Cellular & Molecular Immunology (2011) 8, 172-180
© 2011 CSland USTC. All rights reserved 1672-7681/11 $32.00

www.nature.com/cmi

RESEARCH ARTICLE

Pleural fluid from tuberculous pleurisy inhibits the
functions of T cells and the differentiation of Th1 cells via
Immunosuppressive factors

Qin Li', Li Li', Yun Liu', Xiaoying Fu', Dan Qiao', Hui Wang', Suihua Lao?, Fengyu Huang’ and Changyou Wu"

Immunosuppressive mediators in tuberculosis pleurisy (pleural fluid (PF)) are associated with the course of disease, but they remain
poorly defined. To study the local immune status of patients with tuberculosis pleurisy, we examined the effect of PF on the functions of
T cells and the differentiation of Th1 cells. PF could inhibit the ability of T cells to produce cytokines. However, tumor-necrosis factor
(TNF)-a derived from non-T cells was not impaired. Further analysis indicated that cell activation and cell cycle progression were also
suppressed. Moreover, PF could inhibit Th1 cell differentiation. Importantly, we found that inhibitors of indoleamine 2,3-dioxygenase
(IDO) and adenosine and neutralizing antibodies against IL-10 and transforming growth factor (TGF)-f could reverse cytokine

production, suggesting that IDO, adenosine, IL-10 and Transforming growth factor-p1 in PF might take part in impairing T-cell

functions. Taken together, our data demonstrate for the first time that several immunopathological factors participate in the

downregulation of T-cell functions in local PF.
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INTRODUCTION
In the clinical manifestations of tuberculosis, pleuritis is of particular inte-
rest because it can either resolve spontaneously within a few weeks or
months, or may subsequently develop into a more serious form of tuber-
culosis." The pleural space is the site of naturally occurring tuberculous-
associated inflammatory exudates.>® The inflammatory process results in
increased pleural vascular permeability,* leading to the accumulation of
fluid enriched in proteins and immunomodulatory factors.” Thus, the
pleural space provides an excellent model to study the immu-
nological status at the site of Mycobacterium tuberculosis (Mtb) infection.

The local milieu that modulates T-cell functions is thought to be
important. Previous studies have reported that immunosuppressive fac-
tors that counteract Thl responses were dominant in bronchoalveolar
lavage (BAL) cells® as well as the BAL fluid” of patients with tuberculosis.
IL-10 and transforming growth factorTGF-f3 are two such potential deac-
tivators of the immune responses. Moreover, increased levels of serum
IL-10 and TGF-$ were detected in tuberculosis patients, and the
increased in vitro IL-10 and TGF-f secretion by the peripheral blood
mononuclear cells (PBMCs) of tuberculosis patients in response to
Mtb Ags also supports a role for these two immune suppressive media-
tors. These data support the idea that the immunosuppressive cytokines
IL-10 and TGF-B downmodulate host anti-Mtb immunity.

In addition to IL-10 and TGF-f3, we found that additional mediators
that were not previously evaluated in pleural fluid (PF) might act to

impair T-cell functions. Indoleamine 2,3-dioxygenase (IDO) express-
ion is increased when inflammation occurs, which is induced by
wounding and infection.® IDO decreases the local concentration of
free tryptophan’ while increasing the concentration of downstream
metabolites,'® which leads to T-cell suppression. Additionally, aden-
osine is a signaling molecule that is generated at sites of tissue injury
and inflammation to modulate inflammatory processes and immune
responses.'’ Clinical and experimental studies have indicated that
adenosine levels are also elevated in the BAL fluid'? and exhaled breath
condensate of asthmatics, where the magnitude of adenosine corre-
lates with the magnitude of pulmonary inflammation.'>'*

In the present study, we focused on the effects of PF from patients
newly diagnosed with tuberculosis on the functional ability of T cells
from normal donors. We showed that PF could inhibit the functions of
T cells, including cytokine production, cell activation, cell cycle pro-
gression and Th1 cell differentiation. Furthermore, we demonstrated
that the application of 1-methyl-tryptophan (1-MT), caffeine, anti-IL-
10 and anti-TGF-f neutralizing antibodies in PF could partially rescue
T-cell functions.

