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The high prevalence of Mycobacterium tuberculosis makes it imperative that immune responses to evaluate
could be predictive of infection. We investigated live Mycobacterium- and recombinant antigen-induced cytokine
and chemokine responses in patients with active tuberculosis (TB) compared with those of healthy controls
from an area where TB is endemic (ECs). M. tuberculosis-, M. bovis BCG-, ESAT6-, and culture filtrate protein
10 (CFP10)-induced responses were determined in peripheral blood mononuclear cells from patients with
pulmonary TB (n = 38) and ECs (n = 39). The levels of the cytokines gamma interferon (IFN-y) and
interleukin-10 (IL-10) and the chemokines CCL2, CCL3, and CXCL9 were measured. The levels of M.
tuberculosis- and BCG-induced IFN-vy secretion were significantly reduced (P = 0.002 and P < 0.01, respec-
tively), while the amount of IL-10 induced by both virulent (P < 0.01) and avirulent (P = 0.002) mycobacteria
was increased in patients with TB. The ESAT6-induced IFN-y responses were increased in the patients with
TB (P = 0.013) compared with those in the EC group. When tuberculin skin test (TST)-negative (TST™;
induration, <10 mm) and TST-positive (TST*) donors were studied separately, both TST~ and TST*
individuals showed increased IFN-y responses to M. tuberculosis compared with the responses of the patients
with TB (P = 0.037 and P = 0.006, respectively). However, only TST™ ECs showed reduced IFN-y responses
to ESAT6 (P = 0.008) compared with the responses of the patients with TB. The levels of M. tuberculosis-
induced CCL2 (P = 0.006) and CXCL9 (P = 0.017) were greater in the patients with TB. The levels of CCL3
secretion in response to Mycobacterium and antigen stimulation were comparable between the two groups.
While the levels of ESAT6-induced chemokines did not differ between the patients with TB and the ECs, the
levels of CFP10-induced CCL2 (P = 0.01) and CXCL9 (P = 0.001) were increased in the patients. These data
indicate differential host IFN-y, CXCL9, and CCL2 responses to live mycobacteria and mycobacterial antigens
and have implications for the identification of potential biomarkers of infection which could be used for the

diagnosis of TB.

Tuberculosis (TB) remains an important cause of mortality
and morbidity worldwide, causing 2 million deaths annually.
Vaccination with Mycobacterium bovis BCG provides protec-
tion mostly during childhood and primarily against the ex-
trapulmonary forms of the disease (28, 45, 49). It is important
to identify immune markers that may be reflective of natural
infection in the host and that may therefore be useful in pre-
dicting the outcome of the disease.

Host immune responses determine the outcome of M. tuber-
culosis infection. The balance between the key T-cell cytokines
gamma interferon (IFN-y) and interleukin-10 (IL-10), which
are produced by macrophages and subsets of T cells, is key to
the maintenance of effector responses against the mycobacte-
rium (13, 34). This is further reflected by the relationship
between IFN-y and IL-10, which differs according to the se-
verity of the disease, especially in patients with extrapulmonary
M. tuberculosis infections (24).

The formation and maintenance of granulomas are essential
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for the control of mycobacterial infections. Tumor necrosis
factor alpha (TNF-«) is critical to an effective response against
M. tuberculosis and for efficient granuloma formation (38).
TNF /= mice show increased pathology and a more rapid
progression of disease during infection with M. tuberculosis (6).

IFN-vy- and macrophage-induced TNF-a activates and reg-
ulates the C-C chemokines CCL2, CCL3, CCL4, and CCL5
and the C-X-C chemokines CXCL8, CXCL9, CXCL10, and
CXCL11 (2) (42). These chemokines have been shown to play
an important role in the recruitment and activation of leuko-
cytes at the site of granuloma formation.

CCL2 is the most potent activator of monocytes and is es-
sential for recruitment and migration to the lung. Studies with
CCL2~/~ mice have investigated the pathology of M. tubercu-
losis infection (26) and have shown that CCCR2™~/~ mice ex-
hibit faulty granuloma formation and increased susceptibility
to disease caused by M. tuberculosis (44). IFN-y-activated che-
mokines, such as CXCL9 and CXCL10, are induced by M.
tuberculosis antigens (1, 40).

The circulating levels of cytokines such as IFN-y, IL-10,
transforming growth factor-g, and chemokine CXCL9 are
found to be raised in patients with TB (17, 33). Patients with
pulmonary TB also display increases in the level of monocyte-
activating chemokine CCL2 (20). An increase in the CCL2
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level is associated with monocyte migration to the lung and the
reduced progression of disease (26, 43). Recent studies have
identified molecular mechanisms which are deficient in pa-
tients with pulmonary TB. These include reduced IFN-y re-
sponses at the disease site (21) and a reduced monocyte mat-
uration ability concomitant with a reduction in the levels of
markers of antigen presentation, such as major histocompati-
bility complex class II expression (36). In addition, it has been
shown that granulomas differ in cavitary and noncavitary TB
(48). This further emphasizes the need to understand the pat-
tern of recognition of mycobacterial antigens in different forms
of TB and in transitions from latent to active infection.

Six-kilodalton early secreted antigenic target 6 (ESAT6) and
culture filtrate protein 10 (CFP10) are both encoded by region
of difference 1 (RD1), which is present in M. tuberculosis and
M. bovis but which is absent from M. bovis BCG and most
environmental mycobacteria (8, 16). ESAT6 is an immuno-
dominant T-cell-stimulatory antigen and is recognized by spe-
cific IFN-y-secreting T cells that are present in greater num-
bers in patients with active disease than in those who are
uninfected (37, 47). The importance of these recombinant an-
tigens is in their immune recognition by T cells specific to
infected individuals. They are a primary component of new
diagnostic assays and are meant to detect latent infections in
individuals because of their lack of cross-reactivity with M.
bovis BCG, which is used for vaccination (27). Commercial
tests that use IFN-vy-release assays are increasingly available as
diagnostic and predictive tests for newer-generation vaccines.
ESAT6- and CFP10-induced IFN-y responses have been
shown to be useful in discriminating infected individuals from
healthy controls (1, 9, 46). Demissie et al. have shown that
immune responses to ESAT6 are more likely to be associated
with active infection and that a dormancy-related antigen
(HspX or a-crystallin) might be a better marker of latency in
patients with TB, while cross-reactive antigens, such as the
antigen 85A complex, do not distinguish between active and
latent TB (11).

