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Monitoring of Peptide-Specific and Gamma Interferon-Productive T
Cells in Patients with Active and Convalescent Tuberculosis Using an
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To establish a high-efficiency gamma interferon-specific enzyme-linked immunosorbent spot assay (IFN-y ELISPOT assay) for
detection of tuberculosis (TB), peptides (E6, E7, and C14) and peptide mixtures (E6 plus E7 and E6 plus E7 plus C14) were used
to monitor peripheral blood (PBL) samples from patients with pulmonary TB (PTB), as well as control samples. The positive
detection rates of the five IFN-y ELISPOT assays were 78.38%, 74.86%, 55.83%, 90.43%, and 91.51%, respectively, and there were
similar detection rates between the two combined peptide mixture IFN-y ELISPOT assays and the tuberculin skin test (TST)
(90.62% versus 95.59%). No significant difference was found between the detection rates of the two combined peptide mixture
IFN-vy ELISPOT assays and the T-SPOT.TB assay for 86 patients with PTB (P > 0.05), but the median number of spot-forming
cells/10° cells (SFP value) for positive results was higher by the former than by the latter assay (P < 0.05). In contrast, the 29.93%
positive detection rate and median SFP value of 482 by the two combined peptide mixture IFN-y ELISPOT assays were signifi-
cantly higher than the corresponding values of 14.29% and 152 by T-SPOT.TB assay for the same 147 community donors (P <
0.05). For nine PTB patients tracked, the SFP value of 7 for the two peptide mixture IFN-y ELISPOT assays began to decrease
from the second month after regular treatment. A relatively low, almost normal, SFP level was reached and maintained after the
third or fourth month. Two in-house IFN-y ELISPOT assays and the T-SPOT.TB assay could reduce the false-positive and false-
negative detection rates of TST and sputum acid-fast staining. Therefore, these two combined peptide mixture IFN-y ELISPOT
assays have a potential advantage, beyond their greater specificity and sensitivity, for use in screening and detection of active TB

infection (TBI) and latent TB infection (LTBI) in China.

Tuberculosis (TB) is an important global health problem. A
report from the World Health Organization (WHO) showed
thatin 2010 there were still 8.8 million new cases of TB, 1.1 million
deaths from TB among HIV-negative people, and an additional
0.35 million deaths from HIV-associated TB (27). About 20% of
the world’s population lives in China, and TB has become one of
the major diseases in that country. The report of the 4th National
Epidemiological Sampling Survey of TB in China (6) stated that
the infection rate of TB in the country is 44.5% (about 550 million
individuals). Rapid and effective diagnosis is the key to controlling
the disease and preventing its emergence in a country with such
widespread latent infection. In China, the tuberculin skin test
(TST), which involves injecting people with purified protein de-
rivative (PPD), is used widely for preliminary diagnosis of TB
infection (TBI) and latent TB infection (LTBI) (5, 11, 18, 20).
However, some compositions of PPD can also be found in Myco-
bacterium bovis bacillus Calmette-Guérin (BCG) and many kinds
of nontuberculous mycobacteria (NTM) (12, 14). A TST cannot
differentiate between BCG vaccination, environmental mycobac-
terial infection, or other situations that may give a positive test
result (9, 26). Furthermore, about 80% of people in China are
vaccinated with BCG before the age of 1 year. Thus, TST, which is
based on PPD, has a low specificity for detecting TB, especially in
China.

Recently, several researchers have focused on a new type of
immunological assay for detection of TB—T-cell-based gamma
interferon (IFN-+y) release assays (17). The principle of this tech-
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nique is that T cells produce IFN-y when they are incubated with
Mpycobacterium tuberculosis-specific protein antigens. Such anti-
gens, including culture filtrate protein 10 (CFP-10) and an early
secreted protein (ESAT-6), are used widely. These two proteins
are encoded by a region of difference that is part of the M. tuber-
culosis genome but is not found in BCG and most NTM (14).
The QuantiFERON-TB Gold (Cellestis, Carnegie, Australia)
and T-SPOT.TB (Oxford Immunotec, Oxford, United Kingdom)
assays are assay methods based on this theory, and both are now
available commercially in Europe and America. It has been shown
that in contrast to individuals with TBI, those with LTBI never
have clinical signs or symptoms of disease and have normal chest
radiographs. In the past, TST was usually the reference standard
for detection of latent infection, but its specificity was not reliable
(24). Recently, it was proved that IFN-+y release assays are more
effective than TST for rapid testing of TBI and LTBI, even in BCG-
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TABLE 1 Information on participants used for in-house IFN-y ELISPOT assays in this study

No. of patients in age group (yr)

Mean age No. of No. of Total no. of
Donor group 15-44 45-59 60-74 75-90 (yr) = SD males females patients
Clinically confirmed (symptoms, antituberculosis 339 185 173 34 43.29 + 18.86 421 310 731
therapy effect, sputum smear or culture
result, TST result, and X-ray examination)
pulmonary tuberculosis in-patients”
In-patients with pulmonary tuberculosis
confirmed by symptoms, antituberculosis
therapy effect, and sputum smear or culture
result”
Positive 21 12 11 17 46.46 £ 13.22 22 39 61
Negative 11 6 3 0 42.65 £ 19.21 14 6 20
Total 32 18 14 17 45.36 = 18.13 36 45 81
In-patients with pulmonary tuberculosis
confirmed by symptoms, antituberculosis
therapy effect, and TST*
0 mm 3 2 1 0 49.35 = 9.27 1 5 6
5-9 mm 2 1 1 1 47.14 £ 15.24 3 2 5
10-19 mm 32 15 15 7 43.16 £ 14.56 42 27 69
>20 mm 16 21 6 3 48.33 = 15.77 26 20 46
Total 53 39 23 11 44.57 £ 16.36 72 54 126
True-negative adult donors” 35 13 17 10 46.17 £ 15.73 40 35 75
Community donors® 49 39 35 24 49.51 = 14.39 56 91 147
Umbilical cord blood samples 21

@ There are overlap cases in the first three groups.

b All donors appeared negative based on clinical symptoms, sputum smear and culture results, TST results, and X-ray examination.
¢ All donors appeared negative based on clinical symptoms, sputum smear and culture results, and X-ray examination but were negative or positive by TST.

vaccinated individuals (10). However, none of these assays are
used widely, and few data are available in China, mainly because of
their high cost.

