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Differentiation of latent tuberculosis infection (LTBI) from a healthy, unexposed population plays a vital
role in the strategy of controlling and eliminating tuberculosis (TB). Both CFP21 and MPT64, antigens
encoded by the RD2 region which are restricted in the Mycobacterium tuberculosis complex, are TB-specific
diagnostic candidate antigens. In this study, we designed a fusion protein by linking both CFP21 and MPT64
with a 15-amino-acid peptide, (G,S,);, and overexpressed the fusion protein in Escherichia coli. A new
whole-blood gamma interferon assay based on the recombinant fusion protein, CFP21-MPT64 (rCM-WBIA),
was developed and compared with the tuberculin skin test (TST) for screening of LTBI in household contacts
of patients with sputum-positive TB. rCM-WBIA had a slightly higher sensitivity (66.7%; 24/36 contacts) than
that of the TST (61.1%; 22/36 contacts) for household contacts. We found that rCM-WBIA had a very high
sensitivity (90.9%) and specificity (71.4%) for LTBI detection compared with TST. The overall agreement
between rCM-WBIA and TST was 83.3% (k = 0.64); rCM-WBIA positivity was associated with a larger TST
induration. These results suggest that rCM-WBIA, based on the recombinant fusion protein CFP21-MPT64,
is a promising alternative diagnostic tool for detection of LTBI.

Despite progress in the past decades, tuberculosis (TB) re-
mains a major public health problem worldwide. About one-
third of the world population is latently infected with Myco-
bacterium tuberculosis, and 10% of those infected persons
develop disease during their lifetime. Therefore, sensitive and
specific assays for diagnosis of latent TB infection (LTBI) are
important for effective control and prevention of TB (7). In
contrast to sputum-positive cases of TB, LTBI is more difficult
to diagnose. The tuberculin skin test (TST), based on purified
protein derivative (PPD), has been used for diagnosis of LTBI
for decades (1). However, the test has a poor specificity among
persons vaccinated with the Mycobacterium bovis bacillus
Calmette-Guérin (BCG) strain.

The identification of M. tuberculosis-specific antigens by my-
cobacterial genomic studies allowed the development of a new
generation of diagnostic tests. Comparative genomics of M.
tuberculosis and M. bovis BCG has led to the identification of
several regions of difference (RDs). One region, designated
RD1, is present in virulent strains of M. bovis and M. tubercu-
losis but not in BCG substrains (3) and most environmental
mycobacteria (1). A whole-blood gamma interferon (IFN-vy)
assay (IGRA or enzyme-linked immunospot [ELISPOT] as-
say) based on the RD1-encoded antigens early secretory anti-
genic target 6 (ESAT-6) and culture filtrate protein 10 (CFP-
10) has been found to be sensitive and specific for the detection
of infection with M. tuberculosis (1, 20, 22). Two tests, Quanti-
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FERON-TB Gold (Cellestis, Carnegie, Australia) and
T-Spot. TB test (Oxford Immunotec, Oxford, United King-
dom), have been evaluated in clinical studies and showed bet-
ter performances than that of TST. However, exposure to
some nontuberculous mycobacteria that are able to produce
ESAT-6 and/or CFP-10, such as M. kansasii, M. marinum, M.
leprae, and M. szulgai (1), may cause false-positive results in
these assays (2, 12, 13). Additionally, both ESAT-6 and
CFP-10 are considered components of many promising vaccine
candidates, such as recombinant BCG strains expressing these
antigens (10, 24, 25), subunit vaccines (5, 17, 31), and combi-
nations with BCG vaccination (9, 18). Thus, the identification
of new targets for the detection of LTBI is a high priority.

The RD2 region is restricted to the M. tuberculosis complex
but is absent in BCG substrains derived after 1931 (3, 4). A
number of studies confirmed that MPT64, one of the best-
characterized antigens from the RD2 region, is able to elicit a
strong delayed-type hypersensitivity reaction and to induce
high levels of IFN-y responses in TB patients and their con-
tacts (8, 21, 26, 28). CFP21 is another immunodominant pro-
tein encoded in the RD2 region (14) and induces a high level
of IFN-y release from blood cells of TB patients (30). Thus,
these two antigens are suitable candidates for T-cell-based TB
diagnostic assays. Moreover, the BCG Danish substrain with-
out an RD2 region (3, 4) has been used for neonatal vaccina-
tion in China. Therefore, prior BCG vaccination will not in-
terfere with immunological assays based on CFP21 and MPT64
proteins.