Antigen recognition and binding to cell surface receptors
result in cytokine activation and intracellular signaling cas-
cades within the host cell (14, 39). Virulent M. tuberculosis
organisms are efficient at evading macrophage host defenses,
such as phagolysosome fusion; downregulation of the activa-
tion of proinflammatory cytokines, such as TNF-q; inhibition
of antigen presentation; and also host apoptotic responses (19,
25). In contrast, avirulent mycobacteria, such as the M. bovis
BCG strain, are processed along the endosomal pathway, ac-
tivating stronger responses of proinflammatory cytokines, such
as TNF-q, IL-2, and IL-6, than the responses activated by
virulent mycobacteria (7). In addition, the uptake and process-
ing of live and dead mycobacteria differ in host cells (18).
Therefore, although both mycobacteria and mycobacterial an-
tigens can stimulate host immunity, it is likely that their im-
munogenicities may differ due to processing and presentation
of antigens.

There is as yet a limited understanding of how host cell
responses differ when the host is challenged with live myco-
bacteria as opposed to mycobacterial antigens. We investigated
the differential cytokine responses to live mycobacteria (viru-
lent M. tuberculosis and avirulent M. bovis BCG strains) and
compared them with those to the M. tuberculosis antigens

CLIN. VACCINE IMMUNOL.

ESAT6 and CFP10. BCG vaccination is widespread in Paki-
stan and since 1981 has routinely been administered at birth
through the Expanded Program for Immunization (51). There-
fore, the levels of cytokine and chemokine secretion by periph-
eral blood mononuclear cells (PBMCs) in response to different
stimuli were analyzed in patients with pulmonary TB and were
compared with those in healthy vaccinated controls from areas
where TB is endemic (ECs). Our results highlight the variabil-
ity of host responses to mycobacteria and mycobacterial anti-
gens.

MATERIALS AND METHODS

Subject selection. This was a cross-sectional study comparing the PBMC re-
sponses of patients with TB with those of BCG-vaccinated healthy donors.
Thirty-eight patients with pulmonary TB were recruited from the outpatient
clinics of Aga Khan University Hospital and Medical College (AKUH) and
Masoomeen Hospital, Karachi, Pakistan. All the subjects were unrelated and
were from different parts of urban Karachi. All study subjects were examined,
evaluated, and recruited by infectious diseases consultants. The patients were
either newly diagnosed with the disease or had taken less than 7 days of antitu-
berculous therapy. All samples were taken after the participants has provided
written informed consent. The study received the approval of the Ethical Review
Committee of AKUH. The patients had no significant comorbid conditions,
including diabetes mellitus, chronic renal failure, or chronic liver disease, and
also were not receiving any corticosteroid therapy. Although Pakistan is a setting
with a low prevalence of human immunodeficiency virus (HIV) infection, all
patients were screened for HIV and tested negative.

The diagnosis of TB was based on clinical examination, chest X ray, Zeihl-
Neelsen staining of sputum for acid-fast bacilli (AFB), culture for AFB, and/or
the clinical response to treatment (as assessed by the resolution of fever and
cough and weight gain). All patients with pulmonary TB had a positive chest X
ray, with the findings being consistent with active TB, as evaluated by one of the
consulting physicians. All patients showed a favorable clinical response to anti-
tuberculous therapy. The patients were diagnosed as having minimal, moderate,
or advanced pulmonary TB by using modified classifications of the National
Tuberculosis Association of the United States on the basis of the extent of lung
tissue involvement (10, 22). Among the patients with pulmonary TB, 10 had
minimal disease, while 28 had moderate disease. The patient group comprised 24
females and 14 males, and the mean age was 28.2 * 12.3 years.

BCG-vaccinated asymptomatic healthy staff at AKUH (mean age, 28.1 * 6.6
years) with no known exposure to TB were used as ECs. The healthy control
group comprised 22 females and 17 males. No member of the control group had
a household member with TB, nor did they have any relationship to any of the
patients recruited in the study. All volunteers had a normal chest X ray. The
tuberculin skin test (TST) was performed by the intradermal administration of 5
tuberculin units on the volar surface of the right arm, and the result was read by
a single reader 48 h later. An induration of =10 mm was used as a cutoff for a
positive response. Both TST-negative (TST; n = 21) and TST-positive (TST™;
n = 18) ECs were included in the study.

Mycobacterium culture. M. tuberculosis H37Rv was acquired from ATCC. M.
bovis BCG (Montreal vaccine strain) was used as described previously (19). All
strains were grown to logarithmic phase in 7H9 Middlebrook medium supple-
mented with 0.02% glycerol, 10% albumin-dextrose-catalase Middlebrook en-
richment, and 0.5% Tween 80 (all from Difco Laboratories, Detroit, MI). Ali-
quots of mycobacteria at 2 X 10° CFU/ml were frozen in growth medium
containing 15% glycerol and were stored at —70°C. For the infection assay,
aliquots of mycobacteria were freshly thawed, washed three times in phosphate-
buffered saline, and diluted as required for the infection. To avoid clumping of
the mycobacteria, the cell suspension was briefly sonicated and was then allowed
to stand for 5 min to allow the large clumps to settle, leaving behind a suspension
of single cells (19). The mycobacterial inoculum was also plated out for each
assay to determine bacterial viability, which was greater than 80% in each case.

Reagents. Recombinant antigens ESAT6 and CFP10 were obtained through
the TB Vaccine Testing and Research Materials Contract (contract NO1-Al-
40091), NIH, NIAID, awarded to Colorado State University.

