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Abstract

Background: Immune responses to Mycobacterium tuberculosis antigens could serve as surrogate
markers of treatment response.

Methods: Using the T-SPOT.TB assay and frozen peripheral blood mononuclear cells, we
enumerated ESAT-6- and CFP-10-specific IFN-y-producing T cells over time in pulmonary TB
patients receiving directly observed treatment. T cell responses (measured as "spot forming cells"
or "SFCs") were assessed prior to treatment and at |16 and 24 weeks of treatment.

Results: 58 patients were evaluated, of whom 57 were HIV seronegative. Mean (SD) ESAT-6, CFP-
10, and summed RDI specific SFCs declined from 42.7 (72.7), 41.2 (66.4), and 83.8 (105.7) at
baseline to 23.3 (39.4, p = 0.01), 23.2 (29.4, p = 0.18), and 46.5 (59.5, p = 0.02) at completion of
24 weeks of treatment, respectively. Only 10% of individuals with a baseline reactive test reverted
to negative at treatment week 24. For the group that was culture positive at completion of 8 weeks
of treatment compared to the culture negative group, the incidence rate ratio (IRR) of ESAT-6,
CFP-10, and summed RD | specific SFC counts were, respectively, 2.23 (p = 0.048), I.51 (p = 0.20),
and 1.83 (p = 0.047). Patients with cavitary disease had mean ESAT-6 specific SFC counts that were
higher than those without cavitary disease (IRR 2.08, p = 0.034).

Conclusion: IFN-y-producing RD | -specific T cells, as measured in the T-SPOT.TB assay, may be
directly related to bacterial load in patients undergoing treatment for pulmonary TB. However,
high inter-subject variability in quantitative results coupled with failure of reversion to negative of
qualitative results in most subjects at treatment completion may limit the utility of this assay as a
surrogate marker for treatment efficacy.

Background rational development of diagnostic tests for tuberculosis
Progress in understanding the genome of Mycobacterium  (TB).[1] Early secretory antigenic target-6 (ESAT-6) and
tuberculosis and human host responses has led to the  culture filtrate protein 10 (CFP-10) are secreted antigens
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encoded by region of difference-1 (RD1) of M. tuberculosis.
These antigens elicit IFN-y secretion by peptide-specific T
cells.[1,2] Diagnostic tests have been developed to meas-
ure response T cell responses to these antigens.[3] T-
SPOT.TB (Oxford Immunotec Ltd, Abingdon, Oxon, UK)
is an ex vivo enzyme-linked immunospot (ELISPOT)
assay that uses overlapping peptide panels to stimulate
IFN-y secretion by ESAT-6 and CFP-10-specific T cells.

Among individuals with active TB, the T-SPOT.TB test and
similar ELISPOT tests have reported sensitivities of 83—
97%. [1,4-10] In addition, compared with the tuberculin
skin test, the T-SPOT.TB and similar ELISPOT tests have
been shown to correlate more closely with extent of M.
tuberculosis exposure in contacts of TB patients. [11-13]

However, the role of T-SPOT.TB in monitoring response
to TB treatment is less well-established. A blood test that
correlated well with severity of disease or treatment
response might be useful as a surrogate marker in clinical
trials of new TB treatments, to predict TB treatment failure
and/or relapse, and to monitor treatment response in con-
ditions such as extrapulmonary TB or childhood TB in
which sputum is uninformative or not readily obtainable.
In order to assess the potential utility of T-SPOT.TB for
monitoring treatment efficacy, we evaluated the relation-
ship between frequency of antigen-specific [FNy-secreting
T cells and treatment response in patients with pulmonary
TB receiving directly observed therapy (DOT) in the con-
text of a phase II TB treatment study. We also evaluated
the relationship between SFC counts and markers of TB
disease severity at baseline.

