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Introduction

Summary

Little information is available regarding changes in immune status for
patients with Mycobacterium avium complex (MAC) lung disease during
antibiotic therapy. Serum immunomolecules from 42 patients with MAC
lung disease were assayed comparatively using an array-based system accord-
ing to (i) patients with MAC lung disease at the time of diagnosis versus
healthy controls and (ii) alterations after 12 months of antibiotic therapy in
the MAC lung disease group. In addition, cytokine analyses were performed
to determine whether cytokine responses were associated specifically with
the disease phenotype, treatment outcome and aetiological agent. Notably,
the serum concentrations of type 1 cytokine-associated molecules, such as
CDA40L, interferon (IFN)-v, interleukin (IL)-8 and IL-23, were decreased sig-
nificantly in patients at the time of diagnosis, suggesting that these molecules
may serve as indicators of host susceptibility to MAC disease. Although the
overall serum level of T helper type 1 (Thl)-related molecules, such as
CD40L and IFN-y, was restored after treatment, Th17-related cytokines, such
as IL-17 and IL-23, were down-regulated significantly at 12 months post-
treatment compared to pretreatment. Furthermore, these cytokine patterns
differed among patient subgroups. Decreased serum concentrations of IL-17
and/or IL-23 were associated with failure of sputum conversion, the
fibrocavitary disease phenotype and M. intracellulare lung disease. Thus, the
reciprocal balance between Thl and Thl7 immunity during antibiotic
therapy for MAC lung disease is critical for dictating the treatment response.
In conclusion, a low level of Thl-related immunomolecules may perpetuate
MAC lung disease, and the serum concentrations of Th17-related cytokines
can reflect the treatment outcome, disease phenotype and aetiological agent.

Keywords: immunomolecules, lung disease, Mycobacterium avium complex,
Thl immunity, Th17 immunity

disease probably have specific susceptibility factors that
make them vulnerable to these infections [8]. In addition,

Non-tuberculous mycobacteria (NTM) lung diseases are
becoming more prevalent worldwide [1-4]. The Mycobacte-
rium avium complex (MAC) consists predominantly of M.
avium and M. intracellulare and is the most common aetiol-
ogy of NTM lung disease [1,5]. Because MAC is widespread
in the environment and is readily isolated from soil and
water, exposure to these organisms is inevitable [6].
However, it is generally believed that normal host defence
mechanisms are sufficient to prevent infection [7]. There-
fore, otherwise healthy individuals who develop NTM lung

treatment regimens for MAC lung disease are still largely
undefined and outcomes remain disappointing, despite
substantial improvements in laboratory diagnosis and the
availability of new anti-microbials. Treatment success is
impaired by the long duration of treatment, side effects and
drug interactions, which prevent patients from being fully
compliant [1,9].

Understanding molecular immunity to MAC infection is
critical for the development of effective strategies to treat
MAC lung disease. Although host defence mechanisms
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against mycobacteria are, on the whole, poorly understood,
immunomolecules such as cytokines and chemokines have
been firmly established to play a major role in determining
the outcomes of infection with these important intracellular
pathogens. Additionally, studies on cytokine expression
profiles have shown that a dominant T helper type 1 (Thl)-
like response is associated with control of the infection [10].
Furthermore, cytokines and chemokines both act in the
early stages of infection to initiate the immune response
and, at later stages, to sustain and regulate it. Therefore,
determining the function of these immunomolecules is
important for understanding how host resistance is
induced, maintained and regulated.

Of particular note is that host resistance to mycobacterial
infection is dependent upon T cell and macrophage activa-
tion by various cytokines and chemokines [11]. Previous
studies have reported that peripheral blood mononuclear
cells (PBMCs) from patients with MAC lung disease
produce fewer protective cytokines, including interferon
(IEN)-y, interleukin (IL)-12 and tumour necrosis factor
(TNF)-o. [12-15], in comparison to control subjects. In
addition, reduced IL-17 production has been related to sus-
ceptibility to MAC lung disease compared with adult off-
spring [16]. IL-17-producing Th17 cell-mediated immunity
is thus important for the development of protective
responses against MAC lung disease. These findings suggest
that decreased production of protective cytokines could be
associated with host susceptibility to the development of
MAC lung disease. In addition, accumulating evidence indi-
cates that antigen-specific Thl cells and their associated
cytokines, such as TNF-a, [FN-y, IEN-y inducible protein
(IP)-10 and IL-12, orchestrate these protective features of
mycobacterial lung disease [17]. Additionally, recent studies
have shown that Th17 cells and IL-23, an IL-12-related
cytokine that is essential for the survival and functional
maturation of Th17 cells, are involved in protection against
mycobacterial infections [18-20].

