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T-cell-based gamma interferon (IFN-y) release assays (IGRAs) using Mycobacterium tuberculosis-specific
antigens have shown higher sensitivity and specificity than the routine tuberculin skin test (TST). However, the
effects of Mycobacterium bovis BCG vaccination and anti-tuberculosis (TB) treatment on dynamic T-cell
responses to M. tuberculosis-specific antigens in active TB cases have rarely been investigated in regions where
TB is endemic. Eighty-nine patients with active pulmonary TB (ATB) and 57 healthy controls (HC) from China
were recruited and tested by sputum smear and culture, TSTs, and IGRAs with M. tuberculosis-specific antigens
ESAT-6 and CFP-10 (T-SPOT.TB) as well as purified protein derivative (PPD) stimulation. All 146 partici-
pants were screened by the T-SPOT.TB assay at recruitment. T-SPOT.TB-positive rates in ATB and HC groups
were 87.6% (78/89) and 21.1% (12/57), respectively. Of 38 ATB patients who were both TST and T-SPOT.TB
tested, the positive rates were 73.7% (28/38) and 94.7% (36/38), respectively (P = 0.0215), and those in the HC
group were 62.3% (33/53) and 18.9% (10/53), respectively (P < 0.0001). The T-SPOT.TB-positive rates declined
during TB treatment and were 94.4% (51/54), 86.4% (19/22), and 61.5% (8/13) for ATB patients receiving 0- to
1-month, 1- to 3-month, and 3- to 6-month anti-TB treatment, respectively. The IGRA is a most promising test
for both active TB and latent TB infection (LTBI) diagnosis due to the improvement of its specificity and
convenience, especially in the Mycobacterium bovis BCG-vaccinated population. Furthermore, the T-SPOT.TB
assay using ESAT-6 and CFP-10 in ATB patients during anti-TB treatment could serve as a potential predictor

of therapeutic efficacy.

China still remains the country second highest burdened by
tuberculosis (TB) in the world, with the estimated active TB
incidence and TB prevalence of 98 per 100,000 population per
year and 194 per 100,000 population, respectively, in 2007
according to a recently released WHO report (26). For decades,
the routine diagnostic tools for Mycobacterium tuberculosis infec-
tion in latent and active cases have been the tuberculin skin test
(TST), sputum smear, chest X ray, and microbiological culture,
which have shown limited sensitivity and specificity in countries
whose populations are routinely vaccinated with Mycobacte-
rium bovis bacillus Calmette-Guérin (BCG) (22). In the United
States, the diagnosis of latent TB infection (LTBI) is made
with either the TST or the T-cell-based gamma interferon
(IFN-v) release assay (IGRA). LTBI is treated with isoniazid
(INH; usually for 9 months) to prevent progression to TB
disease. Up to 5% of immunocompetent persons will progress
to TB disease at some time in the future, even decades after
infection, if they are not treated for LTBI (14). However, most
of the LTBI patients cannot be diagnosed by TST in China and
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other regions with BCG coverage. Thus, a rapid and accurate
diagnosis is crucial for a TB control program.

Recently introduced IGRAs for M. tuberculosis infection
have successfully been developed (1, 20), and their use is ex-
panding due to a higher sensitivity and specificity than those
of the TST (10, 12, 17, 21, 22). IGRAs detect T-cell-specific
antigens (ESAT-6 and CFP-10) present in M. tuberculosis
but absent from BCG and most environmental mycobacteria
(9, 13). There are two IGRAs commercially available and
licensed for use in the developed world: the T-SPOT. TB (Ox-
ford Immunotec, Oxford, United Kingdom) and the whole-
blood-based QuantiFERON-TB Gold In-Tube (QFT-G;
Cellestis, Carnegie, Australia). Over the last few years, the
IGRAs have gained approval in the United States and Europe,
and a number of national guidelines have recommended their
use in the diagnosis of LTBI (3, 15, 18).