Methods

Setting and design

We performed a longitudinal cohort study of a diagnostic
test, nested in a Phase II, single-center, double-blind TB
treatment trial in Rio de Janeiro, Brazil [14]. The aims of
the treatment trial were to evaluate and compare the anti-
microbial activity of two daily TB treatment regimens
administered during the first 8 weeks of treatment in
patients with pulmonary TB. The control treatment arm
was comprised of isoniazid, rifampin, pyrazinamide, and
ethambutol (HRZE), and the experimental arm was com-
prised of isoniazid, rifampin, pyrazinamide, and moxi-
floxacin (HRZM). All drugs were given by directly
observed therapy (DOT) five days per week. For the treat-
ment trial, the primary endpoint was sputum culture sta-
tus (positive or negative for M. tuberculosis) at completion
of 8 weeks of treatment. All participants in the treatment
trial were eligible for participation in the T-SPOT.TB diag-
nostic study. Blood for the T-SPOT.TB assay was collected
just prior to initiation of TB therapy (week 0, baseline)
and at 16 and 24 weeks of treatment. The treatment and
diagnostic studies were approved by the ethics review
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boards of the Johns Hopkins University School of Medi-
cine and the Hospital Universitario Clementino Fraga
Filho in Rio de Janeiro, Brazil.

Participants

Subjects were adults with smear positive, culture-con-
firmed pulmonary TB that was susceptible to all of the
treatment drugs. Additional inclusion criteria were docu-
mented HIV status (positive or negative), no history of
prior TB treatment, and Karnofsky performance status
score 70 or greater. Subjects were excluded if they had
only extrapulmonary TB, were being treated with HIV-1
protease inhibitors, were pregnant or breastfeeding, had
AST > 3 times normal, total bilirubin > 2.5 times normal,
creatinine > 2 times normal, hemoglobin < 7.0 g/dL,
potassium < 3.5 mEq/L, or platelet count < 50,000/mm?3.
Upon initiation of the T-SPOT.TB substudy, all subjects
enrolled into the parent treatment trial were co-enrolled
in the TSPOT-TB study until completion of the treatment
trial.

Study evaluations

Enumeration of RD [-specific T cells

Whole venous blood was drawn into 8 ml CPT tubes (Bec-
ton Dickinson, Franklin Lakes, NJ) at weeks 0, 16, and 24
of TB treatment. Peripheral blood mononuclear cells
(PBMC) were isolated by centrifugation, washed twice,
resuspended in Recovery™ cell culture freezing media
(Gibco, Invitrogen Corp., Carlsbad, CA), and frozen in
liquid nitrogen until T-SPOT.TB testing. Just prior to test-
ing, samples were thawed; twice, AIM V medium (Gibco,
Invitrogen) was added and the samples were centrifuged.
The PBMC pellet was resuspended in AIM V medium, and
T-SPOT.TB assays using 8-well strips were performed
according to the manufacturer's instructions.[15] For an
individual study subject, all frozen samples were thawed
and tested at one time, such that the final specimen (the
24 week specimen) was frozen for a minimum of 30 days.
The assay included nil control, ESAT-6-derived peptide
(Panel A), CFP-10-derived peptide (Panel B), and positive
control wells. SFCs were enumerated on-site using a hand-
held magnifying glass. As per the manufacturer's instruc-
tions, for ESAT-6 and for CFP-10, a test was scored as qual-
itatively reactive if either: (1) for nil control of 0-5 SFCs,
the antigen well SFC count minus the nil control SFC
count was > 6; or (2) for nil control of > 5 SFCs, the anti-
gen SFC count was > 2 times the nil control SFC count.
Overall, a T-SPOT.TB test was considered reactive if either
ESAT-6 or CFP-10 was reactive, or considered nonreactive
if both ESAT-6 and CFP-10 were nonreactive. The number
of ESAT-6-specific SFCs was calculated by subtracting the
nil control SFC count from the Panel A SFC count; the
number of CFP-10-specific SFCs was calculated by sub-
tracting the nil control SFC count from the Panel B SFC
count. The resulting ESAT-6 and CFP-10 values were sum-

Page 2 of 9

(page number not for citation purposes)



BMC Infectious Diseases 2009, 9:23

mated to give the total RD1 SFC count. Those wells with
too-numerous-to-count SFCs were assigned a value of 400
which approximates the upper limit of quantification. The
technologist performing the TSPOT-TB assays was not
aware of patients' clinical or microbiological status.

Mycobacterial culture

For each subject, sputa were collected weekly through
week 8, then monthly. Specimens were digested and
decontaminated using the Nalc-NaOH method, and
resuspended in 2.0 mL of phosphate buffer. Two 0.2 ml
portions of resuspended sediment were plated onto
Lowenstein-Jensen medium and incubated at 37 °C for up
to 8 weeks. For positive cultures, species identification was
performed using conventional biochemical methods.

