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Abstract

Differentiation of active from latent tuberculosis (TB) is a major challenge in the control of TB. In
this study, PBMC from latent TB-infected subjects, TB patients, and tuberculin skin test-negative
donors stimulated with the Mycobacterium tuberculosis (Mtb)-specific Ag, early secretory antigenic
target 6, and mRNA for 45 immune-related genes was measured by quantitative real-time PCR.
Univariate analysis showed significant differences in the expression of 10 genes (IFN-y, FOXP3,
IL-1a, IL-1B, IL-2, IL-6, IL-8, IL-120, IL-128, and IL-24) in PBMC from TB patients vs latent TB-
infected subjects (p < 0.01). Multivariate logistic regression and classification and regression tree
analyses revealed that expression of three genes, 1L-8, FOXP3, and IL-12p, is predictive for TB vs
latent Mtb infection. Thus, measurement of Ag-specific expression of these three genes may offer a
specific and noninvasive means of differentiating between latent Mtb infection and TB.

It is estimated that approximately one-third of the world’s population is infected with
Mycobacterium tuberculosis (Mtb),3 but only ~10% of those infected ever develop active
tuberculosis (TB). Thus, ~90% of individuals with Mtb infection contain the infection in a
latent state (latent TB infected (LTBI)), but all of those who have been infected are still at
increased risk of developing disease. Central to the pathogenesis of TB is the inability of
macrophages infected with Mtb to maintain containment of the organism and the failure of T
cells to confer long-lasting protective immunity (1). Defects in either the IFN-y or the IL-12
pathways render the host susceptible to TB (2). Compelling evidence suggests that different T
cell populations, including CD4*, CD8*, double-negative, and y5 T cells, participate in
protective immunity against TB (3), and all of these populations have been shown to secrete
IFN-y. However, IFN-y alone is insufficient to protect against development of TB (1),
suggesting a role for other immune mechanisms. A newly described subset of
CD4*CD25MI" T lymphocytes, referred to as T regulatory cells (Tregs), has been shown to
play a vital role in self-tolerance (4). Tregs specifically express the X-linked forkhead/winged
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helix transcription factor FOXP3 and suppress a variety of immune responses (5). Recent work
suggests that Tregs may suppress antibacterial immune responses and contribute to the
persistence of organisms such as Helicobacter pylori and Mtb in vivo (6,7).

The tuberculin skin test (TST) has long been used to diagnose Mtb infection by assessing cell-
mediated immunity as measured by delayed-type hypersensitivity response to purified protein
derivative (PPD) (8). PPD is a mixture of poorly defined mycobacterial Ags, some of which
are shared with several nontuberculous mycobacteria and with Mycobacterium bovis bacille
Calmette Guérin (BCG), the current vaccine for TB. Thus, the TST has low specificity in
populations with high BCG coverage or exposure to nontuberculous mycobacteria (9).
Recently, alternatives to the TST that measure IFN-y release from peripheral blood
lymphocytes in response to challenge with Mth Ags have been developed (10). Current versions
of these assays use two recombinant Mtb Ags, early secretory antigenic target 6 (ESAT-6), and
culture filtrate protein 10 (CFP-10). These proteins are encoded within the region of difference
1 of the Mtb genome that is deleted in all attenuated BCG vaccine strains and most
nontuberculous mycobacteria (11). High ESAT-6-specific IFN-y responses have been
positively correlated with pathology (12). This is in contrast to clinical studies that have used
ESAT-6-induced immune responses to identify those groups of putatively infected individuals
(latent infection, healthy contacts), some of whom were found to express elevated levels of
IL-4 splice variants that appear to correlate with control of infection in the long term (13,14).
During the past 5 years, a number of studies have compared the TST with the IFN-y-based test
for diagnosing Mtb infection, and it appears that the IFN-y-based tests are more specific (10).
However, neither test is able to distinguish LTBI from active TB.