MATERIALS AND METHODS

Subjects

A total of 31 patients (n=31; 20 men and 11 women) aged 17-92 years
with newly diagnosed tuberculosis pleurisy at Chest Hospital of
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Guangzhou were enrolled in the study. All PF samples were obtained
during diagnostic thoracocentesis before the initiation of chemotherapy
and taken after permission from the patients. None of the subjects was
receiving anti-tuberculous or steroid therapy at the time of the study. The
diagnosis was based on positive cultures for Mtb, clinical and radiological
features, and a good response to anti-tuberculosis treatment. Normal
adults (n=35; 23 females and 12 men) aged 21-55 years were recruited
at Zhongshan School of Medicine, Sun Yat-Sen University, Guangzhou,
China. Umbilical cord blood from full-term newborn infants without
infection was collected from the Secondary Affiliated Hospital of Sun
Yat-Sen University. All individuals involved in this study provided
adequate informed consent. The study was approved by the Medical
School Review Board at Sun Yat-Sen University.

Monoclonal antibodies (mAbs)

The following antibodies were used for cell surface and intracellular
staining: allophycocyanin-labeled anti-CD8, interferon (IEN)-vy-
allophycocyanin, phycoerythrin (PE)-labeled anti-CD3, CD69-PE,
IL-2-PE, peridinin chlorophyll protein-labeled anti-CD4, FITC-
labeled anti-CD25, CD8-FITC, PE-cy7-conjugated tumor-necrosis
factor (TNF)-a and isotype-matched control antibodies, which were
purchased from BD Biosciences Pharmingen (San Jose, CA, USA).
Purified anti-CD28 and anti-CD3 mAbs were also purchased from
BD Biosciences Pharmingen.

Preparation of PF

PF was obtained by thoracocentesis from tuberculosis patients and
centrifuged at 2000 r.p.m. for 10 min at room temperature. The
cell-free PF was collected and stored at —80 °C before use.

Cell preparation

For the isolation of umbilical cord blood mononuclear cells (CBMCs),
heparinized cord blood was mixed sufficiently with Dextran 500 solu-
tion (GE Healthcare Bio-Sciences, Uppsala, Sweden) and incubated
at 37 °C in a 5% CO, incubator to remove erythrocytes. After 30
min, CBMCs were obtained by Ficoll-Hypaque (Tianjin HaoYang
Biological Manufacture, Tianjin, China) density gradient centrifu-
gation. PBMCs obtained from healthy donors were isolated from
heparinized venous blood by Ficoll-Hypaque density gradient cent-
rifugation. The cells were suspended at a concentration of 2X 10%/mlin
complete RPMI 1640 medium (Gibco, Grand Island, NY, USA) con-
taining 10% heat-inactivated fetal calf serum (Sijiging Biotech Co.,
Hangzhou, China), 100 U/ml penicillin, 100 pg/ml streptomycin,
2 mM L-glutamine and 50 pM 2-mercaptoethanol. All reagents were
purchased from Gibco.

Isolation of T-cell subsets

CD3™ T cells were negatively isolated from freshly isolated PBMCs
using a cocktail of biotin-conjugated antibodies against CD14, CD16,
CD19, CD36, CD56, CDI123 and glycophorin A (Miltenyi Biotec,
Bergisch Gladbach, Germany). Cells were then passed through a mag-
netic column for collection of T cells. Labeled cells were collected and
used as CD3-depleted cells. The purity of T cells, assessed by flow
cytometry (FACS Calibur; Becton Dickinson, San Jose, CA, USA),
exceeded 98%. CD4" T cells were negatively isolated from CBMCs
using a biotin-antibody cocktail (anti-CD8, anti-CD14, anti-CD16,
anti-CD19, anti-CD36, anti-CD56, anti-CD123, anti-TCRy/d and
anti-glycophorin A) (Miltenyi Biotec). Unlabeled cells were collected
as CD4" T cells. The purity of CD4™ T cells was assessed by flow
cytometry and exceeded 96%.
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Cell culture conditions

