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Background: Delayed hypersensitivity plays a large role in the pathogenesis of tuberculous pleural effusion (TPE).
Macrophages infected with live Mycobacterium tuberculosis (MTB) increase the levels of adenosine deaminase2 (ADA2)
in the pleural fluid of TPE patients. However, it is as yet unclear whether ADA2 can be produced by macrophages
when challenged with MTB antigens alone. This study therefore evaluated the levels of ADA2 mRNA expression, using
monocyte-derived macrophages (MDMs) stimulated with MTB antigens.

Methods: Purified monocytes from the peripheral blood mononuclear cells of healthy volunteers were differentiated into
macrophages using granulocyte-macrophage colony-stimulating factor (GM-CSF) or macrophage colony-stimulating
factor (M-CSF). The MDMs were stimulated with early secretory antigenic target protein 6 (ESAT6) and culture filtrate
protein 10 (CFP10). The mRNA expression levels for the cat eye syndrome chromosome region, candidate 1 (CECRI)
gene encoding ADA2 were then measured.

Results: CECR1 mRNA expression levels were significantly higher in MDMs stimulated with ESAT6 and CFP10, than
in the unstimulated MDMs. When stimulated with ESAT6, M-CSF-treated MDMs showed more pronounced CECR1
mRNA expression than GM-CSF-treated MDMs. Interferon-y decreased the ESAT6- and CFP10-induced CECR1 mRNA
expression in MDMs. CECR1 mRNA expression levels were positively correlated with mRNA expression of tumor
necrosis factor ¢, and interleukin 10, respectively.

Conclusion: ADA2 mRNA expression increased when MDMs were stimulated with MTB antigens alone. This partly
indicates that pleural fluid ADA levels could increase in patients with culture-negative TPE. Our results may be helpful in
improving the understanding of TPE pathogenesis.
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Introduction

It is well known that delayed hypersensitivity plays a large
role in the pathogenesis of tuberculous pleural effusion
(TPE)". After acquiring adaptive immunity to Mycobacte-
rium tuberculosis (MTB) infection, MTB proteins exposed to
the pleural space initiates this delayed hypersensitivity reac-
tion®”. This is supported by the observation that the positive
MTB culture rate from the pleural fluid in patients with TPE
is significantly lower than that from the sputum in those with
pulmonary tuberculosis (TB).

This paucibacillary characteristic of TPE often makes diag-
nosis difficult. As an alternative tool for mycobacterial culture,
adenosine deaminase (ADA) activity has been widely used
to diagnose TPE in TB-prevalent areas*’. Among the two dif-
ferent forms of ADA, ADAI, and ADA2, ADA2 is elevated in
TPE. In addition, ADA2 is known to be produced by live MTB-
infected macrophages ™.

Given the classical delayed hypersensitivity hypothesis, it
is difficult to explain the observation that pleural fluid ADA2
levels are elevated in most patients with MTB culture-negative
TPE. Host immune responses to live MTB may differ from
those to MTB antigens because they show different virulence
as well as processing and presentation of antigens'"". Howev-
er, whether ADA2 can also be produced when MTB antigens
alone, not live MTB, encounter the macrophages in the pleu-
ral space remains unknown. Therefore, we examined whether
ADA?2 expression can be induced by MTB-specific antigen-
stimulated macrophages. We evaluated the mRNA expression
levels of the cat eye syndrome chromosome region, candidate
1 (CECRI) gene encoding ADA2 in monocyte-derived mac-
rophages (MDMs) stimulated with MTB-specific antigens
(early secretory antigenic target protein 6 [ESAT6] and culture
filtrate protein 10 [CFP10]).

Materials and Methods

The study protocols were reviewed and approved by the
Institutional Review Board of the Kyungpook National Univer-
sity Hospital.

1. Isolation of human monocytes and differentiation
into MDMs followed by MTB antigen stimulation

Peripheral blood mononuclear cells (PBMCs) were isolated
from heparin-treated blood obtained from healthy volunteer
donors using density gradient centrifugation (Ficoll-Paque;
GE Healthcare Life Sciences, Marborough, MA, USA). PBMCs
were suspended in complete RPMI 1640 medium (supple-
mented with 10% inactivated fetal bovine serum, 2 mM L-
glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin)
at a concentration 2x10° cells/mL and 1 mL of the PBMC
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suspension was distributed into 24-well tissue culture plates
(Costar, Cambridge, MA, USA). After incubation of 2 hours at
37°C in a humidified 5% CO, atmosphere, nonadherent cells
were removed and the plates were washed five times with se-
rum-free medium. Adherent monocytes were differentiated in
the absence or presence of 50 ng/mL of macrophage colony-
stimulating factor (M-CSF; R&D Systems, Minneapolis, MN,
USA) or 50 ng/mL of granulocyte-macrophage colony-stimu-
lating factor (GM-CSF; R&D Systems) for 7 days. The culture
medium was replaced every third day. MDM were stimulated
with ESAT6 (5 ug/mL) and CFP10 (5 ug/mL), which were
purchased from MyBioSource (San Diego, CA, USA), for
12-18 hours. In cases treated with interferon-y (IFN-y; R&D
Systems), 50 U/mL of IFN-y was added at 16 hours before an-
tigen stimulation.

