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IP-10 and MIG Are Compartmentalized at the Site of Disease during
Pleural and Meningeal Tuberculosis and Are Decreased after
Antituberculosis Treatment
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The diagnosis of active tuberculosis (TB) disease remains a challenge, especially in high-burden settings. Cytokines and chemo-
kines are important in the pathogenesis of TB. Here we investigate the usefulness of circulating and compartmentalized cyto-
kines/chemokines for diagnosis of TB. The levels of multiple cytokines/chemokines in plasma, pleural fluid (PF), and cerebrospi-
nal fluid (CSF) were determined by Luminex liquid array-based multiplexed immunoassays. Three of 26 cytokines/chemokines
in plasma were significantly different between TB and latent tuberculosis infection (LTBI). Among them, IP-10 and MIG had the
highest diagnostic values, with an area under the receiver operating characteristic curve (ROC AUC) of 0.92 for IP-10 and 0.86
for MIG for distinguishing TB from LTBI. However, IP-10 and MIG levels in plasma were not different between TB and non-TB
lung disease. In contrast, compartmentalized IP-10 and MIG in the PF and CSF showed promising diagnostic values in discrimi-
nating TB and non-TB pleural effusion (AUC = 0.87 for IP-10 and 0.93 for MIG), as well as TB meningitis and non-TB meningi-

tis (AUC = 0.9 for IP-10 and 0.95 for MIG). A longitudinal study showed that the plasma levels of IP-10, MIG, granulocyte
colony-stimulating factor (G-CSF), and gamma interferon (IFN-vy) decreased, while the levels of MCP-1/CCL2 and eotaxin-1/
CCL11 increased, after successful treatment of TB. Our findings provide a practical methodology for discriminating active TB
from LTBI by sequential IFN-y release assays (IGRAs) and plasma IP-10 testing, while increased IP-10 and MIG at the site of
infection (PF or CSF) can be used as a marker for distinguishing pleural effusion and meningitis caused by TB from those of

non-TB origins.

Accurate diagnosis of active tuberculosis (TB) remains a
challenge in clinical practice, especially in high-burden
settings. Active pulmonary TB (PTB) presents a spectrum of
clinical manifestations, which may complicate the diagnosis.
However, none of the common TB symptoms are tuberculosis
disease specific. Additionally, many patients, especially those
identified during routine physical examination, do not display
clear symptoms or at least some obvious manifestations. Al-
though detection of Mycobacterium tuberculosis in sputum by use
of bacteriological assays is a gold standard for active TB, the poor
sensitivity of sputum smear microscopy, which may be as low as
35% in settings with high rates of TB and HIV coinfection, might
lead to a missed diagnosis (1, 2). While culture of M. tuberculosis in
sputum is substantially more sensitive (up to 60%) than smear
microscopy, the Achilles heel of this approach is the long duration
prior to results (10 to 14 days for liquid culture and 3 to 4 weeks for
solid culture), which is a consequence of the long doubling time of
M. tuberculosis (1). A new quantitative PCR test (Xpert MTB/RIF)
has been reported to more sensitive than sputum smear micros-
copy, but the sensitivity of the Xpert MTB/RIF test was inversely
correlated with bacillary burdens in sputum samples (3, 4). A re-
cent report indicated a sensitivity of 86.1% for the Xpert MTB/RIF
test and 69.4% for nested PCR for detection of M. tuberculosis
during routine clinical practice in a geographical area with inter-
mediate TB incidence (5). Notably, the diagnostic value of the
Xpert MTB/RIF test was limited when it was used for diagnosis of
extrapulmonary TB (patients without sputum samples), such as
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tuberculous pericarditis, with a sensitivity that was inferior even to
that of unstimulated gamma interferon (IFN-vy) (6).

Recently, IFN-vy release assays (IGRAs) were developed to
identify individuals infected with M. tuberculosis (7, 8). They have
proved useful for the diagnosis of latent tuberculosis infection
(LTBI) but less so for the diagnosis of active TB disease (7). Two
systematic reviews of published studies showed that the two cur-
rently commercially available IGRAs, the QuantiFERON TB test
(QFT) (Cellestis, Victoria, Australia) and the T-SPOT.TB test
(Oxford Immunotec, Abington, United Kingdom), have limited
power to distinguish active TB from LTBI (8, 9). As a conse-
quence, identification of biomarkers that can accurately distin-
guish individuals with active TB from those with LTBI has been
designated an important priority in TB research (10, 11).