Statistical analyses

To determine whether or not overall SFC counts changed
over time with TB treatment, we compiled T-SPOT.TB
results from baseline, 16 weeks of treatment, and 24
weeks of treatment. To compare SFC counts between
those with positive and negative sputum cultures at treat-
ment week 8 and to compare SFC counts between those
with and without cavitary disease, we performed a longi-
tudinal data analysis. To model the dependency resulting
from repeated measures, and given that SFC counts repre-
sented overdispersed count data, the data were analyzed
using a marginal model with negative binomial approach
with  generalized estimating equation methods
(GEE).[16] We chose an independent correlation struc-
ture with robust standard errors for the GEE models, as
quantitative statistical comparisons of fit showed that this
correlation structure provided the best fit. Negative bino-
mial regression models were used to analyze differences
in SFC counts between groups at treatment week 24. Sign-
rank tests were used to compare SFC counts before and
after treatment. Two-sided alpha levels of 0.05 were used
to determine statistical significance in all analyses. Statis-
tical analyses were performed using STATA statistical soft-
ware (StataCorp, College Station, Texas).

Results

Demographic and clinical characteristics of study
participants

During the T-SPOT.TB study period, 73 individuals were
enrolled in the TB treatment trial. Among these 73 sub-
jects, 11 had no baseline T-SPOT.TB result and 4 had only
a baseline T-SPOT.TB result; these 15 subjects were
excluded from the analysis. The remaining 58 patients
had at least two blood samples collected, including a
baseline sample, and were included in the analysis.

Table 1 shows the baseline characteristics of the study
population. Only one subject was HIV-infected (CD4 426
cellsymm3); ESAT-6 and CFP-10 spot forming counts for
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Table I: Baseline characteristics of the study population.

Total (n =58)

Characteristic

Mean age in years (SD) 33.4(10.8)
Male (%) 36 (62.1)
Baseline weight in kg (SD) 55.7 (9.1)
Cavitary disease™ (%) 41 (70.7)
Diabetes mellitus (%) 10 (17.2)
Assigned to HRZM treatment arm (%) 31 (544)
HIV-positive (%) I (1.7)t

*cavitary disease on baseline chest radiograph
1 CD4 = 426 cells/mm3

SD, standard deviation

HRZE, combination treatment with
isoniazid+rifampin+pyrazinamide+moxifloxacin.

this patient were 14 and 99 at week 0, 4 and 77 at week
16, and 8 and 63 at week 24, resulting in a qualitatively
reactive test at all time-points. Sensitivity of the T-
SPOT.TB test, as measured by baseline reactivity of frozen
samples, was 72.4% (95% CI 59-83%).

Association between SFC counts and severity of TB disease
at baseline

To determine whether or not SFC counts were higher
among those with more severe TB, we evaluated the asso-
ciation between SFC counts and two markers of disease
severity at baseline - cavitary lung disease and low body
mass index (BMI). For ESAT-6, those with cavitary disease
had, on average, 2.08 times higher SFC counts than those
without cavitary disease (95% confidence interval for the
incidence rate ratio [IRR] 1.06 to 4.10, p = 0.034), but
CFP-10 SFC counts did not differ between the two groups
(p = 0.64). There was no association between baseline
BMI and either ESAT-6 or CFP-10 SFC counts (p = 0.48
and 0.48, respectively).

SFC counts over time during TB treatment

As shown in Figure 1, mean SFC counts declined over 24
weeks for ESAT-6, CFP-10, and summed RD1. Mean (SD)
ESAT-6 SFC declined by 22.2 (62.9) over 24 weeks (p =
0.01 by signrank test), but CFP-10 SFC declined, on aver-
age, by only 8.9 (41.2) over 24 weeks (p = 0.18).

Table 2 shows the percent of study subjects having a reac-
tive qualitative result for ESAT-6, CFP-10, and RD1 at the
three time-points. Using qualitative results, there were no
significant trends over time, and no differences between
percentages of subjects positive by ESAT-6 versus by CFP-
10 at any of the time-points. Of 42 individuals who had a
reactive baseline test, 40 were retested at week 24; of these
40, 4 (10%) had a non-reactive T-SPOT.TB test at week 24.
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Mean ESAT-6, CFP-10, and summed RDI specific spot forming cells at weeks 0 (baseline), 16, and 24 for all
study participants (n = 58). SFC, spot forming cells. Vertical bars represent standard deviations of the means.

