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A B S T R A C T

Summary at a Glance: The diagnosis and progression of nontuberculous mycobacteria lung disease (NTN-LD) are
important for clinical judgement but cannot easily be predicted. The immunological response of mono- and poly-
functional T cells, a representative of host reactivity to NTM, could be a surrogate biomarker for disease and
progression prediction.
Background: Mycobacterium avium complex (MAC) and M. abscessus (MAB) induced lung disease (LD) have be-
come a clinical concern. Predicting clinical disease relevance and progression is important, but suitable bio-
markers are lacking. The host immune response of mono- and poly-functional T cells might aid in clinical
judgement.
Methods: We enrolled 140 participants, including 42 MAC-LD, 25 MAB-LD, 31 MAC airway colonization (MAC-
Co), 15 MAB-Co patients, and 27 healthy controls. Their blood mono- and poly-functional T cells were measured
and analyzed after in-vitro stimulation.
Results: Patients with MAC-LD generally had lower total IFN-γ+, total TNF-α+ and triple-positive T cells but
higher mono-IL-2+ expression than the controls and MAC-Co group. The MAB-LD group had lower total IL-2
and triple positive cells than the controls and colonization group. Multivariate analysis revealed that body mass
index (BMI), mono-IL2+ CD4+ and triple positive-CD8+ cells (PMA stimulation) significantly predicted MAC-
LD from the controls. By contrast, male gender and triple positive-CD4+ cells predicted MAC-LD from coloni-
zation. On the other hand, the triple positive-CD4+ cells (PMA stimulation) alone or together with the mock/
MAB ratio of IL-2+/TNF-α+ CD4 cells could predict MAB-LD in the MAB-Co group or the controls. Among
MAC/MAB-LD patients without anti-mycobacterial treatment, MAC-specific mono-IFN-γ+ CD4+ cells and
PMA-induced triple positive-CD4+ cells were correlated with progression, with an area under the ROC curve of
0.875.
Conclusions: The patients with MAC/MAB-LD had attenuated poly-functional T cells. The triple-positive CD4+
cells could be useful in diagnosing disease from colonization. MAC-specific mono-IFN-γ+ CD4+ cells and triple
positive-CD4+ might predict radiographic progression, which could be useful in making treatment decisions.
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1. Introduction

Nontuberculous mycobacteria induced lung infection (NTM-LD) has
become a clinical concern [1,2] because the prevalence of NTM-LD has
increased over the last two decades [3–5]. Among the NTM pulmonary
infections, Mycobacterium avium complex (MAC) and M. abscessus
(MAB) are the most frequently isolated pathogens responsible for lung
disease in Southeast Asia and North America [3,6,7]. According to di-
agnosis guidelines established by the American Thoracic Society (ATS),
NTM-LD is diagnosed according to clinical findings and radiographic
findings as well as the microbiology of respiratory specimens [1].
Among the microbiology criteria, two or more sputum positive results
for the same NTM within one year are required, but the culture is time-
consuming, taking weeks [8]. In fact, NTM is ubiquitous in the en-
vironment, and the presences of MAC and MAB only have clinical re-
levance of around 35–42% [9,10] and 33%, respectively [10]. How-
ever, early diagnosis of NTM infection is important because NTM-LD
can be a lethal infection in intensive care units or in patients without
early proper treatment [11].

In addition to ATS guideline, immunological response might be
helpful for diagnosis of NTM-LD. In previous studies, the detection of
glycopeptidolipid antibody was MAC-specific for diagnosis of MAC-LD
[12,13]. This finding indicates that a specific immune response, such as
mycobacteria-induced T-cell response, may be a good candidate. My-
cobacteria-induced Th1 type CD4+ cells and CD8+ cytotoxic T lym-
phocytes are essential for protective immunity in tuberculosis [14], and
they are differentially impacted by disease stage and mycobacterial
load [15,16], suggesting that certain subsets may serve as biomarkers of
disease activity and pathogen burden [16]. However, the evidence of
NTM-specific mono- and poly-functional T cells has rarely been studied
in NTM-LD. Therefore, we conducted the present study to examine the
roles of mono- and poly-functional T cells in the diagnosis and prog-
nosis of NTM-LD.