It has been reported that different populations respond differ-
ently to different peptide fragments owing to ethnic differences (3,
23). In our previous study, we obtained 10 T-cell-responsive pep-
tides from 113 overlapping peptides spanning three entire M. tu-
berculosis proteins (ESAT-6, CFP-10, and Ag85B) by screening
peripheral blood (PBL) and pleural fluid (PLF) samples from Chi-
nese patients with TB, using an enzyme-linked immunosorbent
spot (ELISPOT) assay. These 10 peptides included E6, E7, and
C14, which had strong reactions for patients with confirmed TB.
In this study, peptides E6, E7, and C14 and mixtures of two or
three of these peptides, i.e., E6 plus E7 (E6+E7) and E6+E7+C14,
were used as stimuli to establish the validity of an IFN-y ELISPOT
assay for monitoring a series of PBL samples from patients with
confirmed pulmonary TB (PTB) during disease development and
treatment.

MATERIALS AND METHODS

Participants. In this study, diagnosis of active PTB was made on the basis
of clinical, radiological, microbiological, and pathological information
collected after recruitment (2). PBL samples (8 ml) were collected from
in-patients with confirmed PTB who were untreated or in the initial stage
of treatment. As shown in Table 1 and other related tables, a total of 731
patients with confirmed PTB were enrolled at Guangzhou Chest Hospital,
Guangdong Province, People’s Republic of China, between September
2005 and July 2009. Peripheral blood mononuclear cells (PBMCs) from
PBL samples of 202 PTB patients were stimulated by all peptides. How-
ever, the rest were not stimulated by all peptides, since occasionally there
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were insufficient cells. The PBL samples from 75 adult donors who ap-
peared to be negative based on clinical symptoms, sputum smear and
culture results, TST results, and X-ray examination, collected from the
Guangzhou Blood Center, were used as true-negative healthy controls.
Twenty-one umbilical cord blood samples collected from the Women and
Children’s Hospital of Guangzhou were used as true-negative controls.
The other control PBL samples were taken from one community popula-
tion in Shenzhen City, Guangdong Province, from 147 adult donors who
appeared to be negative based on clinical symptoms, sputum smear and
culture results, and X-ray examination but were negative or positive by
TST. Moreover, PBL samples from 9 outpatients with PTB, taken at
months 1, 2, 3, 4, 5, and 6 during regular anti-TB therapy, were tested by
a combined E6+E7 and E6+E7+Cl14 IFN-y ELISPOT assay, and PBL
samples from 19 in-patients with PTB and from 5 healthy donors were
analyzed by intracellular cytokine staining (ICS).

The study was approved by the local ethics committee, and all patients
and community donors enrolled gave written informed consent.

TST. The subjects enrolled underwent a TST administered by the
Mantoux method, with 0.1 ml (5 tuberculin units) of Biocinetest-PPD
tuberculin RT23 (Chengdu Institute of Biological Products, China) in-
jected intradermally into the volar surface of the forearm. Induration at 48
to 72 h was measured and recorded. Subjects with an induration of =5
mm were classified as positive. The TST responses were categorized as
follows, based on the transverse diameter of induration: —, =4 mm; +, 5
to 9 mm; ++, 10 to 19 mm; and +++, =20 mm (2).

IFN-vy ELISPOT assay. In our previous work, we obtained two M.
tuberculosis-specific ESAT-6 peptides, E6 (amino acids [aa] 18 to 32;
IQGNVTSIHSLLDEG [Sun Yat-Sen University, 29 December 2008, Chi-
nese patent application CN 20111130364.8]) and E7 (aa 25 to 39; IHSLL
DEGKQSLTKL [Sun Yat-Sen University, 19 May 2011, Chinese patent
application CN 200810220523.1]) (19), and an M. tuberculosis-specific
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CFP-10 peptide, C14 (aa 52 to 65; AAVVRFQEAANKQK). E6, E7, C14,
and the E6+E7 and E6+E7+C14 mixtures, with 10 ug/ml of each pep-
tide, were used as antigenic stimuli for the IFN-y ELISPOT assay. Briefly,
PBMC:s were obtained from PBL by Ficoll-Hypaque density gradient cen-
trifugation (Ficoll-Paque Plus; Amersham Bioscience, Netherlands). Cells
were then resuspended in RPMI 1640 containing (100 units/ml; penicillin
and streptomycin sigma) and 10% fetal calf serum (FCS; HyClone). A
total of 2.5 X 10 cells, resuspended in 150 ul culture medium, was plated
in each well of a 96-well polyvinylidene-backed plate (MultiScreen-IP;
Millipore, MA) which had been precoated with mouse anti-human IFN-y
antibody (5 ug/ml; eBioscience). Cells mixed with different antigenic
stimuli were incubated for about 18 h at 37°C in 5% CO,. A phorbol
myristate acetate (PMA) (25 ng/ml; Sigma, United Kingdom) and iono-
mycin (1 pwg/ml; Sigma, United Kingdom) mixed stimulus was used as a
positive control, a stimulus-free medium was used as a negative control,
and a cell-free medium was used as a background control.