SFC counts among patients who were sputum culture
positive versus negative at completion of 8 weeks of TB
treatment

Next, we compared SFC counts between individuals who
remained sputum culture positive at completion of 8
weeks of treatment and individuals who were sputum cul-
ture negative at completion of 8 weeks of treatment. Forty-
eight (82.8%) of 58 individuals were culture negative at 8
weeks, and 10 (17.2%) of 58 remained culture positive.
As shown in Figure 2, individual participant RD1 SFC
response profiles demonstrated large intersubject and
intrasubject variability. Mean SFC counts are shown in
Figure 3. Compared with subjects having negative culture
results, culture positive subjects had higher mean SFC
counts at all time points and for both ESAT-6 and CFP-10.
Mean ESAT-6 SFC count was on average 2.23 times higher
for the group that was culture positive at completion of 8
weeks of treatment than for the group that was culture
negative (IRR 95% CI 1.01 to 4.93, p = 0.048). The mean

CFP-10 SFC count was on average 1.51 times higher for
the culture positive group compared to the culture nega-
tive group, but this difference did not reach statistical sig-
nificance (IRR 95% CI 0.80 to 2.85, p = 0.20). The mean
RD1 SFC count was on average 1.83 times higher for the
culture positive group compared to the culture negative
group (IRR 95% CI 1.01 to 3.33, p = 0.047); the rate of
decline did not differ between the two groups (p = 0.54).
At completion of 24 weeks of therapy, the culture positive
group had ESAT-6 and CFP-10 counts that were 2.27 (IRR
95% CI1 0.82 to 6.31) and 2.36 (IRR 95% CI 0.92 to 6.04)
times higher than the culture negative group, but neither
of these differences reached statistical significance.

Using qualitative results (Table 2), compared with culture
negative subjects, slightly higher percentages of culture
positive subjects had ESAT-6 or CFP-10 results classified
as reactive at weeks 0, 16, and 24, but differences were not
statistically significant.
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Table 2: Qualitative T-SPOT. TB results: % of subjects having a
reactive test, stratified by stimulatory antigen and by culture
results at completion of 8 weeks of TB treatment

Week 0 Week |6 Week24

ESAT-6

All subjects 56.9 58.9 53.7

Culture positive 60.0 77.8 60.0

Culture negative 56.3 553 523
CFP-10

All subjects 55.2 58.9 59.3

Culture positive 60.0 77.8 60.0

Culture negative 54.2 553 59.1
RDI

All subjects 724 78.6 75.9

Culture positive 70.0 88.9 70.0

Culture negative 729 76.6 773

Discussion

There has been considerable debate about the immune
response to M. tuberculosis and correlates of bacterial con-
tainment in the human host. It has been postulated that
active TB infection is immunosuppressive and that treat-
ment of TB would lead to improved immune function and
an increase in antigen-specific IFN-y production by T
cells.[17] Our data support an alternate hypothesis that
treatment leads to decreased antigen burden and, in turn,
diminished frequency of circulating antigen-specific T
cells. In this regard, our findings are consistent with those
of several prior studies using precommercial RD1-based
interferon gamma release ELISPOT assays. [1,4,18,19]
Specifically, Pathan et al. used an RD1-specific ELISPOT
assay to evaluate kinetics of T cell responses in 12 active
TB patients undergoing treatment.[1] They observed an
average 38% decrease in SFCs over a mean follow-up
period of 18.6 weeks. Aiken et al. showed that 55% of
treated pulmonary TB patients had negative ESAT-6/CFP-
10 ELISPOT tests one year after treatment initiation.[19]
Some studies using precommercial assays, however, have
demonstrated persistently high or positive RD1-specific
ELISPOT test results even after treatment; multiple techni-
cal or environmental factors may affect assay performance
characteristics.[20,21] One study using the commercially-
available T-SPOT.TB comparing patients early in their TB
treatment to patients late in their TB treatment showed
significantly higher positive T-SPOT.TB proportions in the
early-treatment group (83% vs. 17%).[22]

Our findings add strength to the hypothesis that SFC
counts directly reflect bacillary burden and, importantly,
used the commercially available T-SPOT.TB assay. Mean
ESAT-6 and summed RD1 SFC counts were statistically
significantly higher in the group with positive sputum cul-
tures at week 8 compared with the group having negative
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sputum cultures at week 8. These differences were appar-
ent at baseline (time 0), and overall rates of decline in
RD1 SFC counts did not differ between groups. These data
suggest that higher SFC counts in those with positive spu-
tum culture results at week 8 resulted from higher pre-
treatment bacillary burdens of M. tuberculosis rather than
from a slower decline in SFC counts during treatment. In
addition, there was an association between ESAT-6 SFC
count and presence of lung cavitation — a manifestation of
TB disease usually characterized by high bacillary burden.