2. Materials and methods

2.1. Patient enrollment

This prospective study was conducted at National Taiwan
University Hospital and Far Eastern Memorial Hospital from January
2017 to August 2018 under the approval of the hospitals’ Research
Ethics Committees (IRB No.: 201703051RINC and 106134-F). Patients
aged ≥20 years were recruited consecutively when they visited our
chest or infection clinics if they were diagnosed as having MAC-LD or
MAB-LD according to the diagnostic guidelines suggested by the
American Thoracic Society (ATS) [1] (see supplement file). We classi-
fied patients as MAC or MAB airway colonization if they were sputum
positive for MAC or MAB but did not fulfill the ATS diagnosis criteria. In
addition, we recruited a healthy control group of individuals having
negative chest radiographic images. All enrolled participants provided
written informed consent. Patients with human immunodeficiency
virus infection, chemotherapy treatment, active cancer or concomitant
bacterial pulmonary infection were excluded.

2.2. Flow cytometry for peripheral blood mononuclear cells (PBMCs)

Peripheral blood mononuclear cells were isolated using Ficoll-Paque
PLUS (GE Healthcare Life Sciences, Sweden) and were then suspended
in medium containing RPMI-1640 (Life Technologies; USA), 10% fetal
bovine serum (FBS), and 1% penicillin-streptomycin (Life Technologies,
USA) in 48-well plates. Medium only (mock stimulation) or heat-killed
Mycobacterium avium subspecies avium (MAC stimulation) (ATCC
25291) at multiplicity of infection (MOI) of 100 or heat-killed
Mycobacterium abscessus (MAB stimulation) (ATCC 19977) at MOI of
100 were added for co-culturing for 48 h as bacilli stimulation. Because
the response to the heat killed antigen alone was low (Table S2 in

supplement file), we used CD3 (5 μg/ml, plate-coated, clone: OKT3) and
CD28 (1 μg/ml, soluble, clone: CD28.2) antibodies (eBioscience, San
Diego, CA) in the mock, MAC and MAB stimulations to amplify the
reaction in the last 16 h of the co-culture. One more condition, stimu-
lation of Phorbol 12-myristate 13-acetate (50 ng/ml, TOCRIS, USA)
plus ionomycin calcium salt (1 μM/ml, Sigma-Aldrich, USA) (PMA sti-
mulation) for 16 h, was also checked. Protein transport inhibitor (BD
Bioscience, USA) was added to the co-culture 12 h before we retrieved
the stimulation.

We measured the levels of mono- and poly-functional T cells by
using flow cytometry (FACSVerse, BD Biosciences, USA). We gated the
lymphocyte population by using forward scatter (FSC) and side scatter
(SSC). CD4+ and CD8+ T cells were stained using anti-CD4-APC
(clone: RPT-T4, Biolegend, USA) and anti-CD8-PE-cy7.0 (clone: RPA-
T8, BD Biosciences, CA, USA). Different types of mono- and poly-
functional T cells were further stained with anti-interferon-gamma
(IFN-γ)-PerCP (clone: 4S.B3), anti-interleukin-2 (IL-2)-PE (clone: MQ1-
17H12) and anti-tumor necrosis factor-alpha (TNF-α)-FITC antibodies
(clone: MAb11) (Biolegend, USA). We also stained the post-stimulation
T cells with anti-CD4-APC, anti-CD8-PE-cy7.0, anti-programmed death-
1 (PD-1)-PE (clone: EH12.1) (BD Biosciences, CA, USA), anti-cytotoxic
T Lymphocyte Antigen 4 (CTLA-4)-PE/cy7 (clone: L3DD10), and T-cell
immunoglobulin and mucin-domain containing-3 (TIM-3)-PerCP/cy5.5
(clone: F38-2E2) (Biolegend, USA). The details of the gating protocol
are provided in the supplementary information (Fig. S1). Data were
analyzed using BD FACSuite V software (BD, Biosciences, USA).