Active TB manifests as excessive inflammatory responses to
persistent M. tuberculosis infection due to inadequate host immu-
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TABLE 1 Demographic characteristics of study populations

No. (%) of  No. (%) of
Patient sex (no. ~ No. (%) of positive PF positive
Study No.of  Patientage (yr)  of males/no.of  positive sputum  or CSF ELISPOT Type of Relevant figure
part Group cases (mean = SEM)  females) cultures cultures results sample or comment
1 LTBI 17 28.88 * 3.11 11/6 NA“? NA 17 (100) Plasma 1
PTB 20 24.60 * 2.71 14/6 20 (100) NA 16 (80) Plasma
2 TBP 61 29.80 = 1.18 41/20 10 (16.7) 17 (27.87) 54 (88.51) PF and/or 2
plasma?
Non-TBP* 36 57.31 + 2.94 21/15 0(0) 0(0) 5(13.89) PF
3 TBM 16 27.38 + 8.26 8/8 2(12.5) 4(25) 11(68.75)  CSF 3
Non-TBM* 40 33.70 £ 2.47 23/17 0(0) 0(0) 4 (10) CSF
4 PTB 8 35.70 + 3.42 4/4 8 (100) NA 5 (62.50) Plasma 4
5 HC 16 26.75 *+ 1.50 12/4 NA NA 0(0) Plasma Samples for
LTBI 16 33.81 £ 2.32 15/1 NA NA 16 (100) Plasma ELISA
PTB 18 34.83 = 2.61 11/7 18 (100) NA 16 (72.22)  Plasma
Pneumonia 15 34,47 + 2.58 10/4 0(0) NA 2 (13.24) Plasma

“NA, not applicable.

b Cases of non-TBP included lung cancer (n = 12), parapneumonic effusions (n = 14), and liver cirrhosis (n = 10).
¢ Cases of non-TBM included syphilitic meningitis (n = 14), viral meningitis (n = 3), cryptococcus encephalitis (n = 2), and bacterial meningitis (n = 21).
9 For 10 of 61 TBP cases, the levels of chemokines/cytokines in pleural fluid and parallel plasma samples were compared.

nity. A whole-blood, 393-transcript signature of active TB, which
was dominated by a neutrophil-driven, interferon-inducible gene
profile, was identified to distinguish active TB from LTBI, an
asymptomatic M. tuberculosis infection without overwhelming in-
flammation due to effective containment of infected M. tubercu-
losis by host immunity (12). Additionally, a whole-blood, 86-gene
transcriptional signature of active TB is distinct from those of
other diseases (12). Cytokines and chemokines have been recog-
nized to play important roles in shaping immunity against TB
through polarizing T cell subset responses, regulating immune cell
trafficking, and, consequently, regulating inflammatory responses
(13). Therefore, it was not surprising that patients with active
pulmonary TB had significantly higher concentrations of in vitro
M. tuberculosis antigen-induced IFN-vy, IP-10, MIG, tumor necro-
sis factor alpha (TNF-a), and interleukin-2 (IL-2) than did
healthy controls and other pulmonary disease controls (14). How-
ever, measurement of antigen-induced cytokines/chemokines by
use of peripheral blood mononuclear cells (PBMC) is still labor-
intensive and time-consuming, and therefore not convenient in
clinical practice. On this basis, we speculated that cytokines/
chemokines in circulation (plasma) and at the sites of disease
(such as pleural fluid [PF] and cerebrospinal fluid [CSF]) can be
used for diagnosis. To test this hypothesis, cytokines and chemo-
kines previously reported to be involved in the host immune re-
sponse and/or pathogenesis of TB were selected for evaluation.
These included cytokines shaping host immunity (IL-1{3, IL-4,
IL-6, IL-9, IL-10, IL-12, IL-13, IL-17A, IFN-vy, IL-22, and granu-
locyte colony-stimulating factor [G-CSF]), chemokines regulat-
ing immune cell trafficking (monocyte chemoattractant protein 1
[MCP-1], MCP-2, MCP-3, eotaxin, macrophage inflammatory
protein 3a [MIP-3a], 6Ckine, MDC, MIG, IP-10, CXCL-12, and
CXCL-13), and cytokines regulating inflammatory responses
(such as IL-1a, IL-6, TNF-q, IL-8, IL-11, and IL-1B) (13, 15, 16).
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MATERIALS AND METHODS

Study subjects. A total of 123 patients with TB and 91 patients with
non-TB diseases were enrolled at Shenzhen Third People’s Hospital from
March 2011 to July 2012. A total of 16 healthy controls (HC) and 33
subjects with LTBI were recruited from household contacts of active TB
patients, all of whom had no evidence of disease or history of TB. A
previously described in-house M. tuberculosis antigen-specific IFN-y en-
zyme-linked immunosorbent spot (ELISPOT) assay was used to diagnose
LTBI (17, 18). The detailed clinical characteristics of patients are summa-
rized in Table 1. All patients had a medical history taken and physical
examination performed, with routine investigations, including HIV se-
rology, chest radiography, and microbiological sputum examination,
whenever possible. When clinically indicated, patients underwent aspira-
tion of PF or CSF for biochemical, cytological, and detailed microbiolog-
ical evaluation. Patients with HIV infection were excluded. All patients
received the 2HRZE/4HR antituberculosis treatment regimen following
the protocols of DOTS (directly observed therapy, short course). The
study was approved by the Institutional Review Board of Shenzhen Third
People’s Hospital. Written informed consent was obtained from all par-
ticipants.