PBMCs were incubated with or without anti-CD3 (0.2 ug/ml) or anti-
CD3 plus anti-CD28 (1 pg/ml) in the presence or absence of different
percentages (from 50 to 0.4%) of PF in a 96-well plate at a concentra-
tion of 4X10° cells/well in triplicate. Supernatants of the cell cultures
were collected on days 1 and 3 and processed for enzyme-linked
immunosorbent assay (ELISA) detection. Purified T cells (2X10°
cells/well) were stimulated with anti-CD3 (0.2 pg/ml) plus anti-
CD28 (1 pg/ml), and non-T cells (2X10° cells/well) were activated
with bacille Calmette—Guérin (20 pg/ml) in a 96-well plate in triplic-
ate. PF was added at final concentrations of 0.4%, 1.6%, 6.3%, 25%
and 50% into cell cultures. The plates were incubated at 37 °C with 5%
CO,. Cell-free supernatants were harvested and assessed for cytokine
production by ELISA. The percentages of PF were calculated by the
volume ratio (v/v, %) of the total culture conditions.

Thl cell differentiation conditions

For the induction of Th1 cells, purified CD4 ™ T cells from CBMCs were
cultured with anti-CD3 and anti-CD28 plus hIL-12 (5 ng/ml) and anti-
hIL-4 (2 pg/ml) in the presence or absence of 25 or 6.3% PF. Cells were
collected at day 5, washed and restimulated in triplicate with phorbol
12-myristate 13-acetate (PMA, 20 ng/ml; Sigma-Aldrich, St Louis, MO,
USA) plus ionomycin (1 pg/ml; Sigma-Aldrich) for 1 and 3 days. In
addition, 2X10> cells/well differentiated Th1 cells were restimulated
with PMA plus ionomycin in the presence or absence of either 25 or
6.3% PF. Culture supernatants were harvested and analyzed for the
production of IL-2 and TNF-o at day 1 and IFN-y at day 3 by ELISA.

ELISA

The supernatants were harvested and assayed for IFN-v, IL-2 and
TNF-o production by ELISA according to the manufacturer’s pro-
tocol (BD Pharmingen, San Diego, CA, USA). The detection limit of
the IL-2, TNF-a and IFN-vy assay kits were 7.8, 7.8 and 9.4 pg/ml,
respectively.

Cell surface and intracellular cytokine staining

For surface staining, cells were washed twice with phosphate-buffered
saline (PBS) buffer containing 0.1% bovine serum albumin and 0.05%
sodium azide, followed by incubation with fluorochrome-conjugated
mAbs to cell surface markers at 4 °C in the dark for 30 min. Cell
samples were washed twice and fixed in 1% paraformaldehyde before
acquisition. To determine intracellular cytokine production, brefeldin
A (10 pg/ml; Sigma-Aldrich) was added to cultures during the final 6 h
of the experiment. Following stimulation, cells were washed, fixed
with 4% paraformaldehyde, permeabilized and stained for the intra-
cellular cytokines in PBS buffer containing 0.1% saponin for 30 min at
4 °C. After intracellular staining, cells were washed and resuspended in
PBS. Flow cytometry was performed using a BD FACSCalibur cyt-
ometer. Lymphocytes were gated on forward and side scatter profiles
and analyzed using FlowJo software (Treestar, San Carlos, CA, USA).

Cell cycle analysis

PBMCs were cultured with medium or anti-CD3 plus anti-CD28 in
the presence or absence of 25% PF. After 3 days, cells were harvested
and washed with a buffer solution containing sodium citrate, sucrose
and dimethyl sulfoxide. Then the cells were trypsinized for 10 min at
room temperature and then treated with trypsin inhibitor and RNase
buffer for another 10 min. A cold (2-8 °C) propidium iodide stain
solution was used to stain nuclear DNA. After gentle mixing, the
staining procedure was carried out in the dark for 10 min. Flow
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cytometry was performed using a BD FACSCalibur cytometer and
data were analyzed.