During incubation, peptide-responsive cells would release IFN-vy after
they were stimulated by peptides. After washing with 0.05% Tween 20 in
phosphate-buffered saline (PBST), biotin-conjugated mouse polyclonal
anti-human IFN-vy antibody (0.5 ug/ml; eBioscience) was added and
incubated for 2 h at room temperature. After washing, an alkaline
phosphate-conjugated streptavidin (2 pg/ml; Thermo) was added and
incubated for 2 to 2.5 h at room temperature. After a further washing
step, nitroblue tetrazolium—5-bromo-4-chloro-3-indolylphosphate (NBT/
BCIP) substrate buffer was added to aid visualization. Finally, the plate
was washed thoroughly with distilled water to stop the detection reaction.
The individual spots were then counted using an automated image anal-
ysis system ELISPOT reader (Cellular Technology Ltd.). All readings were
verified manually. An SFP value (number of spot-forming cells [SFC]/10°
PBMCs) of =50 was used as the standard indicating positivity in this
study.

T-SPOT.TB assay. The T-SPOT.TB (Oxford Immunotec, United
Kingdom) assay was performed using PBL according to the manufactur-
er’s instructions. Four wells with a membrane precoated with mouse anti-
human IFN-y monoclonal antibody were used for each subject. The assay
requires a total of 2.5 X 10° viable cells in each well. Cells in each well were
stimulated with medium alone as a negative control, with phytohemag-
glutinin as a positive control, and with different peptide panels (ESAT-6
peptide mixture [panel A] and CFP-10 peptide mixture [panel B]). Fi-
nally, the individual spots were counted and verified manually as de-
scribed above. Subjects were considered positive if there was a positive
response to one or both antigen panels. The background number of spots
in negative-control wells was always <5 spots per well. The response of
stimulated cultures was considered negative if the test well contained <50
spots; in general, a positive response was defined as having an SFP value of
=25 (SFC/10° viable cells) for either panel A, panel B, or both.

ICS. A total of 2 X 10° to 5 X 10° PBMCs were resuspended in 200 pl
RPMI 1640 and then plated in the wells of a 96-well plate (Costar; Corning
Inc.). Anti-human CD28 antibody and anti-human CD49d antibody
(Sigma), both at a final concentration of 1 ug/ml, were added to each of
the wells containing PBMCs. Cells were then incubated with different
peptides (E6, E7, or C14 at 10 ug/ml) for 72 h at 37°C in 5% CO,. Cells
stimulated with medium alone and cells incubated with PMA and iono-
mycin were used as a negative control and a positive control, respectively.
During the last 8 h of incubation time, brefeldin A (BFA; Sigma) was
added to each well, to a final concentration of 10 ug/ml. After incubation,
the cells from each well were collected, washed with 2% FCS-PBS, and
then combined with anti-human CD3 monoclonal antibody (MAb)—flu-
orescein isothiocyanate (FITC) (Ancell), anti-human CD4 MAb—phyco-
erythrin (PE)-Cy5 (eBioscience), and anti-human CD8 MAb-allophyco-
cyanin (APC) (eBioscience) in the dark at room temperature for 30 min.
After further washing with 2% FCS-PBS, the cells were fixed, and Cy-
toperm was added and allowed to react at 4°C in the dark for 16 h.
Phycoerythrin—IFN-y MADb (Biolegend) was then included for 40 min at
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TABLE 2 IFN-vy ELISPOT examination with different peptides of PBL
samples from patients with PTB?

No. of Median SFP value
Total no. of  positive  Positivity ~ for positive
Peptide(s) samples® samples  rate (%) results
E6 481 377 78.38 282
E7 521 390 74.86 221
Cl4 480 268 55.83 272
E6+E7 700 633 90.43 474
E6+E7+Cl14 671 614 91.51 433

“ A total of 731 patients with confirmed PTB were enrolled. Among them, PBMCs from
PBL samples of 202 PTB patients were stimulated by all peptides, and the rest were not
stimulated by all stimuli because there were not enough cells.

® Among the five groups, the E6+E7 and E6+E7+C14 assays had a much higher
sensitivity for detecting patients with PTB than the other peptide assays. A Wilcoxon
test was used to analyze the differences between single-peptide and peptide mixture
groups. It was found that the difference between E6 and E6+E7 was not significant
(P> 0.05). Significant differences were found between the following pairs: C14 and
E6+E7, E7 and E6+E7, C14 and E6+E7+C14, E6 and E6+E7+C14, E7 and
E6+E7+C14, and E6+E7 and E6+E7+C14 (P < 0.05).

4°Cin the dark. Finally, the cells were fixed and detected by flow cytomet-
ric analysis.

HLA genotyping of patients with TB. To investigate the alleles re-
stricted to HLA-DR for the above peptides, including E6, E7, and C14,
which respond mainly to CD4™ T cells of patients with TB, genotyping of
the HLA-DRB alleles of the corresponding peptide IFN-y ELISPOT assay-
positive TB patient was performed by PCR-sequence-specific primers
(PCR-SSP) according to the manufacturer’s protocol (Invitrogen).
Briefly, DNAs of PBL from patients with TB were extracted with QLAamp
DNA kits (Invitrogen) and used as templates to perform PCR-SSP in a
96-well plate. The PCR products were identified by agarose gel electro-
phoresis, and Pel-Freez SSP HLA software analysis was used to determine
the HLA-DR alleles.

Data analysis. Data analyses were performed using the statistical soft-
ware SPSS, version 16.0. Test results were considered statistically signifi-
cant for P values of <0.05. GraphPad Prism, version 5.0, was used to
construct the graphs and figures.

RESULTS

IFN-vy ELISPOT assay of PBL samples from patients with PTB,
using different peptide stimuli. The detection results for I[FN-y
ELISPOT assays with different peptide stimuli for PBL samples
from patients with PTB are shown in Table 2. The positive detec-
tion rates obtained with peptides E6, E7, Cl14, E6+E7, and
E6+E7+C14 were 78.38% (377/481 cases), 74.86% (390/521
cases), 55.83% (268/480 cases), 90.43% (633/700 cases), and
91.51% (614/671 cases), respectively. The median SFP values for
positive detection were 282, 221, 272, 474, and 433, respectively.
These results suggested that the peptide mixtures (E6+E7 and
E6+E7+C14) had much higher sensitivities for detecting patients
with PTB than the single peptides.