Additional studies of M. tuberculosis exposure, progression
from latent to active TB, and treatment of latent TB also
support the hypothesis that quantitative ELISPOT readout
reflects mycobacterial burden. Specifically, Hill et al.
found that, in individuals with positive ELISPOT
responses to ESAT-6 and CFP-10, quantitative ELISPOT
responses to PPD reflected the infectious load of M. tuber-
culosis as a result of recent exposure.[23] Richeldi et al.
reported a newborn child exposed to TB - ELISPOT results
turned positive at age 6 months, and were approximately
10-fold higher at age 24 months when the child devel-
oped overt TB disease.[24] In another case report, a rising
ELISPOT count heralded progression to active TB in a
patient with known latent TB.[25] With respect to treat-
ment of latent TB, Ewer et al. used an RD1-specific ELIS-
POT assay to evaluate kinetics of T cell responses in
individuals presumably recently infected with M. tubercu-
losis in the context of a point-source school-associated TB
outbreak.[26] Tuberculin skin test-positive students
treated with a three-month course of isoniazid and
rifampin had an average 68% decline per year in frequen-
cies of RD1 specific SFCs, but no change in frequencies of
these cells was observed in untreated individuals. Chee et
al. recently demonstrated that among individuals under-
going treatment for latent TB infection, treatment had a
significant effect on response to CFP-10 but not on
response to ESAT-6 as measured by the T-SPOT.TB
assay.[27]

While our results and those of others indicate that immu-
nologic responsiveness as measured by RD1-based inter-
feron gamma release ELISPOT assays is dynamic during
the course of M. tuberculosis disease and its treatment, our
results indicate that the test's utility in evaluating or pre-
dicting treatment response in individual patients appears
poor. Our results do not support this test's use as an early
surrogate marker for treatment response in clinical trials.
While overall SFC counts declined over the course of treat-
ment, individual patient response profiles (mapping SFC
counts over time) were highly variable in our study. Fur-
thermore, the proportion of patients with positive quali-
tative test results was not different between groups and
did not decline over time during treatment. Further stud-
ies evaluating this test in subgroups, such as HIV-seropos-
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itive patients or patients with solely extrapulmonary
disease, may help determine the utility of this test in these
special populations. The utility of an RD1-based inter-
feron gamma release ELISPOT assay in combination with
other immunologic tests to evaluate treatment response
also remains to be studied.

Our study has important limitations. First, we used frozen
cells for cost reasons. Freeze-thaw processes may have
diminished T cell reactivity, and this could account for the
lower-than-expected baseline sensitivity of the T-SPOT.TB
assay. We cannot exclude the possibility that frozen sam-
ples that were stored longest before testing (i.e., baseline
samples) could have been most affected by storage and
might have given spuriously low results; this could have
diminished our ability to detect a decrease in assay
responses with treatment. The effects of prolonged freez-
ing could be studied by dividing samples into two aliq-
uots, with one aliquot tested immediately and the other
frozen for later testing. Second, we compared T-SPOT.TB