Isolation and stimulation of PBMCs. PBMCs were obtained by gradient sep-
aration of whole blood with Histopaque (Gibco-BRL). The cells were counted
with a hemacytometer and plated at 2 X 10° per well in a 24-well tissue culture
plate. Bacterial inocula were made in a volume of 250 nl RPMI medium, which
was added to each well containing 2 X 10° PBMCs. Subsequently, the cell culture
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volume of each well was made up to 1 ml containing 10% autologous serum in
RPMI medium.

The time course and the dose-response of the M. tuberculosis and BCG
infection of PBMCs was performed with PBMCs from healthy donors (n = 10).
Two concentrations of the mycobacteria, 2 X 10° CFU/ml (infection ratio, 1) and
10° CFU/ml (infection ratio, 5), were employed. The levels of IFN-y secretion in
response to M. tuberculosis and M. bovis BCG infection of PBMCs from healthy
control donors were determined at 18 and 48 h postinfection.

The BCG-induced IFN-y responses did not show any significant difference
between infection with 2 X 10> CFU/ml (1,627 = 2,169 pg/ml) and 10° CFU/ml
(1,831 + 2,088 pg/ml) at 18 h. At 48 h, the trend was for the level of IFN-y
secretion to be greater with infection with 2 X 10° CFU/ml (3,794 =+ 2,621 pg/ml)
than with infection with 10° CFU/ml (2,703 = 2,581 pg/ml), but there was no
significant difference between the doses. Similar trends were observed with the
dose-response curve for M. tuberculosis-stimulated PBMCs, except that the trend
in the level of IFN-vy secretion was lower in response to the virulent bacilli at 2 X
10° CFU/ml (1,347 = 3,107 pg/ml) than in response to the virulent bacilli at 10°
CFU/ml (1,604 * 1,796 pg/ml), confirming previous results (19).

For the remaining experiments, PBMCs were infected with M. tuberculosis or
M. bovis BCG at 2 X 10° CFU/ml to obtain an infection ratio of 1 per cell.
Although an increase in the level of Mycobacterium-induced cytokine secretion
was observed at 48 h poststimulation compared with that observed at 18 h
poststimulation, we found that the levels at the earlier time point were more
suitable for use for the study of cytokine secretion, as there was a greater change
in the levels during the earlier period.

A dose-response curve for the ESAT6 and CFP10 antigen stimulation exper-
iments was also determined with concentrations of 2.5, 5, and 10 pwg/ml. On the
basis of the trends in IFN-y secretion observed in response to antigen stimulation
of PBMCs, we determined that a concentration of 5 pwg/ml measured at 18 h
poststimulation was optimal for these experiments (data not shown).

PBMCs were also stimulated with ESAT6 (5 pg/ml) and CFP10 (5 pg/ml). All
supernatants were collected at 18 to 20 h poststimulation for the measurement of
cytokine and chemokine levels. Samples were centrifuged to collect any cellular
debris, aliquoted, and stored at —70°C until they were tested.

ELISAs for IFN-y, IL-10, CCL2, CCL3, and CXCL9. IFN-y and IL-10 secre-
tion was detected in cellular supernatants by using standards and enzyme-linked
immunosorbent assay (ELISA) reagents obtained from Endogen (Rockford, IL).
Cytokine levels were measured by a sandwich ELISA technique, according to the
manufacturer’s instructions and as reported previously (20). Recombinant hu-
man cytokine was used to obtain a dose-response curve with a range of detection
of from 3.9 to 1,000 pg/ml. All experimental samples were tested in duplicate.

CCL2, CCL3, and CXCL9 standards and monoclonal antibody pairs for cap-
ture and detection were obtained from R&D Systems (Abingdon, United King-
dom). All measurements were carried out according to the manufacturer’s rec-
ommendations and as described previously (20). Recombinant human cytokine
was used to obtain a dose-response curve with ranges of detection of from 6.25
to 500 pg/ml for CXCL9 and 6.25 to 1,000 pg/ml for CCL2.

Statistical analysis. Data are represented by box plots that illustrate the 25th
and 75th quartiles and the medians, shown as horizontal bars. Nonparametric
statistical analysis was performed by using the Kruskal-Wallis and Mann-Whit-
ney U tests, as required. Spearman’s rank correlation was also performed. All
analyses were performed with Statistical Package for Social Sciences software
(SPSS, Inc.).

RESULTS

Increased M. tuberculosis- and BCG-induced IFN-y and
IL-10 levels in patients with TB. The M. tuberculosis- and M.
bovis BCG-induced IFN-y responses in the patients with TB
were compared with those in healthy ECs. The levels of IFN-y
and IL-10 secretion in the absence of a stimulant were negli-
gible in both the test and the control groups. The M. tubercu-
losis-induced IFN-vy responses were significantly reduced (P =
0.002) in the patients with TB than in the controls (Fig. 1A).
Similarly, BCG induced IFN-y responses were also reduced in
the patients with TB (P < 0.01) compared with the responses
in the controls (Fig. 1B).

We next compared the levels of IL-10 secretion in patients
and controls. In contrast to the findings for IFN-y, M. tuber-

MYCOBACTERIUM- AND ANTIGEN-INDUCED CYTOKINES 993

culosis-induced IL-10 levels were significantly raised in patients
compared with the levels in the controls (P < 0.01) (Fig. 1C).
Similarly, BCG-induced IL-10 levels were also greater in the
patients with TB than in the controls (P = 0.002) (Fig. 1D).
The magnitude of IL-10 induced by M. tuberculosis in the
patient group was severalfold greater than that induced by
BCG stimulation of PBMCs (P = 0.047).