Evaluation of the specificities of E6+E7 IFN-y ELISPOT as-
say and E6+E7+C14 IFN-y ELISPOT assay. To evaluate the
specificities of the E6+E7 IFN-y ELISPOT assay and the
E6+E7+C14 IFN-vy ELISPOT assay, the PBL samples of 75 adult
donors who appeared negative based on clinical symptoms, spu-
tum smear and culture results, TST results, and X-ray examina-
tion, as well as 21 umbilical cord blood samples, were tested. The
results (Table 3) showed that the specificities of the E6+E7 IFN-y
ELISPOT assay, the E6+E7+C14 IFN-y ELISPOT assay, and both
combined were 90.36%, 90.36%, and 86.21%, respectively, for the
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TABLE 3 Detection results for PBL samples from 75 true-negative adult donors and for 21 umbilical cord blood samples with E6+E7 IFN-y

ELISPOT assay and E6+E7+C14 IFEN-vy ELISPOT assay

No. of positive Positivity rate Specificity (%) of Median SFP value

Peptides Sample group (1) samples (%) ELISPOT assay” (SFC/10° PBMCs)
E6+E7 True-negative PBL (75) 8 10.67 90.36 4
Umbilical cord blood (21) 0 0 100 2
E6+E7+Cl14 True-negative PBL (75) 8 10.67 90.36 3
Umbilical cord blood (21) 0 0 100 2
Total of E6+E7 and True-negative PBL (75) 12 16.00 86.21 4
E6+E7+Cl14 Umbilical cord blood (21) 0 0 100 3

“ Specificity was calculated with the following formula: specificity (%) = number of true-negative samples/(number of true-negative samples + number of false-positive

samples) X 100.

75 true-negative samples and 100% for all 21 umbilical cord blood
samples. Some of the adult donors for whom positive results were
detected might not be truly negative; these results probably repre-
sent latent TB infection in immunosuppressed individuals.
Comparison of IFN-y ELISPOT assay with TST for patients
with PTB. To investigate the sensitivities of IFN-y ELISPOT as-
says based on our peptides, PBL samples from patients with PTB
who were monitored by TST were tested with the series of [IFN-vy
ELISPOT methods described above. The detection results for
IEN-y ELISPOT assays and TST were compared and analyzed
statistically (Table 4). The two peptide mixtures, especially
E6+E7+C14, had higher detection sensitivities than the three sin-
gle peptides, with a similar sensitivity to that of TST (90.16% and
93.44% for E6+E7+C14 IFN-vy ELISPOT assay and TST, respec-

tively; P > 0.05). Some level of positive detection by all of the
IFN-y ELISPOT assays was seen for both the positive and negative
TST detection groups. These results suggest that all of the IFN-y
ELISPOT assays, with higher specificities than TST, might reduce
the false-positive and false-negative rates of TST detection. The
assays with the peptide mixtures (E6+E7 and E6+E7+C14) had
much greater detection sensitivities than those with the single
peptides, and the combination of the E6+E7 and E6+E7+C14
assays might be used to improve the rates of detection of TB dis-
ease and TBIL

Comparison of IFN-y ELISPOT assays and T-SPOT.TB assay
for patients with PTB. The sensitivity of the IFN-y ELISPOT as-
says was further investigated by comparing them with the
T-SPOT.TB (Oxford Immunotec Limited, Abingdon, United

TABLE 4 Comparison of IFN-y ELISPOT assay and TST for patients with PTB

No. (%) of samples with TST result*

IEN-yELISPOT  Negative ~ _0St¥e

assay and result (0 mm) + (5-9 mm) ++ (10-19 mm) +++ (=20 mm) All positive samples Total P value

E6
Positive 4 (5.71) 3(4.29) 21 (30.00) 15 (21.43) 39 (55.71) 43 (61.43) 2.04 X 10 %
Negative 2 (2.86) 2 (2.85) 15 (21.43) 8 (11.43) 25 (35.71) 27 (38.57)
Total 6 (8.57) 5(7.14) 36 (51.43) 23 (32.86) 64 (91.43) 70

E7
Positive 4 (4.00) 2 (2.00) 38 (38.00) 20 (20.00) 60 (60.00) 64 (64.00) 2.55 X 10~°
Negative 2 (2.00) 2 (2.00) 15 (15.00) 17 (17.00) 34 (34.00) 36 (36.00)
Total 6 (6.00) 4 (4.00) 53 (53.00) 37 (37.00) 94 (94.00) 100

Cl4
Positive 4 (5.88) 2(2.94) 20 (29.41) 11 (16.18) 33 (48.53) 37 (54.41) 2.94 X 1074
Negative 2(2.94) 3 (4.41) 15 (22.06) 11 (16.18) 29 (42.65) 31 (45.59)
Total 6 (8.82) 5(7.5) 35 (51.47) 22 (32.36) 62 (91.18) 68

E6+E7
Positive 6 (7.06) 5 (5.88) 37 (43.53) 18 (21.18) 60 (70.59) 66 (77.65) 0.02
Negative 1(1.18) 0 (0.00) 10 (11.76) 8(9.41) 18 (21.18) 19 (22.35)
Total 7 (8.24) 5(5.88) 47 (55.29) 26 (30.59) 78 (91.76) 85

E6+E7+Cl14
Positive 6 (9.83) 4(6.56) 35 (57.38) 12 (19.67) 51 (83.61) 57 (93.44) 0.75
Negative 0 (0.00) 0 (0.00) 2(3.28) 2(3.28) 4 (6.56) 4 (6.56)
Total 6(9.83) 4 (6.56) 37 (60.66) 14 (22.95) 55 (90.16) 61