In the present study, we designed a fusion protein of CFP21
and MPT64 from M. tuberculosis H37Rv. The fusion protein
was expressed in Escherichia coli and purified using Ni-nitrilo-
triacetic acid (Ni-NTA) affinity chromatography. A whole-
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TABLE 1. Primers and thermal cycle parameters for cloning of M. tuberculosis antigens

. . . . A Amplicon
Antigen Primer orientation or sequence (5'-3") PCR parameters sizep (bp)
CFP21F AAGGATCCGATCCGTGTTCGGACATCGCGGTCG 94°C for 5 min, then 30 cycles at 94°C for 608
CFP2IR GCTGCCGCCACCGCCGCTTCCGCCACCGCCGCTTCCACCGCCACC 1 min, 60°C for 1 min, and 72°C for
TCCGGCGTGATCGAGCCTGTTCGCC 45 s, then 72°C for 5 min
MPT64F GGTGGCGGTGGAAGCGGCGGTGGCGGAAGCGGCGGTGGCGGC  94°C for 5 min, then 30 cycles at 94°C for 671
AGCGCGCCCAAGACCTACTGCGAGGAG 1 min, 60°C for 1 min, and 72°C for
MPT64R  GAAAGCTTCTAGGCCAGCATCGAGTCGATCGC 45 s, then 72°C for 5 min
rCMF CFP21F 94°C for 5 min, then 30 cycles at 94°C for 1,234
rCMR MPT64R 1 min, 60°C for 1 min, and 72°C for

90 s, then 72°C for 10 min

blood IFN-y assay using the CFP21-MPT64 fusion protein
(rCM-WBIA) was developed for diagnosis of LTBI. Testing of
clinical samples demonstrated that this new assay is a promis-
ing alternative diagnostic tool for diagnosis of LTBI.

MATERIALS AND METHODS

Bacterial strains and media. E. coli strains DH5« and BL21(DE3) were used
for cloning and expression, respectively. Both strains were cultured in Luria-
Bertani (LB) medium, with or without agar. When required, ampicillin was
added to a final concentration of 100 wg/ml. M. tuberculosis strain H37Rv was
cultivated in Difco Middlebrook 7H9 medium (BD, Sparks, MD) at 37°C for 3
weeks, as described previously (9).

Plasmid construction. The coding sequences of the mature form of the CFP21
(Rv1984c) and MPT64 (Rv1980c) proteins were amplified by PCRs using the
specific primers listed in Table 1 (Sangon Biotech, Shanghai, China), with the
chromosomal DNA of M. tuberculosis H37Rv as a template. The PCR fragments
encoding the fusion protein of CFP21 and MPT64 were generated by a second
PCR according to the method of gene splicing with overlap extension (15). The
fusion gene was digested with BamHI and HindIII and inserted into the expres-
sion vector pProEXHTDb (Invitrogen, Carlsbad, CA), predigested with the same
restriction enzymes. This procedure resulted in plasmid pPro2164, with the
fusion gene under the control of the Trc promoter (Fig. 1). The correctness of
the cloned sequence was confirmed by DNA sequencing.

Expression and purification of the rCM fusion protein and detection by
Western blotting. E. coli BL21(DE3) harboring plasmid pPro2164 was cultured
overnight. Overnight cultures (10 ml) were inoculated into 1 liter of LB medium
containing 100 pg/ml ampicillin and incubated at 37°C with shaking until the
optical density at 600 nm reached 0.6. The expression of the fusion protein rCM
was induced with isopropyl-B-p-thiogalactopyranoside (IPTG) at a final concen-
tration of 0.4 mM for 4 to 6 h. E. coli was pelleted by centrifugation at 4°C, and
the bacterial pellet was stored at —20°C. Protein samples were prepared in
sample buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). After SDS-PAGE, proteins were stained with Coo-
massie blue dye.

Protein purification was performed using a Ni-NTA purification system ac-
cording to the protocol in the instruction manual (Invitrogen). The purified rtCM
protein was lyophilized, aliquoted, and stored at —20°C. The preparation of rtCM
protein was diluted in normal saline, using pyrogen-free reagents, and tested to
exclude endotoxin contamination by using a Limulus amebocyte lysate assay
(Associates of Cape Cod Inc., East Falmouth, MA). The protein concentration
was determined by using an ACTGene protein assay kit (ACTGene Inc., Pisca-
taway, NJ), with bovine serum albumin as the protein standard.