Neutralization experiment

PBMC:s were cocultured with anti-CD3 and 6.3% PF in the presence or
absence of neutralizing autobodies or inhibitors. The following
reagents were added: IDO inhibitor 1-methyl-tryptophan (100 puM;
Sigma-Aldrich), Selective A,, adenosine receptor antagonist caffeine
(50 pg/ml; Sigma-Aldrich), anti-IL-10 mAb (10 pg/ml; R&D Systems,
Minneapolis, MN, USA) and anti-TGF-f mAb (5 pg/ml; R&D
Systems).

Statistical analysis
Statistical significance was determined with the two-tailed Student’s -
test, with a Pvalue of less than 0.05 considered statistically significant.

RESULTS

Suppressive effect of PF on the production of cytokines by PBMCs
To determine whether suppressive factors existed in PF, we first tested
whether cytokine production by PBMCs can be inhibited when PBMCs
are cultured with PF. In the presence of anti-CD3, PBMCs produce
IEN-vy, IL-2 and TNF-o.. When various concentrations of PF were
added, the production of IFN-y, IL-2 and TNF-a was reduced in a
dose-dependent manner (Figure 1a). PBMCs almost lost the capacity
to produce cytokines when exposed to 25% PF. The suppressive effect
of PF was also significant at a concentration of 6.3%. Subsequently, to
explore whether PF could also inhibit the production of cytokines when
PBMCs were cultured with a stronger stimulation, we incubated
PBMCs with anti-CD3 plus anti-CD28 in the presence of various con-
centrations of PF and found that PF could also reduce the production of
IFN-v, IL-2 and TNF-o in a dose-dependent manner (Figure 1b).
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Figure 1 PF from tuberculosis patients inhibits cytokine production by PBMCs in a dose-dependent manner. PBMCs were stimulated with anti-CD3 (0.2 pg/ml) (a) or

anti-CD3 plus anti-CD28 (1 ug/ml) (b)
analyzed at day 3. Each dot indicates the average of triplicates from each don

in the presence or absence of various concentrations of PF. The levels of IL-2 and TNF-o were detected at day 1, and IFN-y was

or, and small horizontal bars represent the mean. *P<0.05; **P<0.001; ns, no

significance. (c) Effect of PF on the viability of cells. PBMCs were cultured as described in (a). Cells were resuspended and viability was estimated by means of trypan
blue staining. Dead cells were counted and the viability of cells was calculated and displayed. The results are representative of four independent experiments. IFN,
interferon; PBMC, peripheral blood mononuclear cell; PF, pleural fluid; TNF, tumor-necrosis factor.
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Figure 2 Suppressive effect of PF on cytokine production by subsets of T cells. Purified T cells were stimulated with or without anti-CD3 and anti-CD28 in the presence
or absence of PF. T cells were harvested and stained. Subpopulations of CD4* T cells (a) and CD8™ T cells (b) were analyzed for IFN-y, IL-2 and TNF-a expression.
Numbers in the quadrants indicate the percentages of IFN-y, IL-2 and TNF-a.. Data are representative of seven separate experiments. IFN, interferon; PF, pleural fluid;

TNF, tumor-necrosis factor.

Because PF vigorously suppressed the production of cytokines, we
wondered whether the inhibitory action was due to toxic effects. To
test this idea, PBMCs were incubated with anti-CD3 plus different
concentrations of PF for 5 days. The numbers of living cells and dead
cells were determined by trypan blue staining. No changes in cell
viability were displayed when PMBCs were cultured with PF (from
50 to 0.4%) or without PF (Figure 1c). These results might suggest that
the suppressive effect of PF on T cells was not due to a toxic effect.