Although IGRA tools have been evaluated broadly for the
diagnosis of M. tuberculosis infection in developed countries (4,
21, 25), little is known regarding the dynamic antigen-specific
T-cell responses of active TB cases during treatment in China
where BCG vaccination is mandatory at birth. To evaluate the
diagnostic power of IGRA tools compared with TST and dy-
namic M. tuberculosis-specific T-cell responses in active TB
cases accepting consecutive treatment, we conducted a cross-
sectional study in areas of high TB endemicity and BCG coverage
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FIG. 1. Flow chart showing numbers recruited in active tuberculosis patients and healthy control individuals. mo, month(s); TST, tuberculin
skin test; T-SPOT.TB, commercial IGRA from Oxford Immunotec, Abingdon, United Kingdom.

in China. We believe these data would provide evidence for using
IGRAs to better diagnose TB infection and evaluate the efficacy
of anti-TB treatment in BCG-vaccinated populations.

MATERIALS AND METHODS

Participants and study design. One hundred forty-six patients were enrolled in
this cross-sectional study from 20 December 2006 to 31 May 2008, including 89
patients with active pulmonary TB and 57 healthy controls (Fig. 1). The enroll-
ment was carried out in 3 areas located in north, east, and southwest China. Most
of them had a scar in the deltoid areas, indicating that they had been BCG
vaccinated. Eighty-nine patients from 3 hospitals located in these areas were
diagnosed with active pulmonary TB based on extensive clinical evaluation of
TB, including TB contact history, clinical manifestations, sputum smear of acid-
fast bacilli (AFB), culture of M. tuberculosis, TST, and chest radiography. All
patients received an initial anti-TB treatment shorter than 6 months. Sixty-five
active-TB patients were confirmed by microbiological examination based on the
results of smear microscopy for AFB and/or culture of M. tuberculosis from
sputum. Among them, 18 patients with a negative smear and culture result were
diagnosed with pulmonary TB based on the evidence of close TB contact history,
clinical manifestations, chest radiography, and positive histopathological find-
ings. Fifty-seven healthy blood donors who had no history of exposure to known
active TB cases were recruited as healthy controls at low exposure risk of LTBI.

TST. A TST was performed on each participant at the time of initial assess-
ment and read by the medical staff in the hospitals. Five tuberculin units (TU) of
purified protein derivative (PPD) RT23 (Statens Seruminstitut, Copenhagen,
Denmark) was applied intradermally in the medium third of the anterior surface
of the left forearm according to the Mantoux method. After 72 h, the largest
transverse diameters of the palpable hardened areas were measured with a
millimeter ruler and ballpoint. They were classified as negative if the TST

induration was smaller than 5 mm in diameter and as positive if the reaction was
equal to or greater than 5 mm in diameter or if there was blistering.

Ex vivo IGRA. The T-SPOT.TB kit (Oxford Immunotec Ltd., Oxford, United
Kingdom) was employed to identify M. tuberculosis infection. Meanwhile, cells
were also incubated with M. tuberculosis H37Rv PPD (Mycos Research LLC,
Loveland, CO) at a final concentration of 25 wg/ml, and IFN-y production was
detected using the enzyme-linked immunospot (ELISPOT) assay. Briefly, a pre-
coated IFN-y ELISPOT plate was seeded with 2.5 X 10° peripheral blood
mononuclear cells (PBMCs) per well and incubated with media with no antigen
(as a negative control), peptide antigens derived from ESAT-6 (labeled panel A),
peptide antigens derived from CFP-10 (labeled panel B), M. tuberculosis H37Rv
PPD, or phytohemagglutinin (as a positive control) in a 5% CO, atmosphere at
37°C for 16 to 24 h. After counting spot-forming cells (SFCs) using an automated
ELISPOT plate reader (AID-Gmb-H, Strassberg, Germany), the results of the
T-SPOT.TB assay were considered positive if either panel A or panel B or both
had six or more spots than the negative control or if this number was at least two
times greater than that in the negative control. The results were double-checked
by other lab workers and, if necessary, corrected by manual counting.

Statistical analysis. The comparison of positive rates in different defined groups
was analyzed using Pearson’s chi-square test or Fisher’s exact test. The difference
between paired proportions was tested by McNemar'’s test. The differences in IFN-
y-producing T-cell responses among groups were analyzed using the nonparametric
Mann-Whitney test on the counts of SFCs. Statistical significance was accepted when
the P value was less than 0.05. The statistical analysis was performed using GraphPad
PRISM software, version 5.01 (GraphPad Software, Inc.).