Case definitions. The diagnosis of pulmonary TB (PTB) was based
on a compatible clinical presentation and sputum bacterium exami-
nation by use of the Bactec TB 960 culture system per the manufactur-
er’s instructions. All patients with pulmonary TB recruited in this
study were sputum culture positive for M. tuberculosis. The diagnosis of
bacterial pneumonia was based on clinical manifestations, sputum bacte-
rium examination, and a clinical response to antibiotic treatment. The
diagnosis of tuberculous pleuritis (TBP) was confirmed if a patient had an
exudative pleural effusion, was culture positive for M. tuberculosis (using
pleural fluid, a pleural biopsy specimen, or sputum), and/or had pleural
biopsy specimens positive for granulomatous inflammation with acid-fast
bacilli (AFB) present (19, 20). Nontuberculous pleuritis (non-TBP) pa-
tients were defined on the basis of having no microbiological or histolog-
ical evidence of TB, confirmation of an alternative diagnosis, or lack of
progression to TB disease over 6 months of follow-up without TB treat-
ment (20). The diagnosis of tuberculous meningitis (TBM) was based on
a combination of nuchal rigidity and abnormal CSF. Confirmation of the
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cause of meningitis was based on clinical presentations, cytochemistry of
the CSF, smears and cultures of the CSF, pathogen DNA PCR assay of the
CSF, or intracranial lesions in computed tomography (CT) or brain mag-
netic resonance imaging (MRI). The clinical criterion for diagnosis of
TBM was over 2 weeks of fever, headache, and neck stiffness. Diagnosis of
TBM was confirmed if a patient had microbial and/or cytochemistry evi-
dence of TB in CSF and a clinical response to anti-TB treatment (21).
Nontuberculous meningitis (non-TBM) was defined as clinical meningi-
tis with no evidence of TB and a confirmation of an alternative cause.

Sample collection and preparation. For measurement of cytokines
and chemokines, 2 ml of peripheral whole blood and/or PF or CSF was
collected. After centrifugation at 300 X g for 5 min, the plasma and
supernatant in the PF and CSF were collected and stored at —80°C.
Unless otherwise indicated, the plasma, PF, and CSF samples were
collected before initiation of anti-TB treatment. For longitudinal eval-
uation of cytokine levels during anti-TB treatment, plasma was col-
lected from pulmonary TB patients 3, 6, and 12 months after initiation
of anti-TB treatment.

Luminex assay. A total of 26 soluble immunological molecules, in-
cluding 15 cytokines (IL-1a, IL-1(, IL-4, IL-6, IL-8, IL-9, IL-10, IL-11,
IL-12, IL-13, IL-17A, IFN-y, TNF-a, IL-22, and G-CSF) and 11 chemo-
kines (MCP-1, MCP-2, MCP-3, eotaxin, MIP-3«a, 6Ckine, MDC, MIG,
IP-10, CXCL-12, and CXCL-13), were measured using human cytokine/
chemokine panels (MPXHCYTO-60K-17, MPXHCYP2-62K-6, MPXHCYP3-
63K-5,and HTH17MAG-14K-3; Millipore). Analytes were quantified us-
ing a Magpix analytical test instrument, which utilized xMAP technology
(Luminex), and xPONENT 4.2 software (Luminex). xXMAP technology
used fluorescently coded magnetic microspheres coated with analyte-spe-
cific capture antibodies to simultaneously measure multiple analytes in a
specimen. Assays were performed according to the manufacturers’ in-
structions. Concentrations of cytokines (pg/ml) were determined on the
basis of the fit of a standard curve for mean fluorescence intensity versus
pg/ml. Two quality controls were run with each assay (control 1, low level;
and control 2, high level).

Measurement of IP-10 by ELISA. The levels of IP-10 and MIG in
plasma samples from patients with pulmonary TB and those with bacte-
rial pneumonia were measured by enzyme-linked immunosorbent assay
(ELISA) following the manufacturer’s protocol (Quantikine ELISA kit;
R&D Systems Co. Ltd.).