In an examination of gene expression using quantitative realtime PCR (qPCR) in ESAT-6-
activated PBMC, we found that expression of 10 of 45 immune-related genes was significantly
different between LTBI individuals and those with active TB. Moreover, using classification
and regression tree (CART) analysis and logistic regression to model the predictors for
infection, mMRNA levels of three genes, IL-8, FOXP3, and I1L-12p, differentiated LTBI from
active TB with a high degree of accuracy.

Materials and Methods

Participants

This investigation was approved by the institutional review boards of Stanford University and
the University of California, San Francisco. Patients with active pulmonary TB were recruited
from the TB Clinic at the San Francisco Department of Public Health/San Francisco General
Hospital. To minimize the effect of anti-TB treatment on gene expression, only patients on
standard anti-TB therapy for <3 wk were included in the initial studies. PBMC were obtained
from 10 patients who had received no treatment, 8 patients treated for <1 wk, 6 patients treated
for 1-2 wk, and 6 patients treated for 2-3 wk (Table I). Of the 30 TB patients, 24 were culture
positive. The remainder were culture negative, but were classified with clinically active TB
based on the American Thoracic Society and Centers for Disease Control and Prevention
criteria (15), including symptoms and chest radiograph consistent with TB and clinical and/or
radiographic improvement in association with treatment. Retrospective analysis revealed no
significant differences in gene expression between culture positive and negative TB patients;
therefore, they were grouped for the results shown here. Additionally, 42 TB patients who had
been treated for >3 wk were recruited and divided into two groups (treated for 3-9 and 10-30
wk). LTBI subjects (n = 24) were recruited among health care workers at Stanford University
Medical Center. LTBI subjects were U.S. born and had documentation of a positive (=10 mm)
TST using 5 tuberculin units PPD, a negative chest radiograph, negative history of BCG
vaccination, and no clinical evidence of TB. TB patients and LTBI subjects known to be HIV
infected or on immunosuppressive regimens were excluded. Healthy TST-negative donors
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(n = 10) were recruited from laboratory workers at Stanford University Medical Center as
negative controls.

PBMC activation and real-time PCR assay

PBMC were isolated by centrifugation over Ficoll and cultured in RPMI 1640 medium
(Invitrogen Life Technologies) supplemented with .-glutamine (2 uM), penicillin (100 U/ml)/
streptomycin (100 pg/ml), nonessential amino acids (100 uM) (Invitrogen Life Technologies),
sodium pyruvate (110 pg/ml) (Irvine Scientific), and 10% heat-inactivated pooled human
serum (Gemini) in the absence or presence of 10 pg/ml ESAT-6 (Research Materials and
Vaccine Testing Center, Colorado State University) for 15 h. Total RNA was isolated from
PBMC using RNeasy mini kits (Qiagen) and was transcribed into cDNA (Invitrogen Life
Technologies) according to the manufacturer’s instruction. Expression of 45 immune-related
genes was analyzed using gqPCR with an ABI Prism 7900 Sequence Detection System (Applied
Biosystems; details of PCR protocol at www.appliedbiosystems.com). All of the primers were
purchased from Applied Biosystems, including FOXP3, IFNA, IFNG, IL-1A, IL-1B, IL-2,
IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-11, IL-12A, IL-12B, IL-13, IL-15, IL-16, IL-17,
IL-17B, IL-17C, IL-17E, IL-17F, IL-18, IL-23A, IL-24, IL-27, TNFA, TGFB1, CCL1, CCL4,
CCL5, CCL8, CCL13, CCL16, CCL17,CCL18, CCL19, CCL21, CCL23, CCL24, CCL28,
CKLF, and CX3CL1. The expression level of a gene in a given sample was represented as fold
increase: 2~ AACt, where AACT = [ACT (sample, stimulated)] — [CT (sample, unstimulated)] and ACT =
[CTsample)] — [CT(Gus)]; where GUS is the housekeeping gene B-glucoronidase.