2. THP-1 cell culture and MTB antigen stimulation

THP-1 cells, a human monocytic cell line, were cultured in
complete RPMI-1640. The cells in complete medium were
plated overnight at 1x10°/well in a 12-well plate, and IFN-y (50
U/mL) was treated to induce THP-1 activation. ESAT6 and
CPF10 were added at 16 hours after IFN-y stimulation.

3. Quantitative reverse transcriptase polymerase chain
reaction

Total RNA was extracted from MDMs and THP-1 cells using
an RNA extraction kit (Takara, Shiga, Japan) according to the
manufacturer’s protocol. Synthesis of first-strand complemen-
tary DNA was performed using the SuperScript Il First-Strand
Synthesis System (Invitrogen, Carlsbad, CA, USA). To evaluate
mRNA expression levels, quantitative reverse transcriptase
polymerase chain reaction was performed using SYBR Green
Realtime PCR master Mix (Bio-Rad, Hercules, CA, USA) in
a CFX96 Touch Real-Time PCR system (Bio-Rad). The fol-
lowing primers were used: human CECR1 gene: forward,
5'-CACACGCTGTCACTTCCTCT-3’; reverse, 5'-TCTCA-
CAGGGTCGCTCCATA-3"); human interleukin 6 (IL-6) gene:
forward, 5-"AAGCCAGAGCTGTGCAGATGAGTA-3’; reverse,
5" TGTCCTGCAGCCACTGGTTC-3'; human tumor necrosis
factor a. (TNF-a) gene: forward, 5-CCCAGGGACCTCTCTC-
TAATC-3'; reverse, 5'-ATGGGCTACAGGCTTGTCACT-3';
human interleukin 10 (IL-10) gene: forward, 5'-GAGAT-
GCCTTCAGCAGAGTGAAGA-3’; reverse, 5'-AGTTCA-
CATGCGCCTTGATGTC-3’; human B-actin gene: forward,
5-GGACTTCGAGCAAGAGATGG-3', reverse, 5'-AGCACT-
GTGTTGGCGTACAG-3'. Reactions were conducted in dupli-
cate and data were analyzed using the 2™ ™" meth-
od. mRNA expression levels were normalized to the internal
control B-actin and presented as fold- induction, normalized
to unstimulated cells.
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4. Statistical analysis

Statistical analyses were performed using GraphPad PRISM
software (GraphPad Software Inc., San Diego, CA, USA). The
Wilcoxon-paired signed rank test was used to compare data
between the different simulations in each individual and
Spearman correlation (p) analysis was used to examine the
correlation between multiple cytokines. A p-value <0.05 was
considered significant.

Results

Atotal of 19 healthy volunteers with no known health prob-
lems were recruited and included 11 males and eight females.
Their median age was 38 years. All of them had no symptoms
and none of them was on medication. Figure 1 shows the rela-
tive levels of CECR1 mRNA expression in response to ESAT6
and CFP10 compared to controls. Pilot experiments were
conducted using cytokine-untreated MDM and THP-1 cells
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Figure 1. ESAT6 and CFP10 stimulation induces increased CECR1 mRNA expression in MDMs. (A) Monocytes isolated from human periph-
eral blood mononuclear cells were differentiated into MDMs in the absence of cytokines for 7 days, and then cultured with medium alone
(control), ESAT6 (5 pg/mL) and CFP10 (5 pg/mL) for 12-18 hours (n=3). CECR1 mRNA expression levels were measured using real-time
reverse transcription-polymerase chain reaction and normalized to the internal control human B-actin gene. (B) THP-1 cells were incubated
with medium alone, ESAT6 (5 pg/mL) and CFP10 (5 pg/mL). Data was expressed for three independent experiments. (C, D) Monocytes
were differentiated into MDMs in the presence of M-CSF (50 ng/mL) or GM-CSF (50 ng/mL) for 7 days, following which they were incubated
with medium alone (control), ESAT6 (5 pg/mL), and CFP10 (5 pg/mL) for 12-18 hours (n=6). (E) M-CSF-treated MDMs from 13 different in-
dividuals were stimulated with either ESAT6 (5 pg/mL) or CFP10 (5 pg/mL) for 12-18 hours. (F) CECR1 mRNA expression levels in response
to ESAT6 or CFP10 stimulation were compared in the presence and absence of IFN-y (50 U/mL) (n=4). Each column and bar represent
the mean and standard error values in Figure 1A-D. Differences were analyzed by Wilcoxon-paired signed rank test, *p<0.05. ESAT6: early
secretory antigenic target protein 6; CFP10: culture filtrate protein 10; CECR1: cat eye syndrome chromosome region, candidate 1; MDM:
monocyte-derived macrophage; M-CSF: macrophage colony-stimulating factor; GM-CSF: granulocyte-macrophage colony-stimulating fac-
tor; IFN-y: interferon y.
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(Figure 1A, B). CECR1 mRNA expression levels were signifi- and GM-CSF-treated MDMs, respectively, but the difference