“ No individual was found with a TST induration of 1 to 4 mm. The two peptide mixtures, particularly E6+E7+C14, had a higher detection sensitivity than the three single
peptides, with a similar sensitivity to that of TST (93.44% and 90.16% for the E6+E7+C14 IFN-y ELISPOT assay and TST, respectively; P > 0.05). Some level of positive detection
was achieved by all IFN-y ELISPOT assays for both the positive and negative TST detection groups.
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TABLE 5 Comparison of IFN-y ELISPOT assay and T-SPOT.TB assay
with 86 PTB samples”
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TABLE 7 Comparison of two IFN-y ELISPOT assays and sputum acid-
fast staining for patients with PTB

SFP value (SFC/
10° PBMCs or
No. of positive  Positivity rate m
Assay and peptides samples (%) P25 P50 P75
IEN-vy ELISPOT assay
E6+E7 76 88.37 170 754 1450
E6+E7+Cl14 81 94.19 160 733 1539
Total of E6+E7 and 83 96.51 165 740 1456
E6+E7+Cl14
T-SPOT.TB assay
Panel A 83 96.51 66 154 344
Panel B 84 97.67 86 271 89%
Total of panel A 85 98.84 66 246 801
and panel B

@ P25, lower quartile SFP value; P50, median SFP value; P75, upper quartile SEP value.

b All detection assays had a high sensitivity. A Wilcoxon test was used to analyze the
difference between IFN-y ELISPOT assay and T-SPOT.TB assay. It was found that the
median SFP value for E6+E7 (or E6+E7+C14) was higher than that for panel A (P <
0.05), and that for the total of E6+E7 and E6+E7+ C14 was higher than that for the
total of panel A and panel B. No significant differences were found between E6+E7 (or
E6+E7+Cl14) and panel B (P > 0.05); on the other hand, similar positive detection
rates were found for E6+E7+C14 and panels A and B and for the total of E6+E7 and
E6+E7+Cl14 and the total of panel A and panel B (P > 0.05), but the positive detection
rate was lower with E6+E7 than with panel A and panel B (P < 0.05).

Kingdom) assay, a mature, credible, and commercial IFN-vy
ELISPOT assay-based test. The results of the comparison of our
IFN-vy ELISPOT assays and the T-SPOT.TB assay for 86 PBL sam-
ples from patients with PTB are shown in Tables 5 and 6. The
detection rates (median positive SFP values) for the E6+E7
panel, the E6+E7+C14 panel, and the combined E6+E7 and
E6+E7+C14 panels in IFN-y ELISPOT assays were 88.37%
(754), 94.19% (733), and 96.51% (740), respectively, compared
with 96.51% (154), 97.67% (271), and 98.84% (246) for panel A,
panel B, and the total of panel A and panel B for the T-SPOT.TB
assay, respectively. A Wilcoxon test was used to analyze the differ-
ence between IFN-vy ELISPOT assays and the T-SPOT.TB assay.
The statistical results showed that the median SFP value with
E6+E7 (or E6+E7+C14) was higher than that with panel A, and
that for the total of E6+E7 and E6+E7+ C14 was higher than that
for the total of panel A and panel B (P < 0.05). No significant
differences were found between E6+E7 (or E6+E7+Cl14) and

TABLE 6 Agreement in rates of PTB detection between IFN-y ELISPOT
and T-SPOT.TB assays”

No. of samples with T-
SPOT.TB assay (panel A and
panel B) result

IFN-vy ELISPOT (E6+E7 and

E6+E7+Cl14) assay result Positive ~ Negative =~ Total P value
Positive 82 1 83 0.63
Negative 3 0 3

Total 85 1 86

@ Eighty-six PBL samples from patients with PTB were assayed at the same time by IFN-
v ELISPOT assay and T-SPOT.TB assay. The results were defined as positive if a spot
appeared in the E6+E7 and/or E6+E7+C14 IFN-y ELISPOT assay, as well as in panel
A and/or panel B of the T-SPOT.TB assay. By x* test, no significant difference was
found between the two methods (P > 0.05) (also see Table 5).

March 2012 Volume 19 Number 3

No. of samples with sputum acid-

IFN-y ELISPOT fast staining result”

assay and result Positive Negative Total Pvalue”
E6+E7
Positive 27 34 61 4.90 X 107°
Negative 7 13 20
Total 34 47 81
E6+E7+Cl14
Positive 25 36 61 543 X 1077
Negative 0 4 4
Total 25 40 65

@ Some patients who appeared to be negative by sputum acid-fast staining could be
detected by the two IFN-y ELISPOT assays. A higher detection sensitivity was found for
the E6+E7 IFN-y ELISPOT assay and the E6+E7+C14 IFN-vy ELISPOT assay than for
sputum acid-fast staining (P < 0.05).

b Calculated by x? test.

panel B (P > 0.05); on the other hand, similar positive detection
rates were found for E6+E7+C14 and panels A and B and for the
total of E6+E7 and E6+E7+Cl14 and the total of panel A and
panel B (P > 0.05), but the detection rate was lower with E6+E7
than with panel A and panel B (P < 0.05). Therefore, the
E6+E7+C14 IFN-vy ELISPOT assay has a similar sensitivity to
that of the T-SPOT.TB assay.

Comparison of IFN-y ELISPOT assay and sputum acid-fast
staining for patients with PTB. Sputum acid-fast staining can be
used to detect patients with active PTB (26). In this study, the
patients with PTB fell into two categories, positive and negative,
by sputum acid-fast staining. A comparison of the detection re-
sults for IFN-vy ELISPOT assay and sputum acid-fast staining for
patients with TB is shown in Table 7. For some patients who ap-
peared negative by sputum acid-fast staining, PTB could be de-
tected by two IFN-y ELISPOT assays. A higher detection sensitiv-
ity was found for the E6+E7 IFN-y ELISPOT assay and the
E6+E7+C14 IEN-y ELISPOT assay than for sputum acid-fast
staining (P < 0.05).