To verify the specificity of purified rCM fusion protein, the protein samples
were separated by SDS-PAGE, electrically transferred onto nitrocellulose mem-
branes, and detected with a polyclonal rabbit anti-His, antibody (GenScript
Corp., Piscataway, NJ) as the primary antibody and alkaline phosphatase-con-
jugated goat anti-rabbit immunoglobulin G antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) as the secondary antibody.

Testing of clinical samples. The study protocol was approved by the Ethics
Committee of Tongji Medical College. Written informed consent was obtained
from all subjects involved in this study. Ten sputum-positive TB patients (mean
age, 38 * 10 years; range, 22 to 55 years; male/female ratio, 4/6) were enrolled
by Wuhan TB Hospital (Wuhan, China). Thirty-six household contacts (mean
age, 35 * 18 years; range, 15 to 81 years; male/female ratio, 16/20) of these
patients were recruited for the study. Active TB was excluded for all household

contacts in this study based on radiologic and clinical examinations, sputum
microscopy, and bacteriologic culture. A total of 40 healthy donors (mean age,
20 = 3 years; range, 17 to 25 years; male/female ratio, 22/18) served as controls.
These persons were selected on the basis of a negative TST and no history of
recent contact with active TB patients by questionnaire. All subjects included in
the study were seronegative for human immunodeficiency virus infection.

TST. After the collection of blood samples for the IFN-y assay from persons
in this study, TST was performed by trained nursing staff at Wuhan TB Hospital.
Briefly, 0.1 ml of BCG PPD (Chengdu Institution of Biological Products,
Chengdu, China) containing 5 tuberculin units was injected intradermally on the
volar surface of the participant’s forearm. After 72 h, the diameter of the area of
induration around the injection site was measured across the forearm and was
reported in millimeters. Reactions of <5 mm, =5 mm, and =15 mm were
considered TST negative, positive, and strongly positive, respectively.

WBIA based on the rCM fusion protein. Heparinized whole blood from each
donor (1 ml) was seeded in 24-well plates and incubated with 20 wl rCM protein
at final concentrations of 0 (normal saline), 5, 20, and 40 pg/ml for 20 to 24 h at
37°C. As a positive control, phytohemagglutinin (PHA) was used at a final
concentration of 20 pg/ml. After stimulation, 200 wl of plasma was then taken
from each well and stored at —20°C until use. The concentrations of IFN-y in
collected samples were determined in duplicate, using a commercial double-
sandwich enzyme-linked immunosorbent assay kit according to the manufactur-
er’s instructions (Dakewei Biotechnology, Shenzhen, China). The difference
between the duplicate wells was consistently <10% of the mean. For each
subject, the saline control value was subtracted from the values for rCM-stimu-
lated samples.

The cutoff value for a positive response in the rCM-WBIA was established
using data from 40 non-M. tuberculosis-exposed control donors, as described
previously (6). From a receiver operating characteristic curve analysis based on
the highest IFN-y level, 398.5 pg/ml of IFN-y was set as the cutoff value for the
rCM-WBIA, with a specificity of 97%.

Statistic analysis. The level of concordance between the TST and rCM-WBIA
was assessed and calculated as the agreement between the results of the two
assays, using two-by-two contingency tables. The strength of this agreement was
examined by using Cohen’s kappa coefficient, with values of >0.75 representing
excellent agreement beyond chance, 0.40 to 0.75 representing fair to good agree-
ment beyond chance, and <0.40 representing poor agreement beyond chance.

RESULTS

Expression and purification of rCM fusion protein. The
partial sequences of Rv1984c and Rv1980c, encoding the ma-
ture proteins CFP21 and MPT64, respectively, were amplified
by PCR from the chromosomal DNA of M. tuberculosis strain
H37Rv. The PCR fragments, with lengths of 608 bp and 671
bp, were cloned and subjected to DNA sequencing to verify the
desired constructs. The fusion gene encoding the rCM protein
with a 45-bp linker (encoding three copies of peptide G4S1)
was further generated by the method of gene splicing with
overlap extension and subcloned into the expression vector
pProEXHTD, resulting in pPro2164.