Statistical analysis. GraphPad Prism 5 (GraphPad software) was used
to generate plots and to perform statistical analyses of the data. The me-
dian cytokine or chemokine levels (interquartile ranges [IQR]) of the TB
and control groups were compared using the nonparametric Mann-Whit-
ney U test, since simultaneous testing has the potential to inflate type 1
errors. However, multiple testing corrections necessarily inflate type 2
errors, increasing the chance of false-negative conclusions. To balance the
risks of type 1 and type 2 errors, the Bonferroni correction was used to
correct the individual alpha errors for multiple comparison, using the
following significance level for all biomarker analyses: a = 0.05/26 =
0.002. An adjusted P value of <0.002 was considered significant (22).
Differences of cytokine/chemokine levels between plasmas and paired
pleural fluid samples were compared using the paired ¢ test. The dynamic
changes of cytokine/chemokine levels before and after anti-TB treatment
were compared using the paired ¢ test. Receiver operator characteristic
(ROC) curves for the selected biomarkers were then constructed by plot-
ting the number of truly positive samples (sensitivity) against the number
of false-positive samples (1 — specificity) for each possible cutoff point.
Areas under the curve (AUC), along with their 95% confidence intervals
(95% CI), were calculated by using a nonparametric approach. Cutoffs for
antigen-specific IP-10, MIG, IL-6, and SDF-1 were estimated at various
sensitivities and specificities. To avoid false-positive results, a cutoff value
corresponding to the maximum Youden index, defined as sensitivity +
specificity — 1, was retained (23). Optimal cutoff levels for differentiating
individual groups were determined by ROC curve analysis, based on the
highest likelihood ratio.
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RESULTS

Characteristics of the study populations. The participants re-
cruited for this study included the following four groups: healthy
controls (HC), those with LTBI, those with active TB disease, and
disease controls (Table 1). The TB group consisted of 46 PTB
cases, 61 TBP cases, and 16 TBM cases. Non-TB patients included
15 patients with bacterial pneumonia, 36 patients with non-TBP,
and 40 patients with non-TBM (Table 1).

Different plasma cytokine/chemokine patterns in active TB
and LTBI. To identify biomarkers that discriminate active TB
from LTBI, we measured the plasma levels of 26 chemokines/
cytokines in active TB patients (n = 20) and LTBI subjects (n =
17) by using Luminex assays. The median levels of three chemo-
kines/cytokines (IP-10, MIG, and G-CSF) were significantly (P <
0.002) higher in the active TB group than in the LTBI group after
Bonferroni correction (Fig. 1A). Of those, IP-10 and MIG dis-
played the least amount of overlap between active TB patients and
LTBI subjects. Individually, IP-10 and MIG had the highest diag-
nostic values, with an area under the ROC curve (AUC) 0f 0.92 for
IP-10 and 0.86 for MIG for distinguishing active TB from LTBI
(Table 2). Combining IP-10 with other cytokines/chemokines did
not increase the diagnostic accuracy (data not shown). No differ-
ence in IP-10 and MIG levels in the plasma, determined by ELISA,
was revealed between HC and LTBI subjects (data not shown).
Furthermore, there was no difference in IP-10 and MIG levels
determined by ELISA in plasma samples from patients with active
TB and those with bacterial pneumonia (data not shown), indi-
cating that the increase of these chemokines/cytokines circulating
in the plasma was not pathogen specific but instead reflected an
inflammatory response to infection.

IFN-v, MIG, and IP-10 levels in pleural fluid accurately dis-
criminate TBP from non-TBP patients. Chemokines and cyto-
kines play important roles in recruiting immune cells to sites of
infection and activating these cells to eliminate microbes, albeit at
the potential cost of tissue damage that contributes to morbidity
and mortality. Chemokines and cytokines are enriched at the site
of infection, providing concentration gradients for cell recruit-
ment and leukocyte activation. The compartmentalized immune
response at sites of disease also offers a potential for greater diag-
nostic accuracy of cytokine/chemokine measurements than that
obtained with plasma. To investigate this potential for TB, we first
compared levels of 26 chemokines/cytokines in pleural fluid and
parallel plasma samples from patients with TBP. Of the 26 cyto-
kines/chemokines measured, 8 (TNF-«, IL-6, IL-13, MCP-1, IL-8,
IL-10, MIG, and IP-10) had significantly higher levels in pleural
fluid than in matched plasma (Fig. 2A). In contrast, one chemo-
kine (eotaxin-1) had a lower level in pleural fluid than in parallel
plasma (median [IQR], 88.6 [64.2, 120.2] versus 360.1 [191.6,
485.0]), but the difference was not statistically significant after
Bonferroni correction (data not shown).