In vivo kinetics of peptide-specific and IFN-y-productive T
cells in PBL samples from PTB outpatients during TB develop-
ment and treatment, assessed by IFN-y ELISPOT assay. To track
the in vivo kinetics of peptide-specific and IFN-vy-productive T
cells in samples from patients with PTB during TB development
and treatment, PBL samples from outpatients with PTB were col-
lected at months 1, 2, 3, 4, 5, and 6, during regular anti-TB ther-
apy, and examined by a combined E6+E7 and E6+E7+Cl14
IEN-+y ELISPOT assay. Nine patients’ samples were monitored at
three or more time points. These patients, initially diagnosed as
having secondary PTB according to a positive TST, positive or
negative sputum smear and sputum culture, positive X-ray exam-
ination, and previous TB history, began to improve clinically from
month 2 after regular treatment. Figure 1 shows that with the
exception of patients 4 and 9, the SFP value (SFC/10° PBMCs)
began to decrease, with some variation, together with an amend-
ment in TB symptoms, until a relatively low (almost normal) level
was reached and maintained after 3 to 4 months.

Comparison of results for 147 community donors by com-
bined IFN-y ELISPOT assay, T-SPOT.TB assay, and TST. One
hundred forty-seven community donors from one community

cviasm.org 405


http://cvi.asm.org

Yang et al.

1600 1600 1600
3 —EG+ET s —EBET 4 —E6eET
100  Patient 1 —EsETsC14 | 19004 Patient 2 —EgEnCld | 1a00- Patient 3 —EBETCH
A E6+ET ® ERET A EG+ET
1200 ® EGETC14 | 1200 A EGET+CI4 | 12007 ® EGETC14
1000 1000 1000
800 800 800
00 800 800~
4001 400 4001
2007 200 2001
s 0 g
| 1 I T I 1 1 T T | I
0 2 3 2 3 4 & 1 3 5
16001 1600 1600
i —E&ET —EB+ET q —EB+ET
- Fatient 4 —EBiE7+C1a | 14007 —EGWETC1 | 14001 Patient 6 —EBET+C14
A EBIET A EGeET A EGeET7
1200 @ ES+ET+C14 | 12007 ® EG+ET+C14 | 1200+ ® EG+ET+C14
8 1000+ 1000 1000+
. Patient 5 .
800 8001 00
E B0 6001 B0
wc 400 400 400
o .
- 200 200 200
E 0 - -
T T T | 1 I ] I ]
/)] 1 2 3 1 2 4 0 1
A 1600 1600 1600
. —EB+ET . —EBET . —E6+ET
jae-  Patient 7 —EBeETaC1a | 1a00 Patient8 —EgEncia | 1ano{  Patient9 —EB+ETsC1d
A Fa+E7 A ER4ET A EG+ET
1200+ @ EG+ET+C14 | 1200+ ® EG+ET+C14 | 1200+ ® EG+ET+C14
1000 1000 1000
800 800+ 800
600 600 600
400 400 400
200 200 200
s 0 0
T T T T T T T T T
0 1 2 0 1 2 4 5 8

» Anti-TB treatment time (Months)

FIG 1 Dynamics of SFP values during the course of TB development and treatment, examined by E6+E7 and E6+E7+C14 IFN-y ELISPOT assays. As shown
in Table 6, PBL samples were collected at regular intervals from nine outpatients with PTB, during regular anti-TB treatment, and were monitored by E6+E7 and
E6+E7+C14 IFN-y ELISPOT assays. With the exception of patients 4 and 9, SFP values began to decrease, together with an amendment in TB symptoms, until
arelatively low, almost normal, level was reached and maintained after 3 to 4 months. SFP, number of spot-forming cells/10° peripheral blood mononuclear cells.

were monitored by a combined E6+E7 and E6+E7+C14 median SFP value of 482 for the combined IFN-y ELISPOT
IFN-vy ELISPOT assay, T-SPOT.TB assay, and TST at the same  assay for the same 147 cases (P < 0.05); on the other hand,
time. As shown in Table 8, the positive detection rate of 14.29%  these positive detection rates were significantly lower than the
and the median SFP value of 152 for the T-SPOT.TB assay were  rate of 82.99% for positive TST results (P < 0.05). As found for
significantly lower than the 29.93% positive detection rate and  patients with PTB, some level of positive detection was

406 cviasm.org

Clinical and Vaccine Immunology


http://cvi.asm.org

Monitoring of M. tuberculosis Peptide-Specific T Cells

TABLE 8 Comparison of detection results for 147 community donors from one community, assayed by IFN-y ELISPOT assay, T-SPOT.TB assay,

and TST*

No. (%) of samples with TST result®

SEP value (SFC/10° PBMCs or
viable cells)®

Assay and result Positive (=5 mm) Negative (0 mm) Total P25 P50 P75
IFN-vy ELISPOT assay (total of E6+E7 and
E6+E7+C14 assays)
Positive 35 (23.81) 9 (6.12) 44 (29.93) 169 482 760
Negative 87 (59.18) 16 (10.88) 103 (70.07) 0 0 0
Total 122 (82.99) 25(17.01) 147 0 0 14
T-SPOT.TB assay (total of panel A and
panel B)
Positive 15 (10.20) 6 (4.08) 21 (14.29) 473 152 44
Negative 107 (72.79) 19 (12.93) 126 (85.71) 1 3 0
Total 122 (82.99) 25 (17.01) 147 0 1 5

“ No individual was found with a TST induration of 1 to 4 mm.
b P25, lower quartile SFP value; P50, median SFP value; P75, upper quartile SFP value.