Mycobacterial antigens ESAT6 and CFP10 induced IFN-y
and IL-10 secretion in patients with TB. To investigate
whether the M. tuberculosis-induced chemokine responses
were reflective of those induced by recombinant antigens from
the bacilli, we stimulated PBMCs with both ESAT6 and
CFP10. The ESAT6-induced IFN-y responses were signifi-
cantly increased (P = 0.013) in the patients with TB (median,
41 pg/ml) compared with those in the controls (median, 2
pg/ml) (data not shown), corresponding with previous findings
(9). The magnitude of IFN-y secretion in response to ESAT6
in the healthy control group was also severalfold lower than
that in response to M. tuberculosis (P = 0.043).

The level of ESAT6-induced IL-10 secretion was greater in
the patients with TB than in the ECs (medians, 3 and 0 pg/ml,
respectively; P = 0.033). Although the IFN-y responses in-
duced by CFP10 stimulation of PBMCs were stronger than
those elicited by ESAT6 stimulation of PBMCs, the responses
were comparable between the patients with TB (median, 225
pg/ml) and ECs (median, 135 pg/ml). Similarly, the level of
IL-10 induced by CFP10 was also higher than that induced by
ESATS®6, but the levels were not significantly different between
the patients with TB and the ECs (medians, 468 and 301 pg/ml,
respectively).

M. tuberculosis- and ESAT6-induced IFN-y in TST™ and
TST™ healthy controls. Previous studies have described the
utility of ESAT6-stimulated IFN-y responses for the detection
of latent TB (4) (12). Our healthy EC group comprised sub-
jects with both negative and positive TST reactions to purified
protein derivative, as determined by a positive induration
greater than or equal to 10 mm. We determined both the M.
tuberculosis- and the ESAT6-induced IFN-y responses in both
TST™ and TST™ individuals. As shown in Fig. 2A, there was no
difference in the M. tuberculosis-induced IFN-y response be-
tween TST™ and TST" healthy controls. Compared with the
patients with TB, both TST~ and TST™ healthy controls se-
creted significantly greater levels of IFN-y upon stimulation
with M. tuberculosis (P = 0.037 and P = 0.006, respectively). In
the same groups, the ESAT6-induced IFN-y responses of the
TST* controls were significantly reduced (P = 0.008) com-
pared with those of the patients with TB (Fig. 2B). The
ESATG6-induced IFN-y levels in the TST™ controls and the
patients with TB were comparable.

Mycobacterium-induced chemokine levels are raised in pa-
tients with TB. We subsequently investigated the Mycobacteri-
um-induced chemokine levels in the patients with TB and the
controls. The levels of secretion of CCL2, CCL3, and CXCL9
in the absence of stimulants were comparable between the
patient and the control groups (data not shown). Both M.
tuberculosis and BCG stimulated CCL2 secretion in all patients
with TB, while responses to either mycobacterium were
present in only a limited number (five or six) of ECs, and the
responses occurred in both TST™ and TST* ECs. The level of
M. tuberculosis-induced CCL2 was significantly greater in the
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FIG. 1. Differential Mycobacterium- and mycobacterial antigen-induced IFN-y responses in patients with TB. PBMCs (2 X 10°) from the
patients with TB and the ECs were infected with M. tuberculosis or BCG at 2 X 10° CFU/well. Supernatants were harvested at 18 h poststimulation
for the measurement of IFN-y and IL-10 levels. The data are shown as the means of individual experiments from the patients with TB (n = 38)
and ECs (n = 39). The box plots represent the data for each group after the level of cytokine secretion from unstimulated cells was subtracted.
The whiskers indicate the 25th and 75th quartiles, while a line indicating the median separates the two. *, significant differences between groups
(P < 0.05). (A) IFN-vy induction by M. tuberculosis; (B) IFN-vy induction by BCG; (C) IL-10 induction by M. tuberculosis; (D) IL-10 induction

by BCG.

patients with TB than in the controls (P = 0.006), Fig. 3A. The
level of BCG-induced CCL2 secretion also showed a trend to
be greater in the patients with TB, but the levels were not
significantly different between the patients and the controls
(P = 0.074). The level of M. tuberculosis-induced CCL2 secre-
tion in the patients with TB was significantly greater than that
in response to BCG infection (P < 0.01) (data not shown).

The levels of M. tuberculosis-induced CCL3 were compara-
ble between the patients and the controls (medians, 1,306 and
1,800 pg/ml, respectively), and the levels of BCG-induced
CCL3 were also comparable between the two groups (medians,
1,592 and 1,919 pg/ml, respectively).

The level of M. tuberculosis-induced CXCL9 was signifi-

cantly greater in the patients with TB (P = 0.017) than in the
controls (Fig. 3B). The level of BCG-induced CXCL9 secre-
tion was negligible in both the ECs and the patients with TB
(medians 0 and 0, pg/ml, respectively) (data not shown).

ESAT6- and CFP10-induced chemokines in patients with
TB. The levels of ESAT6-induced CCL2 did not differ between
the patients with TB and the healthy controls (medians, 1,046
and 443 pg/ml, respectively). However, the level of CFP10-
induced CCL2 was significantly greater in the patients with TB
than in the healthy controls (P = 0.01) (Fig. 4A).

The levels of ESAT6-induced CCL3 were comparable be-
tween the patients with TB and the ECs (medians, 1,567 and
1,590 pg/ml, respectively). CFP10 induced higher levels of
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FIG. 2. Differential IFN-y responses in TST* and TST~ controls. Data for PBMCs from the TST* and TST™ controls and the patients with
TB after stimulation with M. tuberculosis (A) or mycobacterial antigen ESAT6 (B) at 5 pg/ml and measurement of the levels of IFN-y (IFNg)
secretion at 18 h postinfection are shown. Each data point is represented on the scatter graph, and median values are indicated by a horizontal

line.

CCL3 in the patients with TB, but the level was not signifi-
cantly greater than that in the ECs (medians, 2,076 and 2,200
pg/ml, respectively).