RESULTS

Demographic and clinical characteristics of participants in
this study are shown in Table 1. Eighty-nine patients with
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TABLE 1. Baseline characteristics of the recruited subjects
screened by T-SPOT.TB assay and TST*

Characteristic Active . Healthy
tuberculosis control
Total no. 89 57
No. (%) of males/females 63 (70.8)/26 (29.2) 23 (40.4)/34 (59.6)
Mean age, yr (range) 43.6 (11-85) 31.3 (21-70)
BCG vaccinated, n (%) 78 (87.6) 51(89.5)
T-SPOT.TB assay, n (%) 89 (100) 57 (100)
No. positive 78 (87.6) 12 (21.1)
No. negative 11 (12.4) 45 (78.9)
TST, n (%) 38 (42.7) 53(93.0)
Induration of <5 mm 10 (26.3) 20 (37.7)
Induration of 5 mm-10 mm 7(18.4) 15 (28.3)
Induration of >10 mm 21 (55.3) 18 (34.0)
Anti-TB treatment, n (%) 89 (100) NA
0-1 month 54 (60.7)
1-3 months 22 (24.7)
3-6 months 13 (14.6)

“ TST, tuberculin skin test; T-SPOT.TB, commercial IGRA from Oxford Im-
munotec, Abingdon, United Kingdom; NA, not applicable.

active pulmonary TB were assigned to the active TB (ATB)
group, and 57 healthy individuals without any history of expo-
sure to known active TB cases were assigned to the healthy
control (HC) group. The demographics of subjects in the two
groups were comparable. The duration of anti-TB treatment of
ATB patients was =6 months. Based on the duration of an-
ti-TB treatment, these patients were divided into 3 subgroups: 0
to 1 month (including 1 month, n = 54), 1 to 3 months (including
3 months, n = 22), and 3 to 6 months (including 6 months,
n = 13).

All 146 participants were screened by the T-SPOT.TB assay
at recruitment. Seventy-eight of 89 (87.6%) ATB patients and
12 of 57 (21.1%) healthy individuals were T-SPOT.TB positive,
while 11 of 89 (12.4%) ATB patients and 45 of 57 (78.9%)
healthy individuals were T-SPOT.TB negative. Thirty-eight
(42.7%) patients and 53 (93.0%) healthy individuals under-
went the tuberculin skin test (TST) and recorded TST results.
The positive rates of TST in groups of ATB and HC were
73.7% (28/38) and 62.3% (33/53), respectively. Stratified by the
induration diameters, these participants were further divided
into 3 subgroups: induration diameter of <5 mm, 5 to 10 mm,
and >10 mm, which consisted of 10 patients (26.3%) and 20
healthy subjects (37.7%), 7 patients (18.4%) and 15 healthy
subjects (28.3%), and 21 patients (55.3%) and 18 healthy sub-
jects (34.0%), respectively. The TST results of 51 ATB patients
and 4 healthy individuals were not available due to some lo-
gistic problems (i.e., some ATB patients had been confirmed
by microbiological examination at admission, and then the TST
was not performed on them at enrollment; some participants
failed to go to the lab for the test or did not return for a TST
reading).

The RD1-based IFN-y release assay was more sensitive than
the TST for detecting active M. tuberculosis infection. Thirty-
eight ATB patients and 53 healthy individuals were simulta-
neously screened by the T-SPOT.TB assay and TST. To eval-
uate the sensitivity and specificity of these approaches, we
compared the positive rates of two methods in these two pop-
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ulation groups (Fig. 2). In the group of ATB, 36 of 38 subjects
(94.7%) were T-SPOT.TB positive, whereas the TST-positive
rate was only 73.7% (28/38 subjects, P = 0.0215). On the
contrary, the T-SPOT.TB-positive rate in the HC group was
only 18.9% (10/53 subjects), whereas the TST-positive rate was
much higher (62.3%, 33/53 subjects, P = 0.000). These results
demonstrated that the T-SPOT.TB assay was more sensitive
than conventional TST for detecting active M. tuberculosis in-
fection in BCG-vaccinated populations. On the other hand,
those healthy individuals with positive T-SPOT.TB results
could be defined as having latent TB infection. Therefore,
latent TB infection might be misdiagnosed by TST for the
healthy population in BCG-vaccinated populations.