PF directly inhibits T-cell cytokine production

To clarify the effect of PF on the production of cytokines by cell
subsets, PBMCs were stimulated with or without anti-CD3, or anti-
CD3 plus anti-CD28 in the presence or absence of 25% PF and ana-
lyzed by FACS. Addition of 25% PF into the cultures markedly
reduced the production of cytokines by CD4 " and CD8 ™" T cells (data
not shown). Furthermore, T cells purified from total PBMCs were
stimulated with anti-CD3 plus anti-CD28 in the presence or absence
of 25% PF, and the production of cytokines was detected by FACS.
After stimulation with anti-CD3 plus anti-CD28, CD4" T cells
expressed IFN-y (0.5%), IL-2 (0.59%) and TNF-o (1.31%). After
incubation with 25% PF, the expression of cytokines was reduced
(0.03% IFN-y™, 0.01% IL-2¥ and 0.03% TNEF-o"; Figure 2a). The
same pattern for cytokine expression by CD8" T cells is shown in
Figure 2b.

To check whether PF could suppress both T-cell and non-T-cell
subsets, we compared the reactivity of T cells with non-T cells in the
presence of PF by ELISA. T cells and T cell-depleted cells were purified
from the same donor. T cells were stimulated with anti-CD3 and anti-
CD28, and non-T cells were activated with bacille Calmette—Guérin in
the presence of different concentrations of PF separately. As illustrated
in Figure 3a—c, PF displayed a dose-dependent inhibitory effect on
IFN-v, IL-2 and TNF-a production by T cells. However, exposure of
non-T cells to different concentrations of PF did not impair the pro-
duction of TNF-a (Figure 3d). These results further confirmed that the
reduction of cytokines by PF was not due to a toxic effect, but might be
attributed to some immunosuppressive factors in PF, which could
directly suppress T cells.

PF inhibits activation of CD4" and CD8" T cells
To further elucidate the functional status of PF-exposed cells, we
examined the effect of PF on cell activation. PBMCs were stimulated

with anti-CD3 or anti-CD3 plus anti-CD28 in the presence or absence
0f 25% PF, and the expression of cell activation molecules was detected
by FACS. Anti-CD3 and anti-CD3 plus anti-CD28 were able to activ-
ate cells, while the addition of PF to the cultures significantly reduced
the expression of CD69 and CD25 (data not shown). To further ascer-
tain whether PF had a direct suppressive effect on T-cell activation,
purified T cells were activated with anti-CD3 plus anti-CD28 in the
presence or absence of 25% PF. The results showed high levels of CD69
expression following the stimulation of anti-CD3 plus anti-CD28
(39.8% of CD4™ T cells and 24% of CD8™ T cells). The addition of
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Figure 3 Distinct effects of PF on purified T cells and non-T cells. Purified T cells
were cultured with or without anti-CD3 plus anti-CD28 in the presence or absence
of different concentrations of PF. The levels of IFN-v (a), IL-2 (b) and TNF-a (c)
were detected by ELISA. Non-T cells were stimulated with BCG (20 ug/ml) in the
presence or absence of various ratios of PF. ELISA analysis of the levels of TNF-a
(d) in the culture supernatants. Data are representative of three experiments with
similar results. *P<0.05; ** P<0.001. BCG, bacille Calmette-Guérin; IFN, inter-
feron; PF, pleural fluid; TNF, tumor-necrosis factor.
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25% PF could significantly suppress CD69 expression (2.03% of CD4*
T cells and 0.93% of CD8" T cells; Figure 4a). As illustrated in
Figure 4b, 43.9% of CD4™ T cells and 22.3% of CD8 ™ T cells expressed
CD25, whereas treatment with 25%PF reduced the expression of
CD25 (15.9% of CD4™" T cells and 0.24% of CD8" T cells).

PBMCs display anomalous cell cycle arrest following PF treatment
In addition to investigating cell activation, we also assessed whether PF
could disturb cell cycle progression. As illustrated in Figure 5a, control
cells arrested normally, whereas cells stimulated with anti-CD3 plus
anti-CD28 exhibited a significant retention within S phase (19.54 %)
at 72 h post-treatment. In contrast, PF-exposed cells exhibited com-
promised S-phase arrest (2.57%). The average percentages of each
phase were shown in the pie chart (Figure 5b).