A comparison index was used to demonstrate the differences in
cytokine/chemokine expression between TB and non-TBP pa-
tients (Fig. 2B). The comparison index was defined as the ratio of
the median concentration of a cytokine/chemokine in the pleural
fluid for the TBP group to that observed for the non-TBP group.
As such, a ratio of >1 was observed for 20 cytokines/chemokines.
Among these, 13 chemokine/cytokine (IFN-y, MIG, IP-10, MCP,
IL-13, MDC, TNF-q, SDF-1, BCA-1, G-CSF, IL-12p70, IL-22, and
IL-11) median levels were significantly (P < 0.002) higher in the
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FIG 1 Differential plasma cytokine/chemokine expression patterns between LTBI and TB. (A) The levels of 26 cytokines/chemokines in plasma were detected
by Luminex assay. The comparison index was calculated by dividing the mean plasma level of each cytokine/chemokine for PTB (# = 20) by that for LTBI (n =
17). The nonparametric Mann-Whitney U test was used to compare the differences between groups. *, P < 0.002. (B) The plasma levels of G-CSF, IP-10/CXCL10,
and MIG/CXCL9 in PTB (n = 20) and LTBI (n = 17) subjects were significantly different. Each dot represents one individual; horizontal lines and error bars
represent mean values = standard errors of the means (SEM). The nonparametric Mann-Whitney U test was used to compare the differences between groups.

P values are indicated.

TBP group than in the non-TBP group after Bonferroni correc-
tion (Fig. 2B). Next, we analyzed the diagnostic values of these
compartmentalized chemokines/cytokines individually and in
combination. Consistent with previous reports (24-26), IFN-vy
alone showed high accuracy for distinguishing TBP from non-
TBP, with an AUC of 0.95 (Table 3). Likewise, IFN-vy, MIG, and
IP-10 were also useful for discriminating TBP from non-TBP,
withan AUC 0f0.93 for MIG and 0.87 for IP-10 (Table 3). Age had
aminimal effect, if any, on IP-10 levels in the pleural fluid, in both
patients with TBP and those with non-TB disease (see Fig. S1 in
the supplemental material). Combinations of the measured cyto-

kines/chemokines indeed increased the diagnostic sensitivity but
compromised the specificity.

Compartmentalized MIG and IP-10 in CSF accurately dis-
criminate TBM from non-TBM patients. TBM is the most severe
clinical manifestation of TB, with a high mortality. Early diagnosis
of TBM remains challenging for clinicians but is vital, because
early diagnosis and treatment can reduce mortality (27). To inves-
tigate whether compartmentalized cytokines/chemokines can be
used as diagnostic markers as for TBP, the concentrations of 26
cytokines/chemokines in CSF from TBM and non-TBM patients
were compared. Among them, the levels of IP-10, MIG, and IL-10,

TABLE 2 Diagnostic values of cytokines/chemokines in discriminating LTBI and PTB

Likelihood
Cytokine/chemokine AUC (95% CI) Pvalue Sensitivity (%) (95% CI) Specificity (%) (95% CI) ratio Cutoff (pg/ml)
IP-10 0.92 (0.78-1.05) 0.0001 0.88 (0.47-0.99) 0.92 (0.62-0.99) 10.5 1,008
MIG 0.86 (0.74-0.98) 0.0002 0.53 (0.29-0.76) 0.94 (0.71-0.99) 8.95 1,976
G-CSF 0.83 (0.68-0.97) 0.0002 0.75 (0.51-0.91) 0.88 (0.64—0.99) 6.37 34.83
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FIG 2 Characterization of cytokine and chemokine expression in TBP and non-TBP patients. (A) The levels of TNF-«, IL-6, IL-13, MCP-1, IL-8, IL-10, MIG,
and IP-10 in plasmas and paired pleural fluid samples from TBP patients (n = 10) were determined by Luminex assay. The paired t test was used for comparison,
and P values are indicated. (B) The levels of 26 cytokines/chemokines in pleural fluid were detected by Luminex assay. The comparison index was calculated by
dividing the mean level of each cytokine/chemokine in pleural fluid from TBP patients (n = 51) by that for non-TBP patients (n = 36). The nonparametric
Mann-Whitney U test was used to compare the differences between groups. *, P < 0.002.

but not IFN-v, in CSF were significantly different between TBM
and non-TBM patients (Fig. 3A). Similarly, MIG and IP-10
showed the most promising potential for discriminating TBM
from non-TBM, with AUC 0f 0.95 and 0.90, respectively (Fig. 3B).
Thus, in pleural fluid and in CSF, compartmentalized MIG and
IP-10 were useful diagnostic biomarkers.