2.3. Data collection and statistical analysis

Clinical data including age, sex, co-morbidities, radiographic find-
ings and laboratory data at enrollment were recorded in a standardized
case report form with default options. The radiographic patterns of the
main pulmonary lesions were categorized as fibro-cavitary (FC), nod-
ular-bronchiectasis (NB), and others. The extent of lung lesions was
scored as in previous studies [17,18]. In brief, we divided each lung
field into three zones according to two horizontal lines located at the
distal end of the lobar pulmonary artery. We rated each zone from 0 to
3 points. If a lesion involved equal to or less than one-third of the area,
we gave it one point. If a lesion involved more than one-third but less
than two-thirds of the area, we gave it two points. The chest X-ray
(CXR) score was the sum of scores in all lung fields. Inter-group dif-
ferences were analyzed using the Mann-Whitney U test for numerical
variables and the chi-square test for categorical variables. We per-
formed multivariate logistic regressions to analyze the independent
factors for NTM-LD and for radiographic progression. Then we gener-
ated the prediction probability with the formula of logits (probability)
using all the factors in the corresponding multivariate analysis model.
We then applied the probabilities from the multivariate model to re-
ceiver operating characteristic (ROC) curves. Statistical significance
was set at p < 0.05. All analyses were performed in SPSS version 19.0
(Chicago, IL).

3. Results

3.1. Clinical characteristics of enrolled participants

During the study period, we enrolled 140 participants, including 42
MAC-LD, 25 MAB-LD, 31 MAC airway colonization (MAC-Co), and 15
MAB airway colonization (MAB-Co) patients, and 27 healthy controls.
The average age, gender ratio and smoking status were similar between
the disease group and the controls, and between the disease and colo-
nization groups (Table 1). Patients with MAC-LD had lower BMI than
those with colonization and controls, whereas the BMI of patients with
MAB-LD was lower than that of controls. We did not include patients
with active cancer or HIV or patients receiving chemotherapy. Diabetes
mellitus was higher in the controls than in the MAC-LD group.
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Hemoptysis was significantly higher in the MAC-LD and MAB-LD
groups than in the controls. The maximal positive grades of acid fast
smear of sputum were 1.4 and 1.7 in the MAC-LD and MAB-LD groups,
respectively, and higher than in the colonization groups. The radi-
ological patterns by chest image in the MAC-LD and MAB-LD groups
were 21% and 24% of fibro-cavitary, respectively, and 63% and 60% of
nodular-bronchiectasis.

3.2. Pattern of poly-functional T cells in enrolled participants

In the total expression of TNFα, IFN-γ or IL-2 on T lymphocytes
(Fig. 1), patients with MAC-LD had lower CD4+ TNF-α+ expression
after MAC stimulation, CD4+ IFN-γ+ and CD4+ TNFα+ after MAB
stimulation and CD4+ IFN-γ+ after PMA stimulation, whereas CD8+
TNFα+ expression was lower in the patients after mock, MAC and MAB
stimulation as compared with the controls. The MAC-Co group had
higher CD4+ IFN-γ+ after all stimulations, CD4+ TNF-α+ after MAB
stimulation, and CD8+ TNF-α+ after all than did the MAC-LD group.
For MAB-LD, the patients had lower CD4+ IL-2+ after MAB stimula-
tion and CD8+ IL-2+ after mock, MAC and MAB stimulations as
compared with the controls. The comparison between MAC-LD and
MAB-LD groups showed that MAC-LD had lower CD4+ IFN-γ+ after
MAC or MAB stimulation, lower CD8+ TNF-α+ after all, and higher
CD8+ IL-2+ after mock and MAC stimulation than those in the MAB-
LD group.

In the isolated mono-cytokine expression (Fig. 2), TNF-α on CD8
lymphocytes was lower in MAC-LD patients than in controls after mock
and MAB stimulation. Levels of mono-IL-2+ CD4+ and IL-2+ CD8+
cells during PMA stimulation were higher in MAC-LD patients than in
controls. CD4+ IFN-γ+ upon MAB stimulation was lower but CD8+
IL2+ by PMA stimulation was higher in MAC-LD patients than in the
MAC-Co group. CD4+ IFN-γ+ was higher in MAB-LD patients than in
the controls and in MAC-LD patients after mock and MAC stimulation.