¢ For the T-SPOT.TB assay, a positive detection rate of 14.29% and a median positive SFP value of 152 were found, which were significantly lower than the 29.93% positive
detection rate and median positive SFP value of 482 for the combined IFN-vy ELISPOT assay for the same 147 cases (P < 0.05); on the other hand, these positive detection rates
were significantly lower than the rate of 82.99% for positive TST results (P < 0.05). Some level of positive detection was achieved by the two IFN-vy ELISPOT assays for both the

positive and negative TST detection groups.

achieved by the combined IFN-y ELISPOT assay and the
T-SPOT.TB assay for both the positive and negative TST detec-
tion groups.

ICS results for PBL samples from patients with PTB and
from healthy donors, using stimulation with E6, E7, and C14
peptides. To determine the levels of peptide-specific and IFN--y-
productive cells in CD3* CD4" and CD3" CD8" T cells and
to investigate the categories and characteristics of peptide-
responsive T cells, PBL samples were obtained from 19 patients
with PTB and from 5 healthy donors. PBMCs of the PBL samples
were stimulated with peptides E6, E7, and C14 and then detected
by ICS. Table 9 shows that the percentages of CD3" CD4™ T cells

TABLE 9 ICS results for PBL samples from patients with PTB and from
healthy donors, using three peptides”

Mean % *= SD

PTB group  Healthy donor
Peptide and cell type (n=19) group (n=5)  Pvalue
E6
CD3" CD4" IFN-y-producing  0.69 = 0.56  0.04 = 0.05 0.007
T cells
CD3* CD8" IFN-y-producing  0.59 = 0.51  0.11 * 0.02 0.027
T cells
E7
CD3" CD4" IFN-vy-producing  0.63 = 0.67  0.05 = 0.01 0.004
T cells
CD3" CD8" IFN-vy-producing  0.63 = 0.59  0.14 = 0.07 0.049
T cells
Cl4
CD3* CD4™" IFN-y-producing  0.80 £ 0.76  0.21 * 0.07 >0.05
T cells
CD3" CD8" IFN-y-producing  0.59 = 0.69  0.29 = 0.09 >0.05
T cells

“ The results suggest that peptides E6 and E7 respond mainly to CD4™ T cells of
patients with TB and are ideal CD4 " T-cell-responsive epitopes.
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producing IFN-yin PTB samples after E6 and E7 stimulation were
0.69% = 0.56% and 0.63% = 0.67%, respectively, compared with
0.04% = 0.05% and 0.05% = 0.01%, respectively, in healthy con-
trol samples. These differences had greater significance (P = 0.007
and P = 0.004, respectively) than that found for CD3" CD8" T
cells (0.59% = 0.51% and 0.11% = 0.02%, respectively, for E6
[P=0.027] and 0.63% = 0.59% and 0.14% = 0.07%, respectively,
for E7 [P = 0.049]). In contrast, no significant differences were
found between PTB and healthy control samples (P > 0.05) for
CD3" CD4™" T cellsor CD3" CD8™ T cells producing IFN-y after
C14 stimulation. The results indicate that peptides E6 and E7 re-
spond mainly to CD4" T cells of patients with TB and are ideal
CD4™ T-cell-responsive epitopes.

HLA-DR genotyping of patients with PTB whose IFN-y
ELISPOT assay results showed a strong positive reaction. To
investigate HLA-DR-restricted alleles of the peptides studied, in-
cluding E6, E7, and Cl14, patients with PTB who had a strong
positive response to peptides E6, E7, and C14 by IFN-vy ELISPOT
assay were selected for detection of their HLA-DR alleles by PCR-
SSP. Figure 2 shows that 11 types of HLA-DRBI allele were de-
tected, including HLA-DR3, -DR4, -DR7, -DR8, -DR9, -DR11,
-DR12, -DR13, -DR14, -DR15, and -DR16. No significant differ-
ences were found among different HLA-DR alleles for the peptides
E6, E7, and Cl4, suggesting that these peptides are widely
HLA-DR allele-restricted epitopes.

DISCUSSION

M. tuberculosis is phagocytized by macrophages after invading the
body. The main anti-M. tuberculosis immune response is based on
CDA4™" T cells. Once infected by M. tuberculosis, the body generates
an immune response, and memory T cells may be produced which
remain in the body for a long time. When memory T cells are
restimulated by specific antigens, they secrete cytokines, such as
IFN-v, tumor necrosis factor alpha, etc. (21). IFN-+y is related to
the activation of macrophages and cytotoxic cells. The latter can
kill the cells which phagocytize M. tuberculosis. Thus, IFN-+y is an
important cytokine resulting from the immune reaction to M.
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FIG 2 TFN-vy ELISPOT results for PBMCs of patients with TB whose HLA-DR genotype had been tested. Eleven types of HLA-DRBI allele were detected. No
significant differences were found among different HLA-DRB1 alleles for peptides E6, E7, and C14.

tuberculosis (4, 15, 16). In this study, analysis by ICS demonstrated
that peptides E6 and E7 stimulated T cells, especially CD4™ T cells,
to release IFN-v. The results for peptide C14 were not statistically
significant, possibly owing to the limited test number. We used
these M. tuberculosis-specific peptides to stimulate PBMCs in or-
der to rapidly diagnose active TBI, and even LTBI. Many studies
on the detection of TB by IFN-yELISPOT assay have used
ESAT-6, CFP-10, or their fusion protein as a stimulus (1, 22). In
contrast, we used short peptide sequences to stimulate PBMCs
and achieved good results. Theoretically, an assay based on pep-
tide sequences should have more effective stimulation (7).

All of the peptides used in our study were of high purity
(>99%). Our previous study showed that the detection efficacies
with E6, E7, and C14 were better than those with other selected
peptides, and in this study, we continued our work on E6, E7, C14,
and mixtures of these peptides (E6+E7 and E6+E7+C14). Peo-
ple in the Guangdong region, a large commercial region in the
southern part of China, took part in the study. Guangdong has a
moving population, so the prevention and treatment of TB are
important but difficult.