Circulating levels of cytokines in the sera are reflective of
local immune responses at the disease sites and are there-
fore representative of endogenous activation within the host
as a result of innate and adaptive immune mechanisms
[21]. However, little information is available regarding the
relationship between immunomolecule levels in sera from
patients with MAC lung disease and the treatment response
among these patients. Changes in serum immunomolecules
at pre- and post-treatment could be used as markers or
indicators of successful treatment, disease progression or
treatment strategies for MAC infection.

Because little is known about alterations in serum immu-
nomolecule levels during antibiotic therapy in patients with
MAC lung disease, we investigated the dynamics of serum
immunomolecules before and after 12 months of antibiotic
therapy. Furthermore, immunomolecule levels were ana-
lysed cross-sectionally in relation to disease characteristics
and longitudinally in relation to treatment outcomes.

Materials and methods

Ethics statement

The data in this study are part of an ongoing prospective
observational cohort study investigating NTM lung disease
(ClinicalTrials.gov Identifier: NCT00970801). The study
protocol was approved by the Institutional Review Board
(IRB) of the Samsung Medical Center (IRB approval 2008-
09-016), and written informed consent was obtained from
all the participants. Reporting of the study conforms to the
STROBE (STrengthening the Reporting of OBservational
Studies in Epidemiology) statement along with the broader
EQUATOR (Enhancing the QUAlity and Transparency of
health Research) guidelines [22,23].

Study subjects

This study enrolled 42 patients with MAC lung disease who
were diagnosed and treated at the Samsung Medical Center
(Seoul, South Korea) between November 2002 and June
2009. All the patients met the diagnostic criteria for MAC
lung disease according to the standards set by the American
Thoracic Society [1]. None of the patients had been treated
previously for NTM lung disease before visiting our hospi-
tal. In addition, 18 unrelated healthy adult volunteers (nine
male and nine female) were recruited. No control subjects
had any history of pulmonary disease.

All the patients received standardized combination anti-
biotic therapy, consisting of clarithromycin, rifampicin and
ethambutol [1,9]. Streptomycin was administered intra-
muscularly three times per week for the first several months
to patients with advanced disease such as fibrocavitary
disease. Sputum conversion was defined as three consecu-
tive negative cultures [24,25]. Sputum conversion was
achieved in 34 patients (81%), and eight patients (19%)
demonstrated failure of sputum conversion. Serum samples
were obtained from the patients before antibiotic therapy
and at 12 months after antibiotic treatment and were stored
at —80°C until tested. A total of 93 sera samples, including
18 samples from the healthy control group and 75 pre- and
post-treatment samples from 42 patients with MAC lung
disease (42 samples at month 0 and 33 samples at month 12
after the start of antibiotic treatment), were examined to
generate the data used in our analyses.

We classified chest radiography and high-resolution com-
puted tomography findings obtained at the time of diagno-
sis as showing either fibrocavitary disease or nodular
bronchiectatic disease. When the disease was neither the
fibrocavitary form nor the nodular bronchiectatic form, it
was deemed unclassifiable [24,26].