cantly higher in ESAT6-stimulated MDMs than in unstimu- was not significant (Figure 1D).

lated MDMs (Figure 1A). CECRI1 was also more abundant in To verify the increased CECR1 expression in response to

CFP10-stimulated MDMs than in unstimulated MDMs, but ESAT6 and CFP10 stimulation, further experiments were

the difference was not significant. In THP-1 cells stimulated conducted in 13 different individuals using M-CSF-treated

with ESAT6 and CFP10, CECRI expression was slightly higher MDMs. CECR1 mRNA expression levels were significantly

than in unstimulated THP-1 cells (Figure 1B). increased when MDMs were stimulated with CFP10 (p<0.05)
Next, the effect of different MDM phenotypes on CECR1 (Figure 1E). However, we observed inter-individual variability

expression was examined (Figure 1C, D). In M-CSF-treated in terms of CECRI1 expression in response to ESAT6.

MDMs, ESAT6 stimulation resulted in significantly higher Next, we evaluated whether IFN-y affects CECR1 expression

CECR1 mRNA expression compared to in controls (p<0.05) in MDMs stimulated with MTB-specific antigens because
(Figure 1C). In GM-CSF-treated MDMs, CECR1 mRNA ex- IFN-y, a main cytokine involved in the immune response
pression levels following ESAT6 stimulation were slightly against TB infection, is also elevated in the pleural fluid of pa-
higher than in controls. For CFP10 stimulation, CECR1 ex- tients with TPE'">. CECR1 mRNA expression levels in response
pression was higher than control in M-CSF-treated MDMs to both ESAT6 and CFP10 stimulation were decreased by
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Figure 2. Cytokine expression levels in MDMs in response to ESAT6 and CFP10 stimulation (A and D, n=3; B, C, E, and EF n=8). (A-C) IL-6,
TNF-g, and IL-10 mRNA expression levels were significantly higher in MDMs stimulated with ESAT6 and CFP10 than in controls. The hu-
man B-actin gene served as an internal control. (D-F) There were significantly positive correlations between CECR1 and TNF-g, as well as
CECR1 and IL-10 mRNA expression levels. Each column and bar represent the mean and standard error values in Figure 2A-C. Differences
were analyzed by Wilcoxon-paired signed rank test in Figure 2A-C and by Spearman correlation (p) analysis in Figure 2D-F *p<0.05. NS: not
significant; MDM: monocyte-derived macrophage; ESATG6: early secretory antigenic target protein 6; CFP10: culture filtrate protein 10; IL-6:
interleukin 6; TNF-o: tumor necrosis factor o; IL-10: interleukin 10; CECR1: cat eye syndrome chromosome region, candidate 1.

80 Tuberc Respir Dis 2017;80:77-82 www.e-trd.org



ADA2 and MTB-specific antigens

Tuberculosis and t do*
Respiratory Diseases r

IFN-y addition (Figure 1F).

Figure 2A-C shows the mRNA expression levels of IL-6,
TNF-q, and IL-10 in ESAT6- and CFP10-stimulated MDMs. All
were significantly elevated in response to ESAT6 and CFP10
stimulation compared to in controls (p<0.05). Figure 2D-F
shows the correlation between mRNA expression levels of
each cytokine and CECRI expression. There were positive
correlations between CECR1 and IL-6, CECR1 and TNF-q,
and CECR1 and IL-10 mRNA expression levels, and statisti-
cally significant correlation was detected between CECR1 and
TNF-q as well as between CECR1 and IL-10.