PF inhibits Th1 cell differentiation and cytokine production

To examine whether treatment of CD4" T cells from CBMCs exposed
to PF during primary culture altered functional responses, we cultured
naive CD4 " T cells in Th1-polarizing condition (anti-CD3 plus anti-
CD28, hIL-12 and anti-hIL-4) in the presence or absence of 25 or 6.3%
PE. After 5 days, cells were collected, washed and restimulated with
PMA plus ionomycin. Thl cell development was notably blunted
when 25% PF was added to Th1 cell differentiation culture conditions.
Th1 cell development was impaired to a small extent in the presence of
6.3% PF (Figure 6a). Consistent with FACS analysis, ELISA results
showed that naive CD4 ™ T cells cultured in Th1-polarizing condition
plus 25% PF significantly reduced the production of IFN-v, IL-2 and
TNF-o (P<0.001). Addition of 6.3% PF to Th1-polarizing conditions
suppressed IFN-y, IL-2 and TNF-a production to a small extent
(Figure 6¢). These results established the idea of a direct suppressive
impact of PF on the Th1 cell differentiation process.

To detect whether PF could inhibit differentiated Th1 cells, we
cultured Thl cells with PMA plus ionomycin in the presence or
absence of PF. Thl cells produce high levels of IFN-vy, IL-2 and
TNF-o when stimulated with PMA plus ionomycin. Notably, the pro-
duction of IFN-v, IL-2 and TNF-a was substantially inhibited by PF.
Moreover, addition of 6.3% PF could partially impair Th1 cytokine
production (Figure 6b). We confirmed the result by assessing the levels
of IEN-y, IL-2 and TNF-o by ELISA (Figure 6d). All together, these

results indicated that PF could inhibit Th1 cell differentiation and
cytokine production.

Multiple immunosuppressive factors are present in PF

Our findings clearly indicated that one or more immunosuppressants
in PF acted to dampen T-cell functions. To better characterize the
suppressive factors, we heated PF at 100 °C for 3 min, which resulted
in some degree of loss of activity. These results suggested that the
inhibitory effect was mediated by both heat-labile and -stable factors
(data not shown).

To further elucidate the inhibitory mechanisms, PBMCs were incu-
bated with anti-CD3 and 6.3% PF with inhibitors against IDO
(1-MT), a selective A, adenosine receptor antagonist (caffeine) and
neutralizing autobodies to IL-10 and TGF-f. The individual blockade
of IDO, adenosine, IL-10 and TGF-f could significantly reverse IFN-y
production (Figure 7a). Application of 1-MT, caffeine and anti-IL-10
led to a comparable and significant increase in IL-2 production
(Figure 7b). Addition of caffeine and anti-IL-10 could partially reverse
TNF-o production, while blockade of IDO or TGF-f restored the
expression of TNF-o to a non-significant lesser extent (Figure 7c).
Overall, these data suggested that application of 1-MT, caffeine,
anti-IL-10 and anti-TGF-f could partially reverse cytokine produc-
tion, indicating that multiple mechanisms, mediated by factors such as
IDO, adenosine, IL-10 and TGF-f in PF, may lead to the suppressive
effect on T cells.

DISCUSSION
Tuberculosis pleurisy is an inflammatory process that leads to the
accumulation of fluid enriched in cells, proteins and some immune
mediators.> Patients with tuberculosis pleurisy have elevated levels of
IFN-v, IL-12, IL-6, IL-8 and IL-18. Th1 cytokines were associated with
protective immunity against Mtb."'>™” Despite the heightened levels of
inflammatory mediators, several immune factors that lead to suppres-
sion of T-cell functions have been identified in current research.'®'
Thus, the balance between pro- and anti-inflammatory mediators
seems to be crucial to the final outcome of tuberculosis.