Furthermore, we compared the T-SPOT.TB-positive rates
for ATB patients and HC according to different TST indura-
tions (Fig. 3). When a 5-mm induration was used as the cutoff
for the TST, 9 out of 10 ATB patients with negative TST
results (induration of <5 mm) were T-SPOT.TB positive,
while among healthy individuals, 1 out of 20 subjects with
negative TST results were T-SPOT.TB positive. Therefore, this
revealed that a significant portion of ATB patients was misdi-
agnosed by the TST. The T-SPOT.TB-positive rate for ATB
patients with TST indurations of <5 mm, 5 to 10 mm, and >10
mm were 90.0%, 85.7%, and 100.0%, respectively, which indi-
cated that the sensitivity of the T-SPOT.TB assay for detecting
active TB infection was not influenced by the TST results. On
the contrary, T-SPOT.TB-positive rates were relatively low for
healthy individuals with different TST indurations (5.0% ver-
sus 13.3% versus 38.9%). Also, the tendency of T-SPOT.TB-
positive rates was consistent with TST induration diameters.
The T-SPOT.TB-positive rate for healthy individuals with a
TST induration of >10 mm was significantly higher than that
for those with a TST induration of <5 mm (38.9% versus 5.0%,
P = 0.016), whereas a statistical difference was not found in
other comparisons. Thus, this finding suggested that there
were more latent TB infections in the population with TST
indurations of >10 mm, which implied that a 10-mm indura-
tion should be used as the cutoff for the TST to detect latent
TB in highly BCG-vaccinated populations.

100 - ) B T-SPOT.TB
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FIG. 2. The positive rates of T-SPOT.TB assay and TST in groups
of ATB and HC. There were 38 ATB patients and 53 healthy individ-
uals simultaneously screened by T-SPOT.TB assay and TST. *, P =
0.0215, and **, P = 0.000 comparing the positive rates of these two
tests in groups of ATB and HC.
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FIG. 3. The T-SPOT.TB positive rates in groups of ATB and HC,
stratified by TST induration diameters (mm). T-SPOT.TB assay and
TST were simultaneously performed on 38 ATB patients and 53
healthy individuals. The location of the bubble represents the
T-SPOT.TB positive rate. The size of the bubble represents the per-
centage of subjects with positive results. The positive rate for ATB
patients with indurations of <5 mm, 5 to 10 mm, and >10 mm were
26% (10/38), 18% (7/38), and 55% (21/38), respectively. The positive
rate for the HC group with indurations of <5 mm, 5 to 10 mm, and
>10 mm were 38% (20/53), 28% (15/53), and 34% (18/53), respec-
tively. *, P = 0.016, comparing the T-SPOT.TB positive rate for
healthy individuals with TST induration of >10 mm to TST induration
of <5 mm.
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IFN-vy-producing T-cell responses to PPD were apparently
higher than those to M. tuberculosis-specific RD1 antigens. To
appraise the IFN-y-producing T-cell responses to PPD and M.
tuberculosis-specific RD1 antigens in ATB patients receiving
anti-TB treatment equal to or shorter than 1 month and HC,
we compared the number of spot-forming cells (SFCs) induced
by M. tuberculosis H37Rv PPD using the ELISPOT assay with
that of those induced by RD1-specific antigens (ESAT-6 and
CFP-10) in these two population groups (Fig. 4). In both
groups, the median number of PPD-specific SFCs was appar-
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FIG. 4. The ESAT-6-, CFP-10-, and PPD-specific SFCs of ELIS-
POT assay with ATB patients and HC. Ex vivo ELISPOT assay was
performed on 46 ATB patients receiving anti-TB treatment equal to or
shorter than 1 month and 50 healthy individuals. The short transverse
line represents median of SFCs in different subgroups.
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FIG. 5. The T-SPOT.TB positive rates for ATB patients with dif-
ferent durations of anti-TB treatment. Eighty-nine ATB patients re-
ceiving initial anti-TB treatment shorter than 6 months (mo) were
screened by T-SPOT.TB assay and divided into 3 subgroups based on
the duration of anti-TB treatment: 0 to 1 mo, n = 54; 1 to 3 mo, n =
22; 3 to 6 mo, n = 13. The medians of duration of anti-TB treatment
were as follows: for 0 to 1 mo, 0 mo; for 1 to 3 mo, 2 mo; for 3 to 6 mo,
5 mo. *, P < 0.005, comparing the T-SPOT.TB positive rates for the 0-
to 1-mo group to the 3- to 6-mo group.