The levels of ESAT6-induced CXCL9 were similar between
the patients and the controls (medians, 0 and 0 pg/ml, respec-
tively). However, the level of CFP10-induced CXCL9 was sig-
nificantly greater (P = 0.001) in the patients than in the con-
trols (Fig. 4B).
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DISCUSSION

Our results indicate that the IFN-y responses to a live my-
cobacterial infection caused by either virulent M. tuberculosis
or the avirulent BCG vaccine strain differ from those to my-
cobacterial antigens ESAT6 and CFP10.

The Mycobacterium-induced IFN-y suppression observed in
the patients with pulmonary TB corresponds to the findings of
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FIG. 3. Increased levels of CCL2 (A) and CXCL9 (B) secretion in response to M. tuberculosis in patients with active TB. PBMCs from the
patients with TB and the ECs were infected with M. tuberculosis, as described in the legend to Fig. 1. The supernatants were harvested at 18 h
poststimulation for measurement of cytokine levels. The means of individual experiments with PBMCs from the patients with TB (n = 38) and
ECs (n = 39) are shown. The box plots represent data from each group after the levels of CCL2 and CXCL9 secretion from unstimulated cells
were subtracted. The whiskers indicate the 25th and 75th quartiles, while a line indicating the median separates the two. *, significant differences

between groups (P < 0.05).

AINN NVHY VOV Ad ¥T0Z ‘v YdselN uo /610" wise’1nd//:dny wolj papeojumoq


http://cvi.asm.org/
http://cvi.asm.org/

996 HASAN ET AL.

A. 50000
40000
% -
[ ]
~~ 30000
=
~
(o)
£ 20000
N
-
O
(O 10000
’ —— — —
-10000
EC TB

CLIN. VACCINE IMMUNOL.

©

700

600

500

400

300

200

CXCL9 (pg/ml)

100

-100

EC B

FIG. 4. CFP10 is a more potent stimulator of CCL2 (A) and CXCL9 (B) in patients with TB. PBMCs from the patients with TB and the ECs
were stimulated with CFP10 at 5 pg/ml for 18 h, and the chemokine levels in the cell supernatants were measured. The means of individual
experiments with PBMCs from the patients with TB (n = 38) and the ECs (n = 39) are shown. The box plots represent data from each group after
the level of CXCL9 secretion from unstimulated cells was subtracted. The whiskers indicate the 25th and 75th quartiles, while a line indicating the
median separates the two. *, significant differences between groups (P < 0.05).

previous studies, which indicate the lowering of T-cell-medi-
ated immunity in patients with TB (41). The increased levels of
M. tuberculosis- and BCG-induced IL-10 in the patients with
TB also corroborate previous data (41).

We found the ESAT6-induced IFN-y responses to be in-
creased in the individuals with active TB. This also corresponds
to the findings of studies that have indicated that ESAT6-
induced IFN-y may be an indicator of antigen-specific re-
sponses in infected individuals (35, 37). The levels of ESAT6-
induced IL-10 were not different between the controls and the
patients. Also, the levels of CFP10, which has previously been
shown to also elicit M. tuberculosis-specific IFN-y responses in
infected individuals, were not found to be different between
the patients with TB and the healthy ECs.

Previous studies have correlated TST positivity with myco-
bacterial antigen-induced IFN-y responses (4, 31) but have
shown that this correlation is decreased in BCG-vaccinated
donors (9). When we compared the IFN-y responses of TST*
and TST™ individuals, they were not significantly different, as
has previously been shown in areas with high rates of TB
transmission (3). As all subjects were BCG vaccinated accord-
ing to Pakistan immunization guidelines, TST positivity cannot
be attributed to BCG vaccination. As Pakistan has a very high
incidence of TB at 181/100,000 population (50), the possibility
of exposure to M. tuberculosis cannot be ruled out, nor can
exposure to environmental mycobacteria. Recent studies of
household contacts of patients with TB show that the time
postexposure at which the IFN-y response to M. tuberculosis is
measured determines the cytokine profile obtained (23).

However, when the responses of both TST* and TST
healthy controls were separately compared with those of the
patients with active TB, it was found that the TST™" individuals
made significantly larger amounts of IFN-y in response to M.
tuberculosis than the patients with TB. These data indicate that
M. tuberculosis-specific immunity was primed in TST* con-

trols, probably due to latent infection. When the responses to
ESATO6 were evaluated, it was found that the IFN-y responses
of the TST™ controls were suppressed compared with those of
patients with active TB. These data indicate that protective
immunity to M. tuberculosis infection may be engendered by
antigens/epitopes other than the RD1 antigen ESAT6. Reports
by Demissie et al. have indicated that while ESAT6 may elicit
responses indicative of active TB infection, the responses to
other antigens, such as a-crystallin, may be more useful for the
detection of latent infection (11). This has implications for
vaccine development, as ESAT6 is one of several candidate
antigens being employed in trials in which its protective efficacy
against M. tuberculosis is being tested (5, 32).

Recent literature has indicated an important role for CCL2
as an adjunct biomarker to be used with IFN-y for assessment
of the response to M. tuberculosis infection (40). CCL2 levels
are increased in patients with pulmonary TB (20), and here we
have shown that the CCL2 level was increased in response to
both M. tuberculosis infection and BCG infection. In addition,
both ESAT6- and CFP10-induced CCL2 levels were increased
in the patients with TB. The magnitude of CCL2 elicited in
response to M. tuberculosis was significantly greater than that
elicited in response to BCG, indicating activation by specific
antigenic components. Of the recombinant antigens, the mag-
nitude of CCL2 secretion in response to CFP10 was found to
be greater than that in response to ESAT6. This further sug-
gests a role of CCL2 as a biomarker for the identification of M.
tuberculosis infection.

We found the level of M. tuberculosis-induced CXCL9 se-
cretion to be increased in the patients with TB, but BCG did
not induce CXCL9. Previous studies have shown increased
levels of CXCL9 in the PBMC:s of patients with TB stimulated
with a recombinant fusion protein, ESAT6-CFP10 (1). Our
data indicate that the levels of ESAT6-induced CXCL9 were
not different between the patients and the controls, but the
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levels of CFP10-induced CXCL9 were increased in the patients
with TB. Therefore, it may be the CFP10 component of the
ESAT6-CFP10 recombinant protein that elicits CXCL9 acti-
vation.