Cells in pleurisy are mostly derived from circulating PBMCs, and
they are strongly impaired in regard to various functions. We initially
examined the effect of PF on cytokine production. Both individual and
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Figure 4 PF markedly inhibits cell activation. Purified T cells were cultured with or without anti-CD3 and anti-CD28 in the presence or absence of 25% PF. FACS
analysis for the expression of CD69 (a) and CD25 (b) on CD4 ™ and CD8™ T cells was performed. Isotype controls are shown as grey areas, and expression of activation
markers are depicted as solid lines. Data are representative of five experiments with similar results. PF, pleural fluid.
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Figure 5 PF vigorously blocks the G1/S phase of the cell cycle. PBMCs were
incubated with or without anti-CD3 plus anti-CD28 in the presence or absence of
25% PF for 2 days. The cells were harvested and subjected to cell cycle analysis.
(a) The percentages of cells in the different phases of the cell cycle were deter-
mined by FACS. (b) Means from three independent experiments are shown. The
stripes and black filled represent the G1 and G2 phases, respectively, while the
blank space depicts S phase. PBMC, peripheral blood mononuclear cell; PF,
pleural fluid.

pooled PF had a similar impact on PBMCs. Dose-response studies
showed that 25% PF entirely suppressed IFN-y, IL-2 and TNF-o pro-
duction by PBMCs under anti-CD3 or anti-CD3 plus anti-CD28 stimu-
lation. Importantly, cell viability was not affected in the culture
conditions. These data suggested that the inhibitory response was not
due to a toxic effect. In addition, we found that PF could directly inhibit
T-cell cytokine production, whereas non-T cells displayed no suppres-
sive effect. These results indicated that some suppressive factors located
within PF could impair T-cell functions. Moreover, PF displayed an
inhibitory effect on cell activation and cell cycle progression.

Th1 cells have been linked to many chronic inflammatory disorders
and evolved to enhance clearance of intracellular pathogens.*
Therefore, we checked the impact of PF on Thl cell differentiation
and function. Following the addition of PF to Th1 cell differentiation
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conditions, naive CD4" T cells could not develop into Thl cells,
implying that PF could inhibit the progression of Th1 cell differenti-
ation. In addition, PF could also vigorously inhibit differentiated Th1
cells from producing IFN-v, IL-2 and TNF-a. These results clearly
indicated that PF could not only impair T cells that are newly recruited
from peripheral blood, but also influence local proliferation and dif-
ferentiation of Th1 cells.

It seems that several immune factors can act to impair Th1 type-
mediated inflammation. Such downmodulatory factors are actually
anti-inflammatory molecules that are produced to protect against
the tissue damage induced by excessive inflammation, but at the same
time deregulate protective immunity.'"® Our observations are sup-
ported by other investigators that relied on murine models,* in vitro
stimulated peripheral blood cells of patients** or lung cells from
induced sputum?? to show a suppressed immune status was associated
with tuberculosis patients. In the current study, using pleurisy fluid
from tuberculosis patients, we confirmed and further extended the
prior research. We correlated these interesting findings with the clin-
ical syndromes of our patients. Various symptoms, such as fever, night
sweats, emaciation, weight loss and tissue damage, resembled the
pathological effects of host immunity. The impairment of T-cell func-
tions and prevention of Th1 cell differentiation could be recognized as
important mechanisms of Mtb immune escape in patients.

IDO is induced by pathogens in infected host tissues.”* The over-
expression of IDO can suppress immune responses by blocking T-cell
proliferation locally,?® and its activity can be inhibited by the compe-
titive inhibitor 1-MT.*® In our experiments, 1-MT could marginally
restore IFN-y production, suggesting that the suppressive effect of PF
is mediated by IDO and additional soluble factors.

Under normal physiological conditions, the level of adenosine in the
tissue microenvironment is relatively low.”” At the height of inflam-
mation, the destruction of host tissue combined with damaged micro-
circulation and hypoxia leads to elevation of extracellular adenosine.*®
Animal models of asthma,” arthritis,’® sepsis,”" inflammatory bowel
disease’” and wound healing® have helped to elucidate the regulatory
roles of adenosine in dictating the development and progression of
disease. Adenosine potently inhibits a wide range of T-cell responses,
including cell proliferation,® synthesis of IL-2 and proinflammatory
cytokines, such as IFN-y and TNF-0,>® and some of the earliest steps
of T-cell activation, which were reported to be mediated mainly by the
adenosine A4 receptor. Therefore, it is plausible that such a mechanism
may contribute to the negative effect of PF on T-cell functions. To
confirm our hypothesis, we cocultured PF-exposed PBMCs with caf-
feine, an antagonist of A,, adenosine receptor, and found that caffeine
could significantly restore the production of cytokines, suggesting that
adenosine may be a key factor participating in the suppressive effect.