Statistical analysis

Results

Results were expressed as fold increase in ESAT-6-stimulated mMRNA levels. The median for
each group was determined and differences between groups were tested using the Wilcoxon-
Mann-Whitney U test. In all instances, a p < 0.01 was considered significant. Receiver-
operating-characteristic (ROC) curves were used to determine the cutoff points yielding the
highest combined specificity and sensitivity, and discriminative ability was evaluated by the
areaunder the ROC curve. The 95% confidence interval was estimated by the bootstrap method.
Combinations of markers were identified using CART analysis and logistic regression. Using
CART, a best tree was chosen by cross-validation and the minimum error rule, i.e., minimum
misclassification error as provided by cross-validation after an optimal tree was grown and
pruning was performed. Using the CART default options, equal misclassification costs, Gini
splitting criterion, equal priors, and 10 as the minimum number of groups per nodes, a single
CART prediction model was derived. Genes selected by CART analysis were used to establish
a multivariate logistic regression model, and then the ROC analysis was performed for the
resultant model. The sensitivity and specificity were derived from the jackknifed probabilities.
All analyses were conducted with STATA 8.0 (STATA) and CART 5.0 software (Salford
Systems).

gPCR can be used to measure ESAT-6-stimulated expression of IFN-y mRNA in PBMC of
Mtb-infected individuals

Currently, identification of individuals infected with Mtb relies on the TST or on assays that
measure IFN-y production by ELISA or ELISPOT following stimulation of PBMC with
ESAT-6 plus CFP-10 (10). To determine whether gPCR could accurately identify Mtb-infected
individuals, PBMC from Mtb-infected subjects (LTBI plus TB) and TST healthy controls were
stimulated with ESAT-6, and mRNA for 45 immune-related genes were assayed. The fold
increases in mMRNA for IFN-y was significantly higher in PBMC from Mtb-infected subjects
as compared with TST healthy controls (Fig. 1A). These results were then transformed to a
ROC curve, which shows the fraction of true positive results (sensitivity) and false positive
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results (1 — specificity) for various fold increase cutoff levels. For the calculated area under
the curve (AUC), a value of 0.5 is no better than that expected by chance (the null hypothesis),
and avalue of 1.0 reflects a perfect indicator. The AUC for using IFN-y mRNA levels to identify
Mtb-infected individuals is 0.81, with 65% sensitivity, 100% specificity, and 70% of cases
correctly classified (Fig. 1B). These results are in good agreement with published results from
others using ELISPOT or ELISA to assay IFN-y produced by ESAT-6/CFP-10-stimulated
PBMC (10). Thus, measurement of IFN-y by qPCR can also be used to identify individuals
infected with Mtb (10). In addition to IFN-y, expression of TNF-a mRNA was also significantly
increased in Mtb-infected individuals compared with TST- controls (Fig. 1C). ROC curve
analysis, however, showed that change in expression of TNF-a was less accurate (Fig. 1D)
than that of IFN-y to predict Mtb infection.

Identification of differentially expressed genes in response to ESAT-6 in TB and LTBI

subjects

We next divided the Mth-infected group into those with active TB and those with latent Mtb
infection to determine whether gPCR mRNA profiling could distinguish between these two
groups. Fold increases in mRNA for FOXP3 and IL-2 were significantly higher in PBMC from
TB patients as compared with LTBI individuals (Fig. 2, A and B), while fold increases for IFN-
v, IL-1a, IL-1B, IL-6, IL-8, IL-12a, IL-12p, and IL-24 were significantly higher in LTBI
subjects than in TB patients (p < 0.01; Fig. 2, C-J), suggesting that multiple immune
mechanisms are involved in the immunopathogenesis of TB. Of note, the fold increase in IFN-
v MRNA levels was significantly lower in TB patients than in LTBI subjects (Fig. 2C).