to a surrogate marker-sputum culture status at comple-
tion of eight weeks of treatment-and not to the accepted
gold standard of durable TB cure without relapse after
treatment. This was done for efficiency and convenience
in our study but highlights the need and provides ration-
ale for additional studies of T-SPOT.TB responses during
long-term follow-up after completion of TB treatment. In
our study, only 10% of subjects with a reactive T-SPOT.TB
test at baseline had a nonreactive test at completion of 24
weeks of treatment. Aiken et al. showed that 55% of
treated pulmonary TB patients had negative ESAT-6/CFP-
10 ELISPOT tests one year after treatment initiation.[18] It
remains to be seen whether, after successful TB treatment,
SFC counts return to zero in a substantial majority of
patients at time points beyond one year. If this were the
case, the test might have utility in predicting or diagnosing
relapsed or recurrent TB disease. In our study, there were
no subjects with recognized TB treatment failure, and
therefore we were not able to evaluate T-SPOT.TB
responses in this important clinical scenario. We were also
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unable to assess the kinetics of T cell responses early in
treatment, as funding limitations precluded the perform-
ance of an 8-week TSPOT-TB test. Of note, current manu-
facturer instructions in the U.S. FDA-approved T-SPOT.TB
assay classify those with spot counts of 5, 6, or 7 as bor-
derline and recommend retesting. Retesting was not done
for three individuals in our study who had spot counts of
5 at baseline, as manufacturer instructions at the time of
our study classified them as negative. Using the current
classification system, two of the three had positive results
upon completion of treatment while one had a negative
result, resulting in no substantive change in our overall
results or conclusions.

On the other hand, our study has several strengths. First,
the lab study was undertaken in a setting in which TB
treatment (under direct observation), sputum monitor-
ing, and subject follow-up were standardized and rigor-
ous. In addition, the T-SPOT.TB laboratory technologist
was not aware of patient status, thereby reducing potential
bias. Finally, for each study subject, all T-SPOT.TB speci-
mens were thawed and tested at the same time, thereby
reducing the impact of potential unrecognized time-
related differences in study procedures.

Conclusion

In conclusion, the correlation between ESAT-6 SFC counts
and cavitation on baseline chest radiograph, the decline
in SFC counts during treatment, and the observed differ-
ences in SFC counts between the group having positive 8-
week cultures versus the group having negative 8-week
cultures indicate that IFN-y-producing RD1-specific T
cells, as measured by the T-SPOT.TB assay, may be directly
related to bacterial load in individuals undergoing treat-
ment for pulmonary TB. However, high inter-patient var-
iability in quantitative results as well as lack of reversion
to negative of qualitative results in patients at the time of
treatment completion, may limit the utility of this test as
an early surrogate marker for treatment response. Longitu-
dinal studies with long-term patient follow-up are war-
ranted in order to determine the utility of the T-SPOT.TB
test for detecting relapse after TB treatment.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

SED conceived of and designed the study and helped to
draft the manuscript. KD performed the statistical analy-
ses and drafted the manuscript. NB, MBC, and REC
assisted with study design, interpretation of results, and
manuscript preparation. SR performed the TSPOT.TB lab-
oratory assays. JH, AE, and CL coordinated the study and
recruited study participants. All authors read and
approved the final manuscript.

http://www.biomedcentral.com/1471-2334/9/23

Acknowledgements

T-SPOT.TB assay kits were generously supplied by Oxford Immunotec Ltd.
This study was supported by grants from the National Institutes of Health
(AlI51528 to S. Dorman), the United States Agency for International Devel-
opment (to S. Dorman), the United States Food and Drug Administration
(FD-R2135 to R. Chaisson), and Fundagao de Amparo a Pesquisa do Estado
do Rio de Janeiro (E-26/100.653/2007 to M. Conde).

The authors thank Jose R. Lapa e Silva for support and assistance with
equipment and supplies, and Patricia Lago for assistance with performance
of the T-SPOT.TB assays.

References

. Pathan AA, Wilkinson KA, Klenerman P, McShane H, Davidson RN,
Pasvol G, Hill AV, Lalvani A: Direct ex vivo analysis of antigen-
specific IFN-gamma-secreting CD4 T cells in Mycobacte-
rium tuberculosis-infected individuals: associations with clin-
ical disease state and effect of treatment. | Immunol 2001,
167(9):5217-5225.

2. Mantegani P, Piana F, Codecasa L, Galli L, Scarpellini P, Lazzarin A,
Cirillo D, Fortis C: Comparison of an in-house and a commer-
cial RDI-based ELISPOT-IFN-gamma assay for the diagnosis
of Mycobacterium tuberculosis infection. Clin Med Res 2006,
4(4):266-272.

3. Goletti D, Butera O, Bizzoni F, Casetti R, Girardi E, Poccia F: Region
of difference | antigen-specific CD4+ memory T cells corre-
late with a favorable outcome of tuberculosis. | Infect Dis 2006,
194(7):984-992.