Effects of anti-TB treatment on plasma chemokine/cytokine
levels. To investigate the effects of anti-TB treatment on the
pattern of chemokine/cytokine expression, we measured the
chemokine/cytokine levels in plasma before (Om) and 3 (3m), 6
(6m), and 12 (12m) months after initiation of anti-TB treat-
ment. As shown in Fig. 4A, the mean plasma levels of MIG,
IP-10, G-CSF, and IFN-vy were decreased after anti-TB treat-
ment (6m), although the overall levels of IFN-y and G-CSF
were extremely low and some patients had low levels at Om, so
no trend could be established. The decrease was sustained from
6 months after anti-TB treatment (12 months after initiation of
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anti-TB treatment). Note that the decrease in MIG was ob-
served from 3 months after initiation of anti-TB treatment in
those patients where it was most elevated at Om. In contrast, the
levels of MCP-1 and eotaxin-1 were increased 6 months after
anti-TB treatment and continued to increase at the end of 12
months of follow-up. While the levels of MIG and IP-10 reflect
the Th1 response, the level of MCP-1 is important for recruit-
ment and activation of macrophages, which are involved in the
clearance of apoptotic neutrophils and subsequent resolution
of acute inflammation caused by bacterial infection (28). Ad-
ditionally, MCP-1 promotes tissue repair by enhancing the
production of hepatocyte growth factor. Thus, the ratios of
MCP-1 to MIG and IP-10 might better reflect the switch of the
host response from fighting against M. tuberculosis to resolving
the inflammatory battleground as well as repairing the inflamma-
tion-mediated tissue injury, since most bacteria had been cleared
by extensive anti-TB drug treatment. We therefore calculated the
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TABLE 3 Diagnostic values of cytokines/chemokines in discriminating TBP from non-TBP

Sensitivity (%) Specificity (%) Likelihood Cutoff
Cytokine/chemokine AUC (95% CI) P value (95% CI) (95% CI) ratio (pg/ml)
IFN-vy 0.95 (0.88-1.02) <0.0001 0.96 (0.87-0.99) 0.94 (0.81-0.99) 17.29 37.51
MIG/CXCL9 0.93 (0.86-0.99) <0.0001 0.96 (0.87-0.99) 0.89 (0.74-0.97) 8.65 4,009
IP-10/CXCL10 0.87 (0.78-0.96) <0.0001 0.80 (0.67-0.90) 0.86 (0.71-0.95) 5.79 7,857
MCP-2/CCL8 0.89 (0.76-0.95) <0.0001 0.86 (0.74-0.94) 0.83 (0.67-0.94) 5.18 100.1
1L-13 0.86 (0.77-0.95) <0.0001 0.76 (0.63-0.87) 0.92 (0.78-0.98) 9.18 3.575
MDC/CCL22 0.85 (0.76-0.93) <0.0001 0.67 (0.52-0.79) 0.86 (0.71-0.95) 4.8 1,669
TNF-a 0.83 (0.72-0.94) <0.0001 0.78 (0.65-0.89) 0.83 (0.66-0.93) 4.58 39.1
SDF-1/CXCL12 0.76 (0.65-0.86) <0.0001 0.61 (0.46-0.74) 0.86 (0.71-0.95) 4.38 2,472
BCA-1/CXCL13 0.74 (0.63-0.85) 0.0002 0.49 (0.35-0.63) 0.86 (0.71-0.95) 3.53 130.2
G-CSF 0.73 (0.62-0.84) 0.0003 0.67 (0.52-0.79) 0.75 (0.58-0.88) 2.67 157.1
IL-12p70 0.72 (0.61-0.83) 0.0004 0.57 (0.42-0.71) 0.81 (0.64-0.92) 2.92 2.24
1L-22 0.72 (0.62-0.83) 0.0004 0.51 (0.37-0.65) 0.94 (0.81-0.99) 9.18 16.45
IL-11 0.68 (0.57-0.80) 0.0039 0.47 (0.33-0.62) 0.89 (0.74-0.97) 4.24 3.152

ratios of MCP-1 to IP-10 and MIG. As shown in Fig. 4B, we found
that the ratios of MCP-1 to IP-10 and MCP-1 to MIG were signif-
icantly increased after 3 months of anti-TB treatment. A similar
result was observed for the ratio of eotaxin-1 to IP-10, a marker
reflecting the balance of the Th1 and Th2 responses (29). Thus, the
ratio of MCP-1 or eotaxin-1 to IP-10 might be more sensitive than
IP-10 alone in monitoring the efficacy of anti-TB treatment. In
line with this, the IP-10/MCP-1 ratio in CSF was a useful diagnos-
tic marker for neuropsychiatric lupus patients (30).