Identification of biomarkers to differentiate latent from active infection

Based on these results, we selected the genes that could best discriminate between TB patients
and LTBI individuals ( p <0.0001). Four genes, IL-8, FOXP3, IL-12f, and IL-1a, were then
subjected to ROC analysis (Fig. 3). Individually, ESAT-6-stimulated expression of each gene
predicts TB significantly better than chance (p < 0.0001). We then used CART and logistic
regression analyses to determine whether a combination of genes could further improve the
predictive outcome. The diagnostic tree generated by CART analysis using 10-fold cross-
validation consistently selected I1L-8, FOXP3, and IL-12f as the major contributing variables,
with 87% sensitivity, 100% specificity, and 93% of cases correctly classified (Fig. 4A). Logistic
regression analysis was then used to generate a linear model for IL-8, FOXP3, and IL-12p.
Based on the resultant model, further ROC analysis was performed. Using the default cutoff
point of 0.5, a linear combination of fold increase in mMRNA for IL-8, FOXP3, and IL-128 is
the best predictor of active TB (AUC = 0.9704), with 97% sensitivity, 89% specificity, and
94% of cases correctly classified (Fig. 4B). The results of both CART and logistic regression
analyses indicate that >93% of Mtb-infected individuals are correctly classified as either active
TBor LTBI.

To further test the ability of ESAT-6-stimulated expression of 1L-8/FOXP3/IL-12 to
differentiate TB patients from LTBI subjects, a predictive analysis based on the logistic
regression model, was expanded to patients treated with anti-TB therapy for longer than 3 wk
(data not shown). These patients were subdivided into those treated for an intermediate period
(3-9 wk) or for a longer period (10-30 wk). The combination of IL-8/FOXP3/IL-12p
expression correctly classified 88% of the patients treated for 3-9 wk and 95% of the patients
treated for 10-30 wk. To determine whether the duration of treatment changes the immune
profile, expression of ESAT-6-stimulated IL-8, FOXP3, and IL-12 was individually examined
in patients treated for <3, 3-9, or 10-30 wk. No difference was observed (data not shown),
suggesting that ESAT-6-stimulated expression of all three genes during the first 30 wk after
diagnosis/treatment in TB patients is independent of anti-TB therapy.
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Discussion

Currently, confirmation of a diagnosis of pulmonary TB requires either isolation of Mtb or
identification of specific Mtb DNA from respiratory specimens. Both tests have important
drawbacks: culture requires 2-3 wk, and nucleic acid amplification tests, although faster, are
not as sensitive as culture. Commonly, treatment for active TB is begun before there is
bacteriologic confirmation of the diagnosis, and it is not unusual for clinical criteria to be met
without bacteriologic proof, leading to empiric treatment and its attendant risks if the person
does not actually have active TB. Two diagnostic tests, the TST and the expression of IFN-y
by PBMC in response to ESAT-6 and CFP-10, are widely used to identify Mtb-infected
individuals (10), but neither differentiates individuals with LTBI from those with active TB.
In the present study, we found that the measurement of the combination of ESAT-6-stimulated
IL-8, FOXP3, and IL-128 mRNA in PBMC distinguishes individuals with active TB from
latent Mtb infection.

Although the results presented in this study may lead to potentially useful new diagnostic tests,
much additional work is needed. For this initial survey, we excluded TB patients with HIV/
AIDS, reasoning that various degrees of immunosuppression might complicate data
interpretation. However, patients with HIV/AIDS contribute most of the cases with culture-
negative TB for whom a new diagnostic test is urgently needed (16). Studies on newly
diagnosed TB patients before treatment are also planned. Lastly, a less expensive, technically
demanding test must be developed, such as a multiplex or dipstick format in which the
cytokines themselves are measured in response to stimulation.

Our findings provide new insights into the immune responses to Mtb. The patterns of cytokine
expression imply that the transition from latent infection to active disease is not merely a
“switch” from a Th1 to Th2 response. Expression of FOXP3, a transcription factor specific for
Tregs, correlates with the suppressive activity of these cells, and activation of human
CD4*CD25 T cells leads to expression of FOXP3 and acquisition of regulatory function
(17,18). There have been reports that Tregs are increased in patients with active TB or H.
pylori infection (6,7), suggesting that Tregs may underlie the suppressed cellular immunity
described in these chronic infections. The mechanism by which Tregs suppress other T cell
responses is controversial, but requires either cell-cell contact in vitro or the release of soluble
factors such as I1L-10 and TGF-B (19). In the patients with active TB in our cohort, FOXP3*
cells were induced in an Ag-specific manner because there was no difference in FOXP3
expression in unstimulated PBMC between the TB and LTBI groups (data not shown), but
there was a significant increase in FOXP3 expression in ESAT-6-stimulated PBMC from TB
patients.