E. coli harboring the plasmid pPro2164 expressed a protein
with a molecular mass of approximately 45 kDa upon induction
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FIG. 1. Expression and purification of rCM fusion protein. (A) Map of pPro2164 and the fusion gene encoding the predicted mature forms of CFP21 and
MPT64, with a 45-bp linker, which was cloned into the BamHI and HindIII sites of pProEXHTDb, resulting in the recombinant plasmid pPro2164. E. coli
BL21(DE3) harboring pPro2164 was cultured with IPTG. The expression of rCM was confirmed by SDS-PAGE (B) and Western blotting (C) as described in
Materials and Methods. Lane M, protein molecular size marker (kDa); lanes 1 and 9, E. coli strain without IPTG; lanes 2 and 10, E. coli strain 4 h after IPTG
induction; lanes 3 and 11, E. coli strain 6 h after IPTG induction; lane 4, fraction from Ni-NTA column after wash with denaturing binding buffer; lane 5, fraction
after wash with denaturing wash bufter; lanes 6 and 7, fraction after wash with native wash buffer; lane 8, rCM protein eluted with native elution buffer.

with IPTG. The size of this protein was consistent with the
expected molecular mass of the fusion protein rCM (Fig. 1).
The expression of the fusion protein reached a maximum after
4 h. Western blotting with an antibody to the hexahistidine tag
confirmed that the 45-kDa protein represented the fusion pro-

tein rCM (Fig. 1). The fusion protein rCM was not soluble and
formed inclusion bodies. Therefore, the rCM protein was ex-
tracted by sonication, dissolved in urea, and purified using a
Ni-NTA purification system. The purified protein was exam-
ined by SDS-PAGE and verified by Western blotting using an
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FIG. 2. Dose-dependent IFN-vy production in whole blood samples
from TST-positive household contacts after stimulation with rCM fu-
sion protein. The concentration of IFN-y in each sample was obtained
and expressed as the mean * standard deviation (n = 8).

anti-hexahistidine-tag antibody (Fig. 1). The yield of the rCM
protein was determined to be 200 mg/liter LB broth culture.
IFN-y assay using whole blood samples stimulated with
rCM. The ability of the rCM fusion protein to stimulate IFN-y
production in whole blood samples was tested. Whole blood
samples were collected from eight TST-positive household
contacts and stimulated with rCM fusion protein at different
concentrations. As shown in Fig. 2, the IFN-vy levels in whole
blood samples increased with the concentrations of rCM fusion
protein of 5 and 20 wg/ml. An increase of the concentration of
rCM to 40 pg/ml only marginally enhanced the IFN-y produc-
tion in whole blood samples. Thus, 20 pg/ml of rCM fusion
protein was used for further experiments in the present study.
Testing of clinical samples with rCM-WBIA. Whole blood
samples were collected from healthy controls, household con-
tacts, and TB patients and subjected to rCM-WBIA (Fig. 3).
The levels of IFN-y in all samples without antigen stimuli were
below 30 pg/ml (10.6 = 5.9 pg/ml) and increased to 5,405 =+
2,518.9 pg/ml after PHA stimulation. The mean IFN-y levels in
healthy donors, household contacts, and patients after PHA
stimulation were 5,283.9 * 2,581.1 pg/ml, 5,451.5 * 2,644.9
pg/ml, and 5,722.2 * 2,439.6 pg/ml, respectively. The mean
IFN-vy level by rTCM-WBIA for samples from 40 healthy donors
was 220.7 = 136.9 pg/ml. The mean IFN-y level (1,400.1 =
1,146.9 pg/ml) in samples from the household contacts was
significantly higher than that for the healthy control group. The
highest IFN-y levels were detected in whole blood samples
from the TB patients (2,291.1 * 1,143.1 pg/ml), and the levels
of IFN-vy of all patients were over the cutoff value.
Comparison between TST and rCM-WBIA for detection of
LTBI. Twenty-two of 36 (61.1%) household contacts were TST
positive, and 14 (38.9%) were TST negative. By rtCM-WBIA,
24 (66.7%) of 36 household contacts were positive and 12
(33.3%) were negative. Six subjects had discrepant results for
TST and rCM-WBIA. Four household contacts were TST neg-
ative but rCM-WBIA positive, and two had the reverse status.
Among the concordant results, 20 subjects were positive by
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FIG. 3. Results of WBIA for rCM and PHA. Each square represents
the IFN-y concentration in a sample, and median values for different
groups are indicated by horizontal lines. The dotted line depicts the test
cutoff value for a positive result of rCM-WBIA (398.5 pg/ml).

both TST and rCM-WBIA, and 10 subjects were negative by
both TST and rCM-WBIA. Compared with TST, rCM-WBIA
had a sensitivity of 90.9% (95% confidence interval, 89.96 to
91.84%) and a specificity of 71.4% (95% confidence interval,
71.25 to 71.55%). This gave an overall agreement between the
two tests for household contacts of 83.3% (95% confidence
interval, 83.03 to 83.57%), with a k value of 0.64, indicating a
good agreement between the two tests. Analysis of the distri-
bution of IFN-y levels in TST-positive and TST-negative sam-
ples showed a significant correlation between TST positivity
and IFN-y level (Fig. 4). The mean levels of IFN-y were
2,907.5 £ 453.7 pg/ml and 1,387.6 = 994 pg/ml for samples
from the strongly TST-positive and TST-positive groups, re-
spectively, with rtCM-WBIA-positive rates of 100% (8/8 sub-
jects) and 85.7% (12/14 subjects), respectively. The median
level for TST-negative groups was 552 * 516.9 pg/ml, with an
rCM-WBIA-positive rate of 28.6% (4/14 subjects).