Owing to the limited number of PBMCs that can obtained
from one PBL sample, some cases could not be stimulated by all
peptides and then detections performed. The detection results for
patients with PTB showed that there were lower positive rates
(55.83%, 78.38%, and 74.86%) for the three single-peptide groups
than for the two peptide mixture groups (90.43% and 91.51%).
Statistical differences were found between the peptide mixture
groups and their component peptides, except for the difference
between the E6+E7 mixture and the E6 peptide. Thus, use of a
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peptide mixture is advantageous. Both peptide mixture IFN-y
ELISPOT assays had a higher sensitivity for detecting patients with
PTB than the single peptide groups, with a positive detection rate
similar to that of TST (90.62% versus 95.59%) and greater than
that of sputum acid-fast staining. On the other hand, the high
specificity of the tests was also proved by detection with PBL sam-
ples from 75 true-negative adult donors who appeared negative
based on clinical symptoms, sputum smear and culture results,
TST results, and X-ray examination, as well as with 21 umbilical
cord blood samples. Therefore, as seen in other reports (7, 8, 10,
13, 25), these IFN-y ELISPOT assays could reduce the false-
positive and false-negative detection rates of TST and the false-
negative detection rate of sputum acid-fast staining.

All detected cases could be categorized into two pairs and four
groups, as follows: (i) patients with PTB receiving initial treatment
and patients with PTB who were retreated; and (ii) patients with
PTB who were responsive to regular anti-TB drugs, including ri-
fampin, isoniazid, pyrazinamide, and ethambutol, and patients
resistant to these drugs. However, the detection results were sim-
ilar between the two groups of each pair (data not shown).

In this study, 86 patients with PTB were selected randomly for
testing by IFN-y ELISPOT assay and T-SPOT.TB assay. The de-
tection rates (median positive SFP values) for the E6+E7,
E6+E7+Cl14, and combined E6+E7 and E6+E7+C14 IFN-y
ELISPOT assays were 88.37% (754), 94.19% (733), and 96.51%
(740), respectively, compared with 96.51% (154), 97.67% (271),
and 98.84 (246) for panel A, panel B, and the total of panel A and
panel B, respectively, in the T-SPOT.TB assay. It was found that
the median SFP value with E6+E7 (or E6+E7+C14) was higher
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than that with panel A (P < 0.05), and that for the total of E6+E7
and E6+E7+C14 was higher than that for the total of panel A and
panel B (P < 0.05). No significant differences were found between
E6+E7 (or E6+E7+C14) and panel B (P > 0.05); on the other
hand, similar positive detection rates were found for E6+E7+C14
and panels A and B and for the total of E6+E7 and E6+E7+C14
and the total of panel A and panel B (P > 0.05), but the positive
detection rate was lower for E6+E7 than for panel A and panel B
(P <0.05). Therefore, the E6+E7+C14 IEN-y ELISPOT assay has
a similar sensitivity to that of the T-SPOT.TB assay, and the addi-
tion of an E6+E7 assay may provide further improvement.

Since some peptides (for example, those originating from the
proteins ESAT-6 and CFP-10) have been reported in other coun-
tries as showing a positive reaction for patients with TB by IFN-y
ELISPOT assay, we carried out a small-scale study of the use of
these peptide mixtures in IFN-y ELISPOT assays. The data
showed that these peptides had low sensitivity when used for de-
tection in Chinese people (data not shown). This result is in agree-
ment with the study of Ravn et al., who reported that the specific-
ity of ESAT-6 epitope recognition varies in some regions, possibly
owing to differences in the HLA molecules frequently expressed in
different populations (23). The results of HLA-DR genotyping of
patients with PTB showed that E6, E7, and C14 responded to a
wide range of different HLA-DRBI alleles, further proving that
these peptides are suitable for use in China. The mixture of these
three peptides provides a powerful foundation for rapidly detect-
ing TB disease in China.

Toward the end of our study, nine patients with PTB were
tracked at various time points from before treatment to up to 6
months of treatment. PBL samples were obtained at three or more
time points from all the patients with PTB; PBMCs were obtained
from the PBL samples, and IFN-y ELISPOT assays based on the
E6+E7 mixture and the E6+E7+C14 mixture were carried out.
Since samples were limited, only a general trend could be found
from the results. After a period of anti-TB treatment, the patients’
reactions to the peptides gradually weakened as time passed, apart
from two patients, until after 3 to 4 months, a relatively low, al-
most normal, level was reached and maintained. Thus, this IFN-y
ELISPOT assay could be used to monitor the development of TBI,
in agreement with the study of Adetifa et al. (1).

After the sensitivity and specificity of the peptide mixtures
had been confirmed, 147 donors from one community were
monitored by the combined E6+E7 and E6+E7+C14 IFN-y
ELISPOT assay, the T-SPOT.TB assay, and TST at the same
time. A positive detection rate of 29.93% was obtained by the
combined peptide mixture IFN-y ELISPOT assay, which pro-
vided a better reflection of the >40.00% TB infection rate in
China. Similarly, as found for patients with PTB, the results
also suggested that the combined peptide mixture IFN-vy
ELISPOT assay, like the T-SPOT.TB assay, reduced the false-
positive and false-negative rates of TST detection in commu-
nity people. This combined peptide IFN-y ELISPOT assay has
potential advantages beyond its greater sensitivity for use in
screening the common population for LTBI.

In this study, we identified three M. tuberculosis-specific pep-
tides and found that an ELISPOT assay based on a mixture of these
three peptides could be used to detect TBI and LTBI in China. Ina
future study, we shall select some other ethnic TB patients to in-
vestigate the clinical utility of this test.
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