DISCUSSION

Due to the shortage of available methods for diagnosis of TB,
IGRAs have increasingly been used as an auxiliary diagnostic tool
for active TB in clinical practice in China (18, 31-33). Indeed, it
has been reported that detection of [FN-vy in pleural fluid mono-
nuclear cells is useful for diagnosis of tuberculous pleurisy (31,
32). Additionally, IGRAs have improved the sensitivity for diag-
nosis of pulmonary TB (18), pediatric TB (34), and osteoarticular
TB (33). However, specificity is the Achilles heel of IGRAs for
diagnosis of active TB, as IGRAs cannot effectively discriminate
active TB from LTBI (9). This is particularly the case in China, a
country with a high prevalence of LTBI due to a high burden of
TB. Hence, it is crucial to effectively differentiate active TB from
LTBI. In this study, we found that the plasma levels of IP-10, MIG,
and G-CSF were significantly increased in patients with active TB
and could discriminate active TB from LTBI, with AUC of >0.75
individually. Notably, IP-10 alone had an AUC of 0.92 for dis-
criminating active TB from LTBI. In contrast, both unstimulated
and M. tuberculosis antigen-stimulated IP-10 in QFT-IT superna-
tant could not differentiate active TB from LTBI (35, 36), although
M. tuberculosis antigen-stimulated IP-10 might be more robust for
diagnosis of LTBI in young children and in HIV-infected individ-
uals with low CD4 T cell counts (35, 37). Since current diagnostic
methods, including IGRAs and antigen-specific IP-10 detection,
perform well at identifying M. tuberculosis-infected from unin-
fected people, combining IGRAs or antigen-specific IP-10 detec-
tion with plasma IP-10 measurement might have greater utility for
the diagnosis of active TB.

Elevated cytokines/chemokines in plasma are measured in
the absence of antigen stimulation and thus can be elevated
nonspecifically by other disorders. As an example, IP-10 was
reported to be upregulated in a diverse spectrum of non-TB
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inflammatory diseases (38—40). It was therefore not surprising
that the plasma levels of IP-10 and MIG, which could effec-
tively differentiate active TB from LTBI, were not different
between patients with active TB and those with bacterial pneu-
monia, as well as between HC and LTBI subjects. On the other
hand, previous reports showed that cytokines/chemokines
measured in pleural fluid, such as IFN-v, IP-10, SDF-1, IL-6,
and IL-10, were significantly higher in patients with TB than in
patients with non-TBP (6, 41-43). IFN-y alone showed a high
accuracy in distinguishing TBP from non-TBP (24), with a
sensitivity close to 100%, and the combination of IP-10, IL-6,
and IL-10 resulted in 96% correct classification of TBP (42).
Our results confirmed previous reports that IFN-y and IP-10
individually have high and moderate accuracies, respectively,
for diagnosis of TBP. Besides IFN-y and IP-10, we found that
other cytokines/chemokines, including MIG, MCP-2, IL-13,
MDC, TNF-a, and SDF-1, also had the potential to discrimi-
nate TBP from non-TBP individually, with AUC of >0.75. In
contrast to a previous report (42), we found that IL-10 was not
useful for diagnosis of TBP, despite being enriched in pleural
fluid of TB patients, possibly reflecting genetic differences in
the study cohorts. Notably, we revealed for the first time that
MIG had a high accuracy, comparable to that of IFN-v, for
diagnosis of TBP. The usefulness of compartmentalized MIG
was further supported by our finding that its level in CSF was
significantly higher in patients with TBM than in those with
non-TBM. MIG alone had a sensitivity of 88% and a specificity
of 95% for diagnosis of TBM. Taken together, these results
indicate that chemokines/cytokines compartmentalized at the
site of disease, unlike circulating plasma levels, form a rela-
tively disease-specific pattern which may be employed as a dis-
ease-specific marker for diagnostics. Validation of these results
with a larger cohort will aid in the development of new and
improved TBP/TBM diagnostics.