Cytokine array

The cytokine array contained 36 molecules involved in bio-
logical processes, such as T helper type 1 (Th1), Th2 and
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Th17 immunity; innate and adaptive immunity; cell migra-
tion; cell survival; disease progression; and inflammation. A
total of 36 molecules were screened simultaneously for each
serum sample using the Proteome Profiler™ Array (human
cytokine array panel A; R&D Systems Inc., Minneapolis,
MN, USA), according to the manufacturer’s instructions.
Additional details on the 36 molecules are provided in the
Supporting information, Table S1. Each unique target mol-
ecule was assessed twice in duplicate. Briefly, the mem-
branes were placed individually in chambers of a four-well
multi-dish and were blocked with blocking buffer. While
blocking, 250 ul of serum was diluted 1:5 in blocking buffer
and was incubated with 15 pl of a reconstituted detection
antibody cocktail at room temperature (RT) for 1 h. Follow-
ing blocking, the sample mixture was added and incubated
overnight at 4°C. The membranes were washed repeatedly
and incubated with streptavidin—horseradish peroxidase
(HRP) for 30min, followed by a final set
of washes. The membranes were developed using
a chemiluminescence assay (Hybond ECL; Amersham
Pharmacia Biotech, Amersham, UK) and were subsequently
exposed to X-ray film (Kodak Biomax ML; Eastman Kodak,
New Haven, CT, USA). The arrays were scanned into a com-
puter, and the densitometric value of each locus on the
array was measured using ArrayGauge software (Fujifilm,
Tokyo, Japan). The background was subtracted from the
value of each spot on the array. The calculated numeric data
were transformed as relative density according to each
standard.

Statistical analysis

The data are presented as the medians and ranges. The data
were analysed by repeated-measures analysis using PrROC
MIXED in sAs statistical software, version 9-1 (SAS Institute,
Inc., Cary, NC, USA). The objectives and methods of the
statistical analysis are listed in the Supporting information,
Table S2. For the comparison of pre- and post-treatment
levels, Dunnett’s test was used for comparisons with base-
line. For comparison in the patient subgroup, P-value is
corrected by Bonferroni’s method. A P-value < 0-05 was
considered significant.

Results

Baseline patient characteristics

The baseline characteristics of the patients with MAC lung
disease are presented in Table 1. The median age of the
42 patients (24 males and 18 females) was 59 vyears
(interquartile range 50-70 years). The aetiological organ-
isms included M. intracellulare in 25 patients (60%) and
M. avium in 17 patients (40%). Twenty-eight patients
(67%) demonstrated the nodular bronchiectatic form, and
14 patients (33%) demonstrated the fibrocavitary form.

Immunomolecules in MAC lung disease-associated characteristics

Table 1. Demographic and baseline characteristics of 42 study patients
with Mycobacterium avium complex lung disease.

No. of patients (%)
or median (IQR)

Age (years) 59 (50-70)
Male 24 (57)
20-0 (17-9-21-0)

Body mass index, kg/m’

Smoking
Non-smoker 28 (67)
Current or ex-smoker 14 (33)
Co-morbidity
Cardiovascular disease 5(12)
DM 1(2)
Chronic liver disease 2(5)
Rheumatic disease 3(7)
Previous history of TB treatment 26 (62)
Aetiology
M. avium 17 (40)
M. intracellulare 25 (60)
Type
Nodular bronchiectatic form 28 (67)
Fibrocavitary form 14 (33)

Time from diagnosis to the start 80 (25-389)
of treatment, days
Laboratory test at treatment

CRP, mg/dl

ESR, mm/h

0-51 (0-12-1-59)
39 (26-56)

IQR =interquartile ranges; TB = tuberculosis; CRP = C-reactive
protein; ESR = erythrocyte sedimentation rate. Categorical variables
were denoted by no. of patients (%). Continuous variable was denoted
by median (IQR).

None of the patients were immunodeficient or had a malig-
nancy, and all of them tested negative for antibodies to HIV.

Baseline differences in serum immunomolecules
between healthy controls and patients with
MAC lung disease

To investigate host susceptibility factors, serum immu-
nomolecules were first compared between healthy controls
and patients with MAC lung disease prior to antibiotic
treatment. Notably, CD40 ligand (CD40L; P < 0-001), IFN-y
(P=0-005), IL-6 (P=0-003), IL-8 (P=0-031) and IL-23
(P=0-005) were decreased significantly in patients with
MAC lung disease compared to healthy controls (Fig. 1). No
other significant differences were found in the baseline
serum levels of the 36 tested immunomolecules between
patients with MAC lung disease and healthy controls (data
not shown).