These data are important, as an increasing amount of infor-
mation in the literature states the need to study biomarkers, in
addition to IFN-v, for the testing of individuals for infection
with M. tuberculosis. However, ESAT6 and CFP10 remain the
antigens of choice. Recent studies compared the IFN-vy re-
sponse to H37Rv-encoded antigens, in addition to those of
RD1, including the antigen 85A complex, antigen 85A complex
peptides, and heparin-binding hemagglutinin adhesin (29, 30).
However, reports from regions where TB is endemic indicate
that the use of these antigens for the diagnosis of active TB
remains limited (3, 15). Therefore, it is important to use mul-
tiple antigens in screening assays in order to elicit a larger
number of antigenic responses. This may be particularly im-
portant in regions of endemicity with a larger number of la-
tently infected individuals. Such exposed individuals would re-
spond differently from uninfected community controls,
regardless of their TST positivity. Thus, it would not be possi-
ble to evaluate them by using the standard criteria expected of
the IFN-vy assays used in regions where TB is not endemic.

ACKNOWLEDGMENTS

This investigation received financial support from the UNICEF/
UNDP/World Bank/WHO Special Programme for Research and
Training in Tropical Diseases.

We thank Rouknuddin Ali, Seema Jamil, and Naazish Alladin for
technical assistance. We also thank Ghaffar Dawood and Javaid Khan
for help with patient recruitment.

REFERENCES

1. Abramo, C., K. Meijgaarden, D. Garcia, K. Franken, M. Klein, A. Kolk, S.
Oliveira, T. Ottenhoff, and H. Teixeira. 2006. Monokine induced by inter-
feron gamma and IFN-gamma response to a fusion protein of Mycobacte-
rium tuberculosis ESAT-6 and CFP-10 in Brazilian tuberculosis patients.
Microbes Infect. 8:45-51.

2. Algood, H. M. S., J. Chan, and J. L. Flynn. 2003. Chemokines and tubercu-
losis. Cyt. Growth Fact. Rev. 14:467-477.

3. Antas, P. R. Z., F. L. L. Cardoso, K. C. Peira, K. L. M. C. Franken, K. S.
Cunha, P. Klaster, E. N. Sarno, T. H. M. Ottenhoff, and S. P. Sampaio. 2005.
T cell immune response to mycobacterial antigens in Brazilian tuberculosis
patients and controls. Trans. R. Soc. Trop. Med. Hyg. 99:699-707.

4. Arend, S. M., A. C. F. Engelhard, G. Groot, K. de Boer, P. Andersen, T. H.
Ottenhoff, and J. T. V. Dissel. 2001. Tuberculin skin testing compared with
T-cell responses to Mycobacterium tuberculosis-specific and nonspecific an-
tigens for detection of latent infection in persons with recent tuberculosis
contact. Clin. Diagn. Lab. Immunol. 8:1089-1096.

5. Baldwin, S., C. D’Souza, A. Roberts, et al. 1998. Evaluation of new vaccines
in the mouse and guinea pig model of tuberculosis. Infect. Immun. 66:2951—
2959.

6. Bean, A. G., D. R. Roach, H. Briscoe, M. P. France, H. Korner, J. D.
Sedgwick, and W. J. Britton. 1999. Structural deficiencies in granuloma
formation in TNF gene-targeted mice underlie the heightened susceptibility
to aerosol Mycobacterium tuberculosis infection which is not compensated for
by lymphotoxin. J. Immunol. 162:3504-3511.

7. Beltan, E., L. Horgen, and N. Rastogi. 2000. Secretion of cytokines by human
macrophages upon infection by pathogenic and non-pathogenic mycobacte-
ria. Microbiol. Pathogen 28:313-318.

8. Berthet, F. X., P. B. Rasmussen, I. Rosenkrands, P. Andersen, and B.
Gicquel. 1998. Mycobacterium tuberculosis operon encoding ESAT6 and a
novel low-molecular-mass culture filtrate protein (CFP-10). Microbiology
144:195-203.

9. Brock, I., M. E. Munck, A. K. Jensen, and P. Anderson. 2001. Performance
of whole blood IFN-y test for tuberculosis diagnosis based on PPD or the
specific antigens ESAT-6 and CFP-10. Int. J. Lung Tuberc. Dis. 5:462-467.

10. Crofton, J. 1990. Clinical features of tuberculosis, p. 395-421. In Crofton and
Douglas respiratory diseases. Blackwell Scientific, London, United Kingdom.
11. Demissie, A., E. M. S. Leyten, M. Abebe, L. Wassie, A. Aseffa, G. Abate, H.
Fletcher, P. Owiafe, P. C. Hill, R. Brookes, G. Rook, A. Zulma, S. M. Arend,

12.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

MYCOBACTERIUM- AND ANTIGEN-INDUCED CYTOKINES 997

M. Klein, T. H. M. Ottenhoff, P. Andersen, T. M. Doherty, and VASCEL
Study Group. 2006. Recognition of stage-specific mycobacterial antigens
differentiates between acute and latent infections with Mycobacterium tuber-
culosis. Clin. Vaccine Immunol. 13:179-186.

Diel, R., A. Nienchaus, C. Lange, K. M. Walter, M. ForBbohm, and T.
Schaberg. 2006. Tuberculosis contact investigation with a new, specific blood
test in a low-incidence population containing a high proportion of BCG-
vaccinated persons. Respir. Res. 77:1-9.

. Flynn, J. L., and J. D. Ernst. 2000. Immune responses in tuberculosis. Curr.

Opin. Immunol. 12:432-436.