It is widely accepted that the plasma IP-10 concentration is a
reflection of TB disease activity (44—46). Moreover, several studies
have reported that plasma IP-10 levels decrease upon successful
treatment of active TB and suggest that measuring IP-10 could
help in monitoring disease activity and treatment responses for
prognosticating TB relapse (44, 47, 48). Our results confirmed the
decrease of plasma IP-10 levels after completion of anti-TB treat-
ment. In addition, we found that MIG, IFN-v, and G-CSF levels
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The diagnosis value of cytokines/chemokines in cerebrospinal fluid from TBM and non-TBM

AUC P value Sensitivity Specificity Likelihood Cut-off

(95% Cl) (95% Cl) (95% Cl) ratio (pg/ml)

IP-10 0.90 < 0.0001 0.60 0.90 6.00 13782
(0.82-0.98) (0.32-0.87) (0.76 - 0.97)

MIG 0.95 < 0.0001 0.88 0.95 17.06 1574
(0.89- 1.01) (0.62 - 0.98) (0.83 - 0.99)

IL-10 0.84 0.0001 0.62 0.92 8.13 72.77
(0.71 - 0.96) (0.35-0.85) (0.79 - 0.98)

FIG 3 Expression of IP-10, MIG, and IL-10 in CSF from TBM and non-TBM patients. (A) The levels of IP-10, MIG, and IL-10 in CSF from TBM (n = 16) and
non-TBM (n = 40) patients were determined by Luminex assay. Each dot represents one individual; horizontal lines and error bars represent mean values +
SEM. The nonparametric Mann-Whitney U test was used to compare the differences between groups. P values are indicated. (B) ROC curves analyzing the
diagnostic values of IP-10, MIG, and IL-10 in CSF for discriminating TBM and non-TBM.

also decreased after anti-TB treatment. The median level of
plasma MIG was significantly decreased 3 months after initiation
of anti-TB treatment, while the level of IP-10 was statistically in-
significant until 12 months after initiation of treatment, suggest-
ing that MIG might be superior to IP-10 for monitoring the effi-
cacy of anti-TB therapy. Nevertheless, the decrease of MIG was
most pronounced in 4 of 7 patients, and a larger-cohort study is
warranted to valid this observation.

Unlike the case for the other cytokines/chemokines studied,
plasma levels of MCP-1 and eotaxin-1 were lower in TB pa-
tients before anti-TB treatment than in LTBI subjects and sig-
nificantly increased after successful treatment. Our results were
consistent with a report by Djoba Siawaya et al. (47) but in
contrast with those of Alessandri et al., who found that the
concentration of MCP-1 in plasma was elevated in TB patients
compared to controls and remained elevated throughout the
treatment (49). The reasons for these contrasting results are
unknown but may reflect genetic differences in the populations
studied and/or differential responses to locally prevalent M.
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tuberculosis clades (50). MCP-1 was shown to play an important
role in protective immunity against M. tuberculosis (51, 52). How-
ever, MCP-1 might increase susceptibility to M. tuberculosis infec-
tion (53, 54), and increased MCP-1 plasma levels correlate with
TB disease severity (55). Eotaxin-1 plays a critical role in eosino-
phil recruitment during inflammation (56), but its role in TB re-
mains largely unknown. Eotaxin-1 is a profibrotic chemokine
(57), so it might contribute to the fibrosis that is a characteristic
feature of healed TB lesions. Riffo-Vasquez et al. (58) reported
that M. tuberculosis inhibited eotaxin-1 production by macro-
phages in vitro. Thus, the increase of eotaxin-1 might result di-
rectly from disarming the inhibitory activity of M. tuberculosis
through chemotherapy. Regardless of the increase or decrease of
plasma cytokines/chemokines in patients after treatment, the lev-
els of IP-10, MIG, MCP-1, and eotaxin returned to levels compa-
rable to those in uninfected individuals (data not shown), rein-
forcing the potential roles played by these cytokines/chemokines
in TB pathogenesis. Taken together, our findings show that the
dynamic changes of MCP-1, eotaxin-1, IP-10, MIG, IFN-y, and
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FIG 4 Dynamic changes of cytokine/chemokine expression in plasma before and after anti-TB treatment. (A) The levels of eotaxin-1, IP-10, G-CSF, IFN-vy,
MCP-1, and MIG in the plasmas of PTB patients (1 = 8) before anti-TB treatment and 3, 6, and 12 months after initiation of anti-TB treatment were detected
by Luminex assay. (B) The MCP-1/IP-10, MCP-1/MIG, eotaxin-1/IP-10, and eotaxin-1/MIG ratios in plasmas of PTB patients (n = 8) before anti-TB treatment
and 3, 6, and 12 months after initiation of anti-TB treatment were calculated. The paired ¢ test was used for comparison between different times points, and P
values are indicated. *, P < 0.05; **, P < 0.005. Om, before anti-TB treatment; 3m, 3 months after initiation of anti-TB treatment; 6m, 6 months after initiation

of anti-TB treatment; 12m, 12 months after initiation of anti-TB treatment.

G-CSF provide a new direction for developing potential biomark-
ers for monitoring the efficacy of anti-TB treatment, either indi-
vidually or as a pattern.
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