Alterations of serum immunomolecule levels
in patients with MAC lung disease during
antibiotic therapy

Next, the serum immunomolecule level was compared
before and after treatment in patients with MAC lung
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disease to identify potential markers of treatment effects.
The levels of CD40L (P=0-029) and granulocyte colony-
stimulating factor (G-CSF; P = 0-035) were up-regulated at
12 months after the start of antibiotic therapy compared to
the pretreatment levels (Fig. 2a), while the levels of IL-1o
(P=0-040), IL-17 (P<0-001) and IL-23 (P =0-036) were
significantly down-regulated (Fig. 2b). The levels of IFN-y,
IL-6 and IL-8 were unchanged throughout the treatment
period (data not shown), although IFN-y, IL-6 and IL-8
were decreased in patients before treatment in comparison
to the healthy controls.

Comparison of serum immunomolecule levels in the
patient subgroups according to three criteria

To investigate whether the changes in immunomolecule
levels were inter-related, all the possible correlations were
analysed extensively. The patients were divided into two
subgroups based on three criteria: success versus failure of

(@)

sputum conversion; type of disease (nodular bronchiectatic
form versus fibrocavitary form); and aetiology (M. avium
versus M. intracellulare infection). In this analysis, we
accordingly compared the levels of serum immuno-
molecules at two time-points, pre- and post-treatment (TO
versus TO and T12 versus T12), in accordance with the pre-
vious three criteria using the immunomolecules with sig-
nificantly altered levels after 12 months of antibiotic
therapy (TO versus T12).

Comparison of serum immunomolecule levels
in the patient subgroups according to sputum
culture conversion

To identify potential candidates as surrogate markers for
sputum culture conversion, we analysed the serum
immunomolecule levels in the patient subgroups. IL-13
(P=0-023) and IFN-y-inducible T cell 0. chemoattractant
(I-TAC; P =0-003) were expressed more highly in patients
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Fig. 3. Comparison of serum immunomolecule levels in the patient subgroups according to sputum culture conversion [successes (1 = 34) versus

failures (n = 8)]. (a) Up-regulated immunomolecules in patients with failure of sputum conversion compared to patients with successful sputum

conversion at pretreatment; these immunomolecules were decreased post-treatment. (b) Up-regulated immunomolecules in patients with failure of

sputum conversion compared to patients with successful sputum conversion at pretreatment; no significant changes were detected post-treatment.

(c) Decreased immunomolecules at post-treatment compared to pretreatment in patients with failure of sputum conversion. The data are presented
as the medians and ranges. *P < 0-05; **P < 0-01; ***P < 0-001 for the results of the comparisons between subgroups at each time-point or during

treatment in patients with Mycobacterium avium complex (MAC) lung disease.

with failure of sputum conversion than in patients with
successful sputum conversion at pretreatment; further-
more, at 12 months post-treatment, the decrease in
immunomolecule levels was larger among patients with
failure of sputum conversion than in those with successful
sputum conversion (IL-13, P=0-007; I-TAC, P=0-001;
Fig. 3a). Additionally, complement component 5a (C5a;
P=0030) and macrophage inflammatory protein
(MIP)-10. (P=0-010) were expressed more highly in
patients with failure of sputum conversion than in patients
with successful sputum conversion at pretreatment; at post-
treatment, no significant changes in these immunomolecule
levels were detected (Fig.3b). The levels of IL-17
(P<0-001) and IL-23 (P <0:001) were also decreased sig-
nificantly after 12 months of antibiotic therapy compared
to pretreatment in patients with failure of sputum conver-
sion (Fig. 3¢).

Comparison of serum immunomolecule levels in the
patient subgroups according to disease type

NTM lung disease can be classified into two distinct types:
the nodular bronchiectatic form and the fibrocavitary form.
Moreover, the disease type caused by clinical strains with
different virulence levels can influence the cytokine levels.
In the fibrocavitary form subgroup, C5a and CD40L were
increased after 12 months of antibiotic therapy compared to
pretreatment (P=0-024 and P <0-001, respectively). In
addition, IL-17 (P < 0-001) was decreased significantly after
treatment. No significant changes in immunomolecule

levels were detected in the nodular bronchiectatic form sub-
group (Fig. 4a). For comparison of the two disease types,
IL-13 (P=0-019) was decreased at pretreatment in the
fibrocavitary form subgroup, whereas growth-related onco-
gene (GRO)-o. (P =0-035) was expressed more highly at 12
months post-treatment in the fibrocavitary form subgroup
(Fig. 4b).