DISCUSSION

In this study, we established rCM-WBIA as a potential di-
agnostic assay for LTBI. In testing with defined clinical sam-
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FIG. 4. Correlation between TST and IFN-vy levels determined by
rCM-WBIA. A total of 36 household contacts were tested by TST and
rCM-WBIA. Each square represents the IFN-y concentration in a
sample, and median values for different groups are indicated by hori-
zontal lines. The dotted line depicts the test cutoff value for a positive
result of rtCM-WBIA (398.5 pg/ml).

ples based on TST, rCM-WBIA had a high sensitivity, of
90.9%, and a specificity of 71.4%, and a good agreement was
observed between rCM-WBIA and TST (k = 0.64). Whole
blood samples from all sputum-positive TB patients also tested
positive by rCM-WBIA. This assay is comparable to the
IGRA-RD1 or RD1-ELISPOT assay already used in clinical
settings and has the same advantages over the TST.

Although the MTP64 antigen was found to induce a strong
delayed-type hypersensitivity reaction in guinea pigs (8) and
human beings (21, 28), different results were obtained with
MTP64 in blood assays. Johnson et al. reported negative blood
test results with MPT64 for persons before and after BCG
vaccination and for active TB patients (16). In contrast, Roche
et al. confirmed that MPB64 was recognized more frequently
by TB patients and their contacts than by healthy populations
vaccinated with BCG (27). Furthermore, patients with active
TB had significant responses to MPT64 in WBIA (26).

The potential usefulness of RD2-based diagnostics in differ-
ent settings depends mainly on the distribution of different
BCG substrains and their use for vaccination (11). The RD2
region has been demonstrated by Behr et al. to be deleted in all
BCG substrains derived after 1931 (3, 4). BCG-Danish, BCG-
Prague, BCG-Glaxo, BCG-Frappier, BCG-Connaught, BCG-
Phipps, BCG-Tice, and BCG-Pasteur substrains do not contain
the RD2 region, while this region is present in BCG-Birkhaug,
BCG-Japan, BCG-Moreau, BCG-Russia, and BCG-Sweden
substrains (3, 4). Thus, the use of rCM-WBIA is limited by the
presence of BCG substrains with RD2. However, RD2-based
diagnostics may become alternatives to RD1-based WBIAs if
the antigens from RD1 are included as vaccine candidates, as
done in different studies (17, 25).

In this study, we demonstrated that rCM-WBIA has a
slightly higher sensitivity (66.7%) than that of TST (61.1%) for
detecting LTBI in household contacts. Several previous studies
using IGRA-RD1 or RD1-ELISPOT assay with specific anti-

CLIN. VACCINE IMMUNOL.

gen stimuli resulted in similar findings (20). In addition,
QFT-G, another commercialized ex vivo IFN-y assay using
PPD as a stimulant, showed a higher sensitivity than that of
TST (29). Blood testing and TST measure cell-mediated im-
mune responses to TB antigens by different means (1), and
different antigens (PPD and rCM) were used in our study.
These may lead to discordant results. TST measures an in vivo
multimediator inflammatory response to multiple antigens
(19), while blood testing measures ex vivo IFN-y release by
circulating lymphocytes in response to specific or complex an-
tigens (23). Two cases of TST-positive but rCM-WBIA-nega-
tive household contacts might be explained by BCG vaccina-
tion or environmental mycobacterial infection. However, this is
not a plausible explanation for the existence of four household
contacts with TST-negative but rCM-WBIA-positive results.
Due to the lack of a gold standard for diagnosis of M. tuber-
culosis infection, a comparison of WBIA and TST is not always
possible. Whether the TST-negative, rCM-WBIA-positive con-
tacts have a risk of progression to active TB remains to be
investigated by follow-up studies.

In conclusion, our study clearly suggests that the strong
correlation between the IFN-y responses to the rCM fusion
protein in a PPD-positive population and the rCM-WBIA re-
sults has great potential for use in diagnosis of LTBI in hu-
mans, as well as in epidemiologic studies.
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