ently higher than those of ESAT-6- and CFP-10-specific SFCs
(P < 0.05). In particular, the IFN-y-producing T-cell responses
to PPD were the strongest in healthy individuals (P < 0.0001),
whereas the responses induced by ESAT-6 and CFP-10 were
much lower, which further indicated that the RD1-based
IFN-y release assay was more specific than the conventional
TST using PPD for diagnosing latent TB in the population with
high BCG coverage.

IFN-vy-producing T-cell responses to M. tuberculosis-specific
antigens decreased during the treatment with anti-TB regi-
mens. Eighty-nine ATB patients receiving an initial anti-TB
treatment shorter than 6 months were divided into 3 subgroups
based on the duration of the anti-TB treatment: 0 to 1 month,
1 to 3 months, and 3 to 6 months, for which the T-SPOT.TB-
positive rates were 94.4% (51/54), 86.4% (19/22), and 61.5%
(8/13), respectively. Moreover, the positive rate was 18.9%
(10/53) in the HC group (Fig. 5). The T-SPOT.TB-positive
rates declined accordingly with the duration of anti-TB treat-
ment, and it was significantly lower in the group with 3- to
6-month treatment than that with 0 to 1 month (P < 0.005),
which may indicate that the clearance of M. tuberculosis could
have a predominant impact on the performance of the T-
SPOT.TB assay.

To evaluate the RDI1-based IFN-y-producing T-cell re-
sponses in ATB patients, we then sought to compare the num-
ber of SFCs induced by M. tuberculosis-specific antigens
(ESAT-6 and CFP-10) in ATB patients with different dura-
tions of anti-TB treatment and in HC (Fig. 6). The median
number of ESAT-6-specific SFCs in the treatment group of 0
to 1 month was significantly higher than those for the other
three groups (all P < 0.05). Also, the median number of
ESAT-6-specific SFCs in the treatment group of 3 to 6 months
was similar to that in the HC group (20 versus 4 SFCs/10°
peripheral blood mononuclear cells [PBMCs], P = 0.075).
There was also a similar tendency of a decreasing CFP-10-
specific IFN-y-producing T-cell response with an increasing
duration of anti-TB treatment. Therefore, these results dem-
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FIG. 6. The ESAT-6- and CFP-10-specific spot-forming cells of
T-SPOT.TB assay in ATB patients with different durations of anti-TB
treatment and HC group. T-SPOT.TB assay was performed with 89
ATB patients receiving initial anti-TB treatment shorter than 6 months
and 57 healthy individuals. The short transverse line represents median
of SFCs in different subgroups. Values in parentheses indicate 7.

onstrated that the decrease in the M. tuberculosis-specific T-
cell response in the ATB patients probably reflected a de-
creased antigenic and bacterial load in vivo induced by anti-TB
treatment longer than 1 month. Interestingly, we found that
the median number of CFP-10-specific SFCs was apparently
higher than that of ESAT-6-specific SFCs in all subgroups with
different durations, particularly in the groups of 0 to 1 month
(580 versus 192 SFCs/10° PBMCs) and 1 to 3 months (156
versus 68 SFCs/10° PBMCs). It was suggested that the RD1-
based IFN-y-producing T-cell response induced by CFP-10
might be stronger than that by ESAT-6, especially in ATB
patients with anti-TB treatment equal to or shorter than 3
months.

DISCUSSION

The diagnosis of tuberculosis in patients with a negative
bacteriological examination is still problematic in clinical set-
tings. In BCG-vaccinated populations, rapid and specific diag-
nostic tools are urgently needed to replace the TST due to
the low specificity. The newly developed IGRAs, including
T-SPOT.TB and QFT-G, have shown advances in TB diagno-
sis, but studies found that indeterminate results were common
when using the QFT-G assay (2, 7, 11, 21). In this study, we
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employed T-SPOT.TB to evaluate the role of the IGRA in the
diagnosis of active TB.