Discussion

The main findings of this study are as follows: (1) CECR1
mRNA expression levels were significantly higher in MDMs
stimulated with ESAT6 and CFP10 than in unstimulated
MDMs, although there was considerable inter-individual
variability. (2) For ESAT6 stimulation, M-CSF-treated MDMs
showed more pronounced CECR1 mRNA expression com-
pared to GM-CSF-treated MDMs. (3) IFN-y decreased EAST6-
and CFP10-induced CECR1 mRNA expression by MDMs. (4)
CECRI mRNA expression levels were significantly positively
correlated with TNF-o and IL-10 mRNA expression, respec-
tively.

ADA2 levels are very low under physiological conditions,
but are elevated when monocyte-macrophages are infected
with intracellular microorganisms such as human immuno-
deficiency virus or MTB"". ADA2 is thought to regulate the
concentration of 2’-deoxyadenosine, which is part of an innate
response against offending intracellular microorganisms".
Few in-vitro studies have detected elevated ADA production
in THP-1 and MDM cells infected with live MTB®. This is the
first study to show that ADA2 is produced when the macro-
phages are exposed to MTB antigens, which is similar to the
results following exposure to live MTB. This experimental
finding can help explain why pleural fluid ADA2 levels are
elevated even in culture-negative TPE patients, similarly to in
culture-positive TPE patients.

Increased ADA2 expression in response to at least one of
two MTB antigens, ESAT6 and CFP10, was identified from 11
of 13 donors (85%) in the present study (Figure 1E). However,
substantial inter-individual variations in ADA2 expression
under the same stimulation were observed. Some donors
showed strong ADA2 expression (more than a 100-fold in-
crease) compared to controls, while others revealed slightly el-
evated ADA?2 expression. This agrees with the clinical findings
that ADA levels vary among TPE cases, some of whom show
ADA levels lower than the usual diagnostic threshold value for
TPE. Factors associated with ADA levels in the pleural fluid of
TPE patients remains unclear although a few previous studies
have examined this™'®"". Genetic factors may influence ADA2
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levels in different individuals. Meanwhile, two out of 13 do-
nors showed decreased ADA2 expression in response to both
ESAT6 and CFP10 stimulation. It is difficult to explain whether
this result was affected by experimental process or by other
host factors. It is contemplated that ESAT6 and CFP10 used in
this study cannot reflect antigenic diversity of MTB present in
TPE patients. Thus, other MTB antigens unused in this study
might induce increased ADA2 expression in them.

We found that IFN-y treatment attenuated ADA2 expres-
sion by MDMs stimulated with EAST6 and CFP10. Our result
agrees with that of Zavialov et al."” who showed that ADA2
secretion during differentiation of monocytes into macro-
phages was decreased by IFN-y addition. They suggested that
IFN-y may act as a feedback mechanism for the regulation of
ADA2 expression during monocyte differentiatioin'’, as other
cytokines and growth factors. Given that IFN-y plays a crucial
role in TB infection and is highly elevated in the pleural fluid
of TPE patients, these findings suggest that the level of ADA2
secretion by MTB-infected or MTB antigens-stimulated mac-
rophages is regulated by different IFN-y concentrations at
the disease site. Further studies are required to examine the
feedback mechanism of IFN-y in the regulation of pleural fluid
ADA2 levels in TPE patients.

How different macrophage phenotypes contribute to the
immune response to MTB infection remains poorly under-
stood. However, several studies indicate that each phenotype
plays an opposing role in cell-mediated immunity to MTB
infection and predominates at different stages in the immune
response ' *”’. Our finding that M-CSF-treated MDMs ex-
pressed higher levels of ADA2 than GM-CSF-treated MDMs
suggests that ADA?2 levels are associated with the pleural
microenvironment in TPE patients. In addition, ADA2 mRNA
expression levels were positively correlated with IL-6, TNF-q,
and IL-10, which are key pro-inflammatory or anti-inflam-
matory cytokines involved in the innate immune response to
MTB infection and are highly expressed at the site of infection.
Although the function of ADA2 and its regulatory mechanism
in MTB infection remains poorly characterized, ADA2 is likely
to be involved in innate immune responses against MTB in-
fection.

The present study has several limitations. First, MDMs
derived from the peripheral blood of healthy donor may not
completely reflect the characteristics of pleural macrophages.
Further studies should use macrophages from human pleural
fluid. Second, we did not evaluate the differences between in-
vitro and in-vivo microenvironments or cytokine cross-talk
between T-cells and macrophages, which may determine final
ADA levels in patients with TPE. Thus, these findings cannot
be fully extrapolated to patients with TPE.

In conclusion, the present study showed that ADA2 mRNA
expression was increased when MDMs were stimulated with
MTB antigens alone. This finding partly explains the observa-
tion that pleural fluid ADA levels are increased in patients
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with culture-negative TPE. These results may be helpful in
improving our understanding of TPE pathogenesis.
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