IL-8 (CXCLS8) induces chemotaxis of inflammatory cells and directs immune responses.
Multiple stimuli induce the secretion of IL-8, including TNF-a and IL-1 (20). Granulocytes
from patients with TB produce IL-8 in response to lipoarabinomannan isolated from Mtb
(21). Elevated levels of IL-8 in bronchoalveolar lavage fluid have been described in patients
with TB compared with uninfected controls (22,23). We show in this study that the fold increase
in IL-8 mRNA in ESAT-6-stimulated PBMC is significantly elevated in LTBI compared with
active TB (Fig. 2G), and a similar increase was also observed for IL-10 and IL-18 (Fig. 2, D
and E). Of note, neutralization of IL-1 blocks IL-8 production in Mtb infection (24), suggesting
that the enhanced IL-8 expression in LTBI subjects may be controlled by IL-1.

IL-12, a heterodimer composed of two subunits encoded by IL-12a and IL-12p, is a major
inducer of IFN-y. IL-12p40-deficient children suffer from mycobacterial infection primarily
because their IFN-y-mediated immunity is impaired (25). In the present study, expression of
IL-12B was significantly decreased in patients with TB compared with the LTBI group,
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indicating that low expression of IFN-y in TB patients might be due to the reduction of
IL-12. Indeed, addition of exogenous IL-12 enhanced the IFN-y response of ESAT-6
stimulated PBMC from TB patients (data not shown), underscoring the importance of

IL-128 in the induction of IFN-y.

In summary, our study suggests that measuring the ESAT-6-stimulated expression of MRNA
of immune related genes in PBMC can be used to identify Mth-infected individuals. Expression
of IL-8/FOXP3/IL-12B can distinguish latent infection from active TB regardless of anti-TB
treatment time. In newly diagnosed or short-term treated TB patients, decreased I1L-8 and
IL-12B expression may reflect impairment of immune cell recruitment and Th1 responses,
while increased levels of FOXP3 suggest involvement of regulatory T lymphocyte-mediated
immunosuppression. Our findings imply that the cellular immune response changes as latent
infection transitions to active disease and that monitoring expression of the genes identified
here may allow identification of individuals needing anti-TB treatment, particularly in
developing countries.
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confidence interval (CI), 0.70-0.92) for IFN-y and 0.77 (95% ClI, 0.62-0.90) for TNF-a..
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FIGURE 2.

Gene expression in ESAT-6-activated PBMC from TB patients, LTBI individuals, and TST—
donors. A-J, PBMC from TB patients (n = 30), LTBI subjects (n = 24), or TST- controls (n =
10) were cultured with ESAT-6 for 15 h, and mRNA for each cytokine was measured by qPCR.
Horizontal bar, Median fold increase.
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FIGURE 3.

The ability of ESAT-6-stimulated expression of IL-8, FOXP3, IL-12p, and IL-1ao mRNA to
distinguish TB from latent infection. A-D, The calculated AUC is 0.88 (95% CI, 0.75-1.00)
for IL-8, 0.86 (95% ClI, 0.75-0.97) for FOXP3, 0.83 (95% CI, 0.67-0.99) for IL-128, and 0.81
(95% Cl, 0.66-0.95) for IL-1a.
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The combination of IL-8, FOXP3, and IL-12p provides the best discrimination between TB
and latent infection. A, Classification tree: rectangles = internal nodes, ovals = terminal nodes.
Percentages in each node represent the proportion of specified observations in each group. B,
The calculated AUC is 0.97 (95% CI, 0.93-1.00). The values under each panel indicate the
sensitivity, specificity, and percent correctly classified.
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