Comparison of serum immunomolecule levels in the
patient subgroups according to aetiology

Species differentiation between M. avium and M. intracel-
lulare may have prognostic and therapeutic implications.
IP-10 (P<0-001) and IL-17 (P=0-001) levels were
decreased after treatment compared to pretreatment in
patients with M. intracellulare lung disease (Fig.5a). In
addition, IL-12p70 (P =0-014), IL-1B (P =0-042) and IL-10
(P=10-001) levels were decreased after treatment in patients
with M. intracellulare lung disease; these immunomolecule
levels at post-treatment were decreased significantly in
patients with M. intracellulare lung disease compared to
patients with M. avium lung disease (P =0-003, P=0-037
and P = 0-018, respectively; Fig. 5b).

Discussion

In this study, we investigated the profiles of 36 serum
immunomolecules in patients with MAC lung disease and
healthy controls to identify promising markers for treat-
ment effects and baseline differences between responder
phenotypes.
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treatment in patients with Mycobacterium
avium complex (MAC) lung disease.

We first investigated the distinct immunomolecule pro-
files between healthy controls and patients with MAC lung
disease. The levels of CD40L, IFN-y, IL-6, IL-8 and IL-23
were significantly lower in the MAC lung disease group
compared to healthy controls. Moreover, the levels of IFN-y,
IL-6 and IL-8 observed during antibiotic therapy in patients
with MAC infections did not differ from those observed at
baseline. Therefore, we believe that decreased levels of
immunomolecules represent host susceptibility factors and
may trigger the initiation of MAC infections. The Thl
cytokine (IL-12, IL-23, IFN-y and IL-17) pathway is impor-
tant for innate and adaptive immune responses to infection
by intracellular pathogens. Individuals with defects in Thl
cytokine pathway genes have enhanced susceptibilities to
infections with otherwise poorly pathogenic, mainly envi-
ronmental mycobacteria or vaccine-associated M. bovis
BCG. Collectively, the genetic defects underlying this

NB form UC form
Disease type

NB form UC form
Disease type

increased susceptibility are referred to as Mendelian suscep-
tibility to mycobacterial disease.

The decreased levels of serum immunomolecules may
also be associated with antigen-presenting cells (APCs).
Macrophages/monocytes infected with MAC down-regulate
CDA40L expression on T cells, and this may prevent optimal
induction of protective immunity to MAC infection by
CD40-CD40L interactions. Additionally, IL-6, IL-8 and
IL-23 are produced by APCs [27], and activated APCs
thereby influence the type of T cell response and participate
in the recruitment and activation of other effector cells
[28]. However, M. tuberculosis can inhibit the maturation of
APCs and impair their ability to stimulate T cell prolifera-
tion, and the effector functions of APCs may be suppressed
in patients with MAC lung disease. The reduced level of
IFN-y, which is produced primarily by T cells during
mycobacterial infections, may also be a consequence of
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MAC-driven APC suppression. Therefore, the reduced pro-
duction of cytokines and chemokines associated with APCs
leads to increased susceptibility to the development of MAC
lung disease.

Upon comparing the levels of immunomolecules before
and after treatment in patients, marked reductions in IL-10,
IL-17 and IL-23 were observed at 12 months after antibiotic
therapy compared to pretreatment. Interestingly, the
decreases in IL-17 and IL-23 were correlated significantly
with the failure of sputum conversion at 12 months post-
treatment; in addition, the decreased levels of IL-17 were
correlated significantly with the fibrocavitary form of
disease and M. intracellulare lung disease at 12 months
post-treatment. IL-17 is recognized as an inflammatory
cytokine capable of inducing chemokine gradients and ini-
tiating inflammation, particularly in the lungs [29]. As
IL-23 is responsible for the persistence and function of
Th17 cells, it may also be a key player in inflammation [30].
Furthermore, IL-23 and IL-17 act in a complex manner in
the control of mycobacteria-induced inflammation [31].
The absence of IL-23 and IL-17 in the lungs leads to an
increased severity of inflammation, which may be related to
recent reports showing that IL-17 alters neutrophil survival
and that IL-17 and IL-23 alter the functional profile of
neutrophils [32,33]. During MAC infection, reduced early
neutrophil infiltration into infected tissues resulting from
both IL-23 and IL-17 deficiency may be associated with the
failure of sputum conversion. Th1l7 responses are sup-
pressed in patients with active TB disease compared with
healthy donors. The association between Th17 response and
the clinical outcome of M. tuberculosis infection suggests
that Th17 cells are more likely to play an important role in
prevention of disease development and progression, but
these cells have a less important role in resistance to the
primary infection [34]. In addition, Lim ef al. reported that
NTM lung disease may be associated with reduced Th17
immunity [16]. However, as far as we know, the link
between Th17 immunity and the antibiotic therapy in the
field of mycobacterial diseases remains unknown. Thus,
further studies will be required to investigate the link
between Th17 immunity and antibiotics.