. Gehring, A. J., R. E. Rojas, D. H. Canaday, D. L. Lakey, C. V. Harding, and

W. H. Boom. 2003. The Mycobacterium tuberculosis 19-kilodalton lipoprotein
inhibits gamma interferon-regulated HLA-DR and FcyR1 on human mac-
rophages through Toll-like receptor 2. Infect. Immun. 71:4487-4497.
Greenaway, C., C. Lienhardt, R. Adegbola, R. Brusasca, K. McAdam, and D.
Menzies. 2005. Humoral response to Mycobacterium tuberculosis antigens in
patients with tuberculosis in the Gambia. Int. J. Lung Tuberc. Dis. 9:1112—
1119.

Harboe, M., T. Oettinger, H. G. Wiker, I. Rosenkrands, and P. Andersen.
1996. Evidence for occurrence of the ESAT6 protein in Mycobacterium
tuberculosis and virulent Mycobacterium bovis and for its absence in Myco-
bacterium novis BCG. Infect. Immun. 64:16-22.

Hasan, Z., B. Jamil, J. Khan, R. Ali, M. A. Khan, N. Nasir, S. Yusuf, S.
Jamil, M. Irfan, and R. Hussain. 2009. Relationship between circulating
levels of IFNy, IL10, CXCL9 and CCL2 in pulmonary and extrapulmonary
tuberculosis is dependent on disease severity. Scand. J. Immunol. 69:259-
267.

Hasan, Z., C. Schlax, L. Kuhn, 1. Lefkovitz, D. B. Young, J. Thole, and J.
Pieters. 1997. Isolation and characterisation of the mycobacterial phago-
some: segregation of the phagosome from the endosomal/lysosomal path-
way. Mol. Microbiol. 24:545-553.

. Hasan, Z., B. H. Shah, A. Mahmood, D. B. Young, and R. Hussain. 2003. The

effect of mycobacterial virulence and viability on MAP kinase signaling and
TNFa production by human monocytes. Tuberculosis 83:299-309.

Hasan, Z., 1. Zaidi, B. Jamil, M. A. Khan, A. Kanji, and R. Hussain. 2005.
Elevated ex vivo monocyte chemotactic protein-1 (CCL2) in pulmonary as
compared with extra-pulmonary tuberculosis. BMC Immunol. 6:14.
Herrera, M. T., M. Torres, D. Nevels, C. N. Perez-Redono, J. E. Ellner, E.
Sada, and S. K. Schwander. 2009. Compartmentalized bronchoalveolar
IFNg and IL-12 response in human pulmonary tuberculosis. Tuberculosis
89:38-47.

Hussain, R., R. Hasan, M. Khurshid, A. W. Sturm, J. J. Ellner, and G.
Dawood. 1996. Pulmonary tuberculosis in a BCG vaccinated area: relation-
ship of disease severity with immunological and hematological parameters
and drug resistance patterns. Southeast Asian J. Trop. Med. Public Health
27:1-6.

Hussain, R., N. Talat, F. Shahid, and G. Dawood. 2007. Longitudinal track-
ing of cytokine after acute exposure to tuberculosis: association of distinct
cytokine patterns with protection and disease development. Clin. Vaccine
Immunol. 14:1578-1586.

Jamil, B., F. Shahid, Z. Hasan, N. Nasir, T. Razzaki, G. Dawood, and R.
Hussain. 2007. Interferon y:IL10 ratio defines the severity of disease in
pulmonary and extra-pulmonary tuberculosis. Tuberculosis 87:279-287.
Keane, J., H. G. Remold, and H. Kornfeld. 2000. Virulent Mycobacterium
tuberculosis strains evade apoptosis of infected alveolar macrophages. J. Im-
munol. 164:2016-2020.

Kipnis, A., R. J. Basaraba, I. M. Orme, and A. M. Cooper. 2003. Role of
chemokine ligand 2 in the protective response to early murine pulmonary
tuberculosis. Immunology 109:547-551.

Lalvani, A. 2007. Diagnosing tuberculosis infection in the 21st century. Chest
131:1898-1906.

Lanckriet, C., D. Levy-Bruhl, E. Bingono, R. M. Siopathis, and N. Guerin.
1995. Efficacy of BCG vaccination of the newborn: evaluation by a followup
study of contacts in Bangui. Int. J. Epidemiol. 24:1042-1049.

Locht, C., J. M. Hougardy, C. Rouanet, S. Place, and F. Mascart. 2006.
Heparin-binding hemagglutinin, from an extrapulmonary dissemination fac-
tor to a powerful diagnostic and protective antigen against tuberculosis.
Tuberculosis 86:303-309.

M gi, C., S. T man, J. P. Van Vooren, A. Drowart, K. Pethe, F. D.
Menozzi, C. Locht, and F. Mascart. 2002. Differential T and C cell responses
against Mycobacterium tuberculosis heparin-binding hemagglutinin adhesin
in infected healthy individuals and patients with tuberculosis. J. Infect. Dis.
185:513-520.

Mazurek, G. H., S. E. Weis, P. K. Moonan, C. L. Daley, J. Bernardo, A. A.
Lardizabal, R. R. Reves, S. R. Toney, L. J. Daniels, and P. A. LoBue. 2007.
Prospective comparison of the tuberculin skin test and 2 whole blood inter-
feron-y release assays in persons with suspected tuberculosis. Clin. Infect.
Dis. 45:837-845.

McMurray, D. 2003. Recent progress in the development and testing of
vaccines against human tuberculosis. Int. J. Parasitol. 33:547-554.
Morosini, M., F. Meloni, A. M. Bianco, A. M. Paschetto, M. Uccelli, E. Pozzi,
and A. Fietta. 2003. The assessment of IFNvy and its regulatory cytokines in

AINN NVHY VOV Ad ¥T0Z ‘v YdselN uo /610" wise’1nd//:dny wolj papeojumoq


http://cvi.asm.org/
http://cvi.asm.org/

998

34.
35.

36.

37.

38.

39.

40.

41.

HASAN ET AL.

the plasma and bronchoalveolar lavage fluid of patients with active pulmo-
nary tuberculosis. Int. J. Lung Tuberc. Dis. 7:994-1000.