IL-10 and TGF-B, the two classical regulatory cytokines, are known
to not only inhibit T-cell activity in response to Mtb,” but also pro-
mote T-cell anergy possibly by downregulating the cell surface
expression of the costimulatory and antigen-presenting molecules
on Mtb-infected monocytes.”*® In addition to earlier reports that
BAL fluids from a significant number of tested tuberculosis patients
contained elevated IL-10 levels and bioactive TGF-PB,” recent reports
showed that lung cells from induced sputum expressed significantly
high levels of IL-10, TGE-BRI and TGF-BRIL>” In the present study,
we found that the addition of anti-IL-10 or anti-TGF-f3 could partially
reverse IFN-y production, suggesting that local IL-10 and TGF-f in PF
may promote a cytokine microenvironment where resident and newly
recruited immune cells become refractory to appropriate activating
signals.
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Figure 6 PF inhibits the cell differentiation and functions of Th1 cells. (a) Purified CD4 ™ T cells from CBMCs were cultured with anti-CD3 and anti-CD28 plus hlL-12
(5 ng/ml) and anti-hIL-4 (2 ug/ml) in the presence or absence of PF for 5 days. Cells were harvested, washed and restimulated with PMA (20 ng/ml) plus ionomycin
(1 pg/ml). FACS was used to analyze the expression of IFN-vy, IL-2 and TNF-a. Data are representative of three experiments with similar results. (b) The cells stimulated
with anti-CD3 and anti-CD28 plus hiL-12 and anti-hIL-4 (Th1-polarizing condition) were harvested, washed and restimulated with PMA plus ionomycin in the presence
or absence of PF. The expression of IFN-y, IL-2 and TNF-o was analyzed by FACS. Data are representative of 10 experiments with similar results. (c, d) The levels of
IFN-v, IL-2 and TNF-a in culture supernatants were measured by ELISA. Data are representative of 10 experiments with similar results. * P<0.05; **P<0.001; ns, no
significance. CBMC, cord blood mononuclear cell; IFN, interferon; PF, pleural fluid; PMA, phorbol 12-myristate 13-acetate; TNF, tumor-necrosis factor.
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Figure 7 Multiple inhibitory pathways can be blocked to reverse cytokine pro-
duction. PBMCs were cocultured with anti-CD3 and PF. The IDO inhibitor 1-MT
(100 uM), the adenosine Asa receptor antagonist caffeine (50 pug/ml), anti-IL-
10 mAb (10 pg/ml) and anti-TGF-p mAb (5 pg/ml) were added to the culture
condition atthe time of onset separately. The levels of IL-2, TNF-acand IFN-y were
detected by ELISA. The fold increase (relative to the stimulation with anti-CD3
and PF, set as 1) of IFN-vy (a), IL-2 (b) and TNF-a (¢) production is shown. The
graphs display the combined results with each symbol representing the mean
value from a single donor and horizontal bars representing the mean value of
all data points. *P<0.05; **P<0.001; ns, no significance. IDO, indoleamine
2,3-dioxygenase; IFN, interferon; mAb, monoclonal antibody; 1-MT, 1-methyl-
tryptophan; PBMC, peripheral blood mononuclear cell; PF, pleural fluid; TGF,
transforming growth factor; TNF, tumor-necrosis factor.

Our findings demonstrated for the first time that some soluble
factors in PF directly dampened normal T-cell differentiation and
functions, and these results pointed out that the individual application
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of inhibitors against IDO, adenosine, IL-10 and TGF-f could partially
rescue T-cell functions. Our research may help to shed light on the
mechanisms regarding the suppressive characteristics of local immun-
ity in patients in the face of Mtb invasion and represent the first
preclinical evidence, to our knowledge, that subversion of the
repressed condition may be of significant therapeutic value for the
management of tuberculosis pleurisy.
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