Regarding the comparison between patient subgroups
with and without sputum conversion, the levels of I-TAC
and MIP-1o. were increased significantly at the pretreat-
ment stage in the subgroup of patients who failed to achieve
sputum conversion. I-TAC, which is produced by
macrophages and monocytes in response to IFN-y, is
important for the recruitment of lymphocytes to the site of
infection for granuloma formation [35]. MIP-1o. induces
the activation and proliferation of T cells and macrophages,
promotes Thl cell differentiation and plays a significant
role in granuloma formation [36]. Once formed, granulo-
mas prevent bacterial clearance [37], and the progression of
granulomas via increased production of I-TAC and MIP-1o
may impact sputum conversion negatively.

CDA40L was decreased significantly in patients with MAC
lung disease; however, the levels of CD40L were increased at
12 months after antibiotic treatment when compared to
pretreatment levels, particularly in the fibrocavitary form
subgroup. The disease phenotype observed at the time of
therapy initiation may reflect alterations in host immune
responses during treatment.

Patients with M. intracellulare lung disease exhibit a more
severe presentation and have a worse prognosis than
patients with M. avium lung disease with regard to disease
progression and treatment response [24]. Therefore, species
differentiation between M. avium and M. intracellulare may
have prognostic and therapeutic implications. Interestingly,
low levels of IL-1B, IL-10 and IL-12p70 were detected in
patients with M. intracellulare lung disease at 12 months
after treatment. The proinflammatory cytokine IL-1B is a
key mediator of inflammation and plays an important role
in the host resistance to mycobacterial infections [38]. IL-12
is a cytokine produced by APCs and contributes to protec-
tion against MAC [15]. IL-10 is immunosuppressive and
inhibits IL-12 production by monocytes exposed to
mycobacteria [39]. A decrease in the number of live intrac-
ellular bacilli after therapy leads to a decrease in both Thl
and Th2 immunity. The different pathogenicities of
M. avium and M. intracellulare may be related to the differ-
ent host immune responses and may reflect alterations in
host immune status according to the treatment.

This study has several limitations. First, this study was
conducted at a single centre and performed on a referral
bias, with the analysis of only a small number of Korean
patients; therefore, caution should be taken when attempt-
ing to generalize our findings. Secondly, our methodological
approach may represent a limitation, because our array
system compared the qualitative concentrations of the mol-
ecules rather than their definite concentrations. Thirdly, the
decision to initiate long-term combination antibiotic
therapy did not depend upon firmly established objective
criteria. However, we believe that the probability of bias was
distributed equally among the patients because information
regarding the immunological status of the patients was not
available to the attending physician during the study period.
Finally, this study was preliminary, because we did not
investigate the precise mechanism of the specific molecules
associated with clinical outcome. A better understanding of
the cytokines detected in the study and their function roles
in the host immune response may help in the rational
design of more effective therapeutic strategies against MAC
pulmonary disease.

In summary, we analysed the profiles of 36 serum
immunomolecules using a cytokine array method in
patients with MAC lung disease before and after 12 months
of antibiotic therapy to identify specific immune markers.
The deficiency of immunomolecules associated with Thl
immunity may lead to increased susceptibility to MAC lung
disease and, importantly for MAC infection, the serum con-
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centrations of Thl7-related cytokines may serve as key
markers reflecting the treatment outcome, disease pheno-
type and aetiological agent. Moreover, the reciprocal
balance between Thl and Th17 immunity during antibiotic
therapy for MAC lung disease is important, and under-
standing these features of immunomolecules in host-MAC
interactions will provide major insight into the pathogen-
esis of MAC lung disease and lead to new approaches for
immunological treatment interventions.
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