As expected, T-SPOT.TB showed higher sensitivity than the
TST (94.7% versus 73.7%), which was consistent with previous
studies, including a study performed in China (5, 6, 10, 13, 21).
On the other hand, the positive rates of T-SPOT.TB and the
TST in the HC group were 18.9% and 62.3%, respectively. The
TST has proved to be a useful tool to determine M. tuberculosis
infection. Nonetheless, the possibility of the cross-reaction of
the TST with BCG vaccination in BCG-vaccinated populations
attenuates the specificity of the TST in diagnosing tuberculosis.
Therefore, the LTBI incidence of 18.9% determined by T-
SPOT.TB was more convincing and accurate than that of
62.3% detected by the TST in this study, which indicated that
the LTBI incidence would have been overestimated in the
investigations using the TST in BCG-vaccinated populations.
To date, the IGRA is the best promising test for LTBI diag-
nosis due to the improvement of specificity and convenience,
especially with the BCG-vaccinated population (21, 24).

Furthermore, a more detailed analysis showed that a large
proportion of ATB patients were misdiagnosed by the TST and
a portion of healthy individuals was overdiagnosed with L'TBI
by the TST compared with the T-SPOT.TB assay. The subjects
were divided into 3 subgroups according to TST induration
diameters: <5 mm, 5 to 10 mm, and >10 mm. In ATB patients
with TST indurations of <5 mm, which were apparently mis-
diagnosed by the TST, there were 90% with a positive T-
SPOT.TB assay. Similarly, for healthy individuals with TST
indurations of >10 mm, only 38.9% were T-SPOT.TB positive,
which indicated that the positive TST results in the remaining
part were very likely caused by the cross-reaction of BCG
vaccination or infections with other nontuberculosis mycobac-
teria. More importantly, the false-positive rate of TST exami-
nation was much higher for those with 5- to 10-mm TST indu-
rations than for those with indurations of >10 mm. Thus, we
proposed that a TST induration diameter of >10 mm would be
the ideal cutoff for screening LTBI in BCG-vaccinated popu-
lations.

Interestingly, PPD-specific T-cell responses in both ATB
patients and healthy controls were different from responses to
ESAT-6 and CFP-10. A previous study showed that the effec-
tor T-cell response of BCG vaccination was short lived and
could be limited in higher, preexisting anti-mycobacterial im-
munity (19). Our study found that in ATB patients treated with
anti-TB drugs for =1 month, PPD-specific T-cell responses
were much higher than those to ESAT-6 detected by the
ELISPOT (P = 0.0057), suggesting a lower specificity of PPD in
ATB diagnosis. Similarly, in the HC group, PPD-specific T-cell
responses were much higher than those to ESAT-6 and
CFP-10 detected by the ELISPOT (both P < 0.0001), which
was consistent with TST results using PPD. Therefore, in ac-
cordance with the T-SPOT.TB, our study strongly suggested
that the false-positive results for PPD in the healthy population
resulted in overestimation of LTBI in BCG-vaccinated popu-
lations.

Studies have shown that anti-TB treatment affected IGRA
results with LTBI subjects (4, 8, 25) and active TB cases (16,
23). In this study, the positive rate of the T-SPOT.TB assay in
ATB patients with 3- to 6-month anti-TB treatment was sig-
nificantly decreased compared with that for patients with 0 to
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1 month of treatment (P < 0.005). It is further suggested that
M. tuberculosis-specific T-cell responses were significantly de-
creased over time during treatment but still significantly higher
than those in the HC group. Thus, the T-SPOT.TB assay
using ESAT-6 and CFP-10 in ATB patients during anti-TB
treatment could serve as an effective predictor of therapeu-
tic efficacy.

Conclusions. IGRA is a most promising test for both active
TB and LTBI diagnosis due to its improvements in specificity and
convenience, especially in the BCG-vaccinated population. Fur-
thermore, the T-SPOT.TB assay using ESAT-6 and CFP-10 in
ATB patients during anti-TB treatment could serve as a po-
tential predictor of therapeutic efficacy.
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