4, Lalvani A, Pathan AA, McShane H, Wilkinson R, Latif M, Conlon CP,
Pasvol G, Hill AV: Rapid detection of Mycobacterium tubercu-
losis infection by enumeration of antigen-specific T cells. Am
J Respir Crit Care Med 2001, 163(4):824-828.

5. Goletti D, Carrara S, Vincenti D, Saltini C, Rizzi EB, Schinina V,
Ippolito G, Amicosante M, Girardi E: Accuracy of an immune
diagnostic assay based on RDI selected epitopes for active
tuberculosis in a clinical setting: a pilot study. Clin Microbiol
Infect 2006, 12(6):544-550.

6.  WangJ, Chou C, Lee L, Hsu H, Jan |, Hsueh P, Yang P, Luh K: Diag-
nosis of tuberculosis by an enzyme-linked immunospot assay
for interferon-gamma. Emerg Infec Dis 2007, 13:553-558.

7. Meier T, Eulenbruch HP, Wrighton-Smith P, Enders G, Regnath T:
Sensitivity of a new commercial enzyme-linked immunospot
assay (T SPOT-TB) for diagnosis of tuberculosis in clinical
practice. Eur J Clin Microbiol Infect Dis 2005, 24(8):529-536.

8. Liebeschuetz S, Bamber S, Ewer K, Deeks ], Pathan AA, Lalvani A:
Diagnosis of tuberculosis in South African children with a T-
cell-based assay: a prospective cohort study. Lancet 2004,
364(9452):2196-2203.

9. Wilkinson KA, Wilkinson R}, Pathan A, Ewer K, Prakash M, Klener-
man P, Maskell N, Davies R, Pasvol G, Lalvani A: Ex vivo character-
ization of early secretory antigenic target 6-specific T cells at
sites of active disease in pleural tuberculosis. Clin Infect Dis
2005, 40(1):184-187.

10.  Richeldi L, Luppi M, Losi M, Luppi F, Potenza |, Roversi P, Cerri S, Mil-
lington K, Ewer K, Fabbri L, Torelli G, Lalvani A: Diagnosis of occult
tuberculosis in hematological malignancy by enumeration of
antigen-specific T cells. Leukemia 2005:1-3.

1. Zellweger P, Zellweger A, Ansermet S, de Senarclens B, Wrighton-
Smith P: Contact tracing using a new T-cell-based test: better
correlation with tuberculosis exposure than the tuberculin
skin test. Int | Tuberc Lung Dis 2005, 9(11):1242-1247.

12.  Richeldi L, Ewer K, Losi M, Bergamini BM, Roversi P, Deeks ], Fabbri
LM, Lalvani A: T cell-based tracking of multidrug resistant
tuberculosis infection after brief exposure. Am J Respir Crit Care
Med 2004, 170(3):288-295.

13.  Ewer K, Deeks |, Alvarez L, Bryant G, Waller S, Andersen P, Monk P,
Lalvani A: Comparison of T-cell-based assay with tuberculin
skin test for diagnosis of Mycobacterium tuberculosis infec-
tion in a school tuberculosis outbreak. Lancet 2003,
361(9364):1168-1173.

14. Conde MB, Efron AR, Loredo C, Muzy de Souza GR, Graga NP, Cezar
MC, Ram M, Chaudhary MA, Bishai WR, Kritski AL, Chaisson RE:

Page 8 of 9

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11673535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11673535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11673535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17210976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17210976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17210976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16960787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16960787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16960787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11282752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11282752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16700703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16700703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16700703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16133410
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16133410
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16133410
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610806
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610806
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610806
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15614710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15614710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15614710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15526026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15526026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15526026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16333932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16333932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16333932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15130907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15130907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12686038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12686038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12686038

BMC Infectious Diseases 2009, 9:23

Moxifloxacin in the initial therapy of tuberculosis : a rand-
omized, phase 2 trial. Lancet in press.

15.  Anonymous: T-SPOT.TB An aid in the diagnosis of tuberculo-
sis infection: visual procedure guide for in vitro diagnostic
use, Oxford Immunotec. 2005.

16. Zeger SL, Liang KY: Longitudinal data analysis for discrete and
continuous outcomes. Biometrics 1986, 42(1):121-130.

17. Hirsch CS, Toossi Z, Othieno C, Johnson JL, Schwander SK, Robert-
son S, Wallis RS, Edmonds K, Okwera A, Mugerwa R, Peters P, Eliner
J): Depressed T-cell interferon-gamma responses in pulmo-
nary tuberculosis: analysis of underlying mechanisms and
modulation with therapy. | Infect Dis 1999, 180(6):2069-2073.