Orme, 1. 1993. Immunity to mycobacteria. Curr. Opin. Immunol. 5:497-502.
Pathan, A. A., K. A. Wilkinson, P. Klenerman, H. McShane, R. N. Davidson,
G. Pasvol, A. V. S. Hill, and A. Lalvani. 2001. Direct ex vivo analysis of
antigen-specific IFNy secreting CD4 T cells in Mycobacterium tuberculosis-
infected individuals: associations with clinical disease state and effect of
treatment. J. Immunol. 167:5217-5225.

Rajashree, P., G. Krishnan, and S. D. Das. 2009. Impaired phenotype and
function of monocyte derived dendritic cells in pulmonary tuberculosis. Tu-
berculosis 89:77-83.

Ravn, P., M. E. Munk, A. B. Andersen, B. Lundgren, J. D. Lundgren, L. N.
Nielsen, A. Kok-Jensen, P. Andersen, and K. Weldingh. 2005. Prospective
evaluation of a whole-blood test using Mycobacterium tuberculosis-specific
antigens ESAT-6 and CFP-10 for diagnosis of active tuberculosis. Clin.
Diagn. Lab. Immunol. 12:491-496.

Roach, D. R., A. G. D. Bean, C. Demangel, M. P. France, H. Briscoe, and
W. J. Britton. 2002. TNF regulates chemokine induction essential for cell
recruitment, granuloma formation, and clearance of mycobacterial infection.
J. Immunol. 168:4620-4627.

Roach, T., C. Barton, D. Chatterjee, and J. Blackwell. 1993. Macrophage
activation: lipoarabinomannan from avirulent and virulent strains of Myco-
bacterium tuberculosis differentially induces the early genes c-fos, KC, JE,
and tumor necrosis factor-alpha. J. Immunol. 150:1886-1896.

Ruhwald, M., T. Bodmer, C. Maier, M. Jepsen, M. B. Haaland, J. Eugen-
Olsen, and P. Ravn. 2008. Evaluating the potential of IP-10 and MCP-2 as
biomarkers for the diagnosis of tuberculosis. Eur. Respir. J. 32:1607-1615.
Sahiratmadja, E., B. Alisjahbana, T. B. Boer, I. Adnan, A. Maya, H. Danu-
santoso, R. H. H. Nelwan, S. Markuzi, J. W. M. van der Meer, R. V. Vrevl,
E. V. D. Vosse, and T. H. M. Ottenhoff. 2007. Dynamic changes in pro- and
anti-inflammatory cytokine profiles and gamma interferon receptor signaling
integrity correlate with tuberculosis disease activity and response to curative
treatment. Infect. Immun. 75:820-829.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

CLIN. VACCINE IMMUNOL.

Saunders, B. M., and W. J. Britton. 2007. Life and death in the granuloma:
immunopathology of tuberculosis. Immunol. Cell Biol. 85:103-111.
Schreiber, O., K. Steinwede, N. Ding, M. Srivastava, R. Maus, F. Langer, J.
Prokein, S. Ehlers, T. Welte, D. M. Gunn, and U. A. Maus. 2008. Mice that
overexpress CC chemokine ligand 2 in their lungs show increased protective
immunity to infection with Mycobacterium bovis Bacille Calmette-Guerin.
J. Infect. Dis. 198:1044-1054.

Scott, H. M., and J. L. Flynn. 2002. Mycobacterium tuberculosis in chemokine
receptor 2-deficient mice: influence of dose on disease progression. Infect.
Immun. 70:5946-5954.

Trunz, B. B., P. Fine, and C. Dye. 2006. Effect of BCG vaccination on
childhood tuberculous meningitis and miliary tuberculosis worldwide: a
meta-analysis and assessment of cost-effectiveness. Lancet 367:1173-1180.
Ulrichs, T., P. Andind, S. H. E. Kaufmann, and M. E. Munk. 2000. Numbers
of IFN-y producing cells against ESAT-6 increase in tuberculosis patients
during chemotherapy. Int. J. Lung Tuberc. Dis. 12:1181-1183.

Ulrichs, T., P. Anding, S. Porcelli, S. H. E. Kaufmann, and M. E. Munk.
2000. Increased numbers of ESAT6 and purified protein derivative-specific
gamma interferon-producing cells in subclinical and active tuberculosis in-
fection. Infect. Immun. 68:6073-6076.

Ulrichs, T., G. A. Kosmiadi, S. Jorg, L. Pradl, M. Titukhina, V. Mishenko,
N. Gushina, and S. H. E. Kaufmann. 2005. Differential organization of the
local immune response in patients with active cavitary tuberculosis or with
nonprogressive tuberculosis. J. Infect. Dis. 192:89-97.

Weir, R. E., P. Gorak-Stolinska, S. Floyd, M. K. Lalor, S. Stenson, K.
Branson, R. Blitz, A. Ben-Smith, P. E. Fine, and H. M. Dockrell. 2008.
Persistence of the immune responses induced by BCG vaccination. BMC
Infect. Dis. 8:9.

WHO. 2008. Country profile Pakistan, p. 133-136. World Health Organiza-
tion, Geneva, Switzerland.

WHO/UNICEF. 2008. Review of national immunization coverage 1980-2007.
World Health Organization, Geneva, Switzerland.

AINN NVHY VOV Ad ¥T0Z ‘v YdselN uo /610" wise’1nd//:dny wolj papeojumoq


http://cvi.asm.org/
http://cvi.asm.org/

	eCommons@AKU
	July 2009

	Differential Live Mycobacterium tuberculosis- , M. bovis BCG-, Recombinant ESAT6-, and Culture Filtrate Protein 10-Induced Immunity in Tuberculosis
	Zahra Hasan
	Bushra Jamil
	Mussarat Ashraf
	Muniba Islam
	Maqboola Dojki
	See next page for additional authors
	Recommended Citation
	Authors


	tmp.1395661216.pdf.EtpLA

