rv2875, Rv2031, Rv2032, and Rv0831 defined the
minimal subset of antigens necessary to provide the greatest
overall sensitivity. When these seroreactive antigens were an-
alyzed in combinations, 93% of antibody responders could be
identified among the TB patients. A number of the antigens
described (Rv0455, Rv3619, Rv3310, Rv1410, and Rv1240)
had redundant patterns of reactivity with other antigens and
therefore did not increase the overall sensitivity.

The generation of fusion proteins has been used as a means
to reduce the cost and complexity of antigen cocktails in rapid
lateral-flow formats and to increase sensitivity and specificity
(16, 37). We generated a series of related fusion proteins and
tested them by ELISA, along with the individual antigen com-
ponents. The three new fusions demonstrated similar sensitiv-
ities and specificities with a serum panel from India and were
comparable to the previously reported reference antigen
TBF10 (16). Some differences in ELISA reactivity were ob-
served between the NEC sera from the United States and the
EC sera from India, with slight increases in reactivity noted for
all fusions and individual proteins with the endemic controls
(Fig. 4). The Indian endemic control samples obtained were
defined as TB sputum smear and culture negative, though the
presence of latent TB or other mycobacterial infection was not
assessed and cannot be ruled out as the basis of the reactivity
difference. Note that few of the proteins described in this study
are considered M. tuberculosis specific and that they may have
regions of homology with environmental mycobacteria. Never-
theless, we observed good discrimination between the Indian
TB-positive serum set and the EC serum set.

The remarkable variation in immune recognition patterns
for TB requires multiantigen cocktails to cover the heteroge-
neous antibody responses and thus achieve the highest possible
test sensitivity. MAPIA using the fusion antigens and selected
individual components also demonstrated that the vast major-
ity of the TB patients (90%) produced antibody responses to
one or more antigens, with a combination of 6 proteins
(Rv0831, Rv2031, Rv2032, Rv2875, Rv0934, and Rv3874)
needed for the greatest sensitivity. Refinement of antigen
cocktails and/or the production of fusion molecules comprised
of antigens described herein may lead to improved sensitivity
and specificity for the development of a rapid, accurate, and
inexpensive point-of-care diagnostic test. Studies to achieve
this goal are in progress.
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