18. Carrara §, Vincenti D, Petrosillo N, Amicosante M, Girardi E, Goletti
D: Use of a T cell-based assay for monitoring efficacy of
antituberculosis therapy. Clin Infect Dis 2004, 38(5):754-756.

19.  Aiken AM, Hill PC, Fox A, McAdam KP, Jackson-Sillah D, Lugos MD,
Donkor SA, Adegbola RA, Brookes RH: Reversion of the ELIS-
POT test after treatment in Gambian tuberculosis cases.
BMC Infect Dis 2006, 6:66.

20. Ferrand RA, Bothamley GH, Whelan A, Dockrell HM: Intereron-
gamma responses to ESAT-6 in tuberculosis patients early
into and after anti-tuberculosis treatment. Int | Tuberc Lung Dis
2005, 9(9):1034-1039.

21. Ulrichs T, Anding R, Kaufmann SH, Munk ME: Numbers of IFN-
gamma-producing cells against ESAT-6 increase in tubercu-
losis patients during chemotherapy. Int | Tuberc Lung Dis 2000,
4(12):1181-1183.

22. Dheda K, Pooran A, Pai M, Miller RF, Lesley K, Booth HL, Scott GM,
Akbar AN, Zumla A, Rook GA: Interpretation of Mycobacte-
rium tuberculosis antigen-specific IFN-gamma release
assays (T-SPOT.TB) and factors that may modulate test
results. | Infect 2007, 55(2):169-173.

23. Hill PC, Fox A, Jeffries DJ, Jackson-Sillah D, Lugos MD, Owiafe PK,
Donkor SA, Hammond AS, Corrah T, Adegbola RA, McAdam KP,
Brookes RH: Quantitative T cell assay reflects infectious load
of Mycobacterium tuberculosis in an endemic case contact
model. Clin Infect Dis 2005, 40(2):273-278.

24. Richeldil, Ewer K, Losi M, Bergamini BM, Millington K, Fabbri LM, Lal-
vani A: T-cell-based diagnosis of neonatal multidrug-resistant
latent tuberculosis infection. Pediatrics 2007, 119(1):el-5.

25. Adetifa IM, Brookes R, Lugos MD, de Jong BC, Antonio M, Adegbola
RA, Hill PC: Rising ELISPOT count prior to the onset of symp-
toms of full-blown tuberculosis disease. Int | Tuberc Lung Dis
2007, 11(3):350-352.

26. Ewer K, Millington KA, Deeks J], Alvarez L, Bryant G, Lalvani A:
Dynamic antigen-specific T-cell responses after point-source
exposure to Mycobacterium tuberculosis. Am J Respir Crit Care
Med 2006, 174(7):831-839.

27. Chee CB, KhinMar KW, Gan SH, Barkham TM, Pushparani M, Wang
YT: Latent tuberculosis infection treatment and T-cell
responses to Mycobacterium tuberculosis-specific antigens.
Am | Respir Crit Care Med 2007, 175(3):282-287.

Pre-publication history
The pre-publication history for this paper can be accessed

here:

http://www.biomedcentral.com/1471-2334/9/23 /prepub

http://www.biomedcentral.com/1471-2334/9/23

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here:

O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 9 of 9

(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9788465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9788465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3719049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3719049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10558973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10558973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10558973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14986262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14986262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16573826
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16573826
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16158897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16158897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16158897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11144463
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11144463
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11144463
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17448540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17448540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17448540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15655747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15655747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15655747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17200234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17200234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17352104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17352104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16799072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16799072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16799072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17082492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17082492
http://www.biomedcentral.com/1471-2334/9/23/prepub
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Setting and design
	Participants
	Study evaluations
	Enumeration of RD1-specific T cells
	Mycobacterial culture

	Statistical analyses

	Results
	Demographic and clinical characteristics of study participants
	Association between SFC counts and severity of TB disease at baseline
	SFC counts over time during TB treatment
	SFC counts among patients who were sputum culture positive versus negative at completion of 8 weeks of TB treatment

	Discussion
	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	References
	Pre-publication history