Double and triple cytokine expressions were all weaker in the MAC-
LD group than in controls for MAC stimulation. The MAC-Co group had
higher CD4+ TNF-α+ IFN-γ+ cells after mock, MAB, and MAC sti-
mulation and higher triple positive cells after MAB and PMA stimula-
tion. In the MAB-LD group, almost all IL-2 expressed double or triple
cytokine cells were lower than those in the controls. The MAB-Co group
had higher triple positive cells in CD4 after PMA stimulation and in CD8

after mock, MAB and PMA stimulation.
We checked the data of PD-1/CTLA-4/Tim-3 on CD4+ or CD8+ T

cells after different kinds of stimulation. However, the results for dif-
ferent kinds of stimulation (Table S1 in the supplemental file) were
similar between MAC-LD, MAB-LD and controls.

We compared the mono-, double and triple cytokine producing T
cells between mock stimulation (CD3/CD28) and MAC or MAB, re-
spectively. The mono- and poly-functional T cells became attenuated
significantly under MAC or MAB stimulation in comparison with mock
stimulation with CD3/CD28 (Table S3 in the supplement file), except
that mono-IFN-γ+ on CD4+ cells increased significantly and was not
influential on mono-IL-2+ (CD4+ or CD8+), total IL-2+ (CD8+ by
MAB), mono-IFN-γ+ on CD8 T cells, and IL-2+/IFN-γ+, IL-2+/TNF-
α+ & Triple positive CD4+ cells (by MAC stimulation). When we used
the ratio of response to mock stimulation by dividing the mock stimu-
lation by antigen stimulation, MAC-LD patients had significantly higher
ratios of total IL-2+ (CD4+, mock/MAB stimulation), mono-IFN-γ+
(CD4+, mock/MAC stimulation), IL-2+/IFN-γ+ (CD8+, mock/MAC
stimulation), and IL-2+/IFN-γ+ and IL-2+/TNF-α+ (CD4+, mock/
MAB stimulation) but lower IFN-γ+/TNF-α+ (CD8+, mock/MAC
stimulation) as compared to controls. In addition, the ratios for MAB-LD
patients were significantly higher for total IL-2+ (CD4+, mock/MAB
stimulation), mono-IL-2+ (CD8+, mock/MAC stimulation) and IL-
2+/TNF-α+ (CD4, mock/MAB stimulation) as compared to controls
(Figs. 1 and 2).

3.3. Prediction for NTM-LD from the controls or the colonization group

To discriminate MAC-LD and controls, we used logistic regression
with age, sex, BMI, and the data of poly-functional T cells. In multi-
variate analysis, BMI (OR 0.836 [0.714–0.977] per 1 kg/m2 increment,
p= 0.024), mono-IL2+ CD4+ cells (OR 1.095 [1.003–1.196] per 1%
increment, p= 0.044) and triple positive cytokine CD8 cells for PMA
stimulation (OR 0.623 [0.435–0.893] per 1% increment, p= 0.010)
were significant factors correlated with MAC-LD. The probability using
the three factors could predict or exclude MAC-LD well with AUC of
0.862 (p < 0.001) (Fig. 3A). For discriminating MAB-LD from the
controls, IL-2+/TNF-α+ CD4 cell ratio (mock/MAB) (OR 1.455
[1.025–2.067], p= 0.036) and triple positive cytokine CD4 cells by
PMA stimulation (OR 0.687 [0.502–0.939], p= 0.019) were

Table 1
Clinical characteristics according to the status of nontuberculous mycobacteria lung disease.

MAC-LD
n=42

MAC-Co
n=31

MAB-LD
n=25

MAB-Co
n=15

Healthy subjects
n= 27

Age (years) 61.8 [14.8] 63.7 [10.6] 60.6 [17.6] 66.9 [9.6] 56.0 [20.7]
Male sex 11 (26%) 14 (45%) 10 (40%) 8 (53%) 12 (48%)
Current smoker 3 (7%) 1 (7%) 2 (8%) 2 (13%) 4 (15%)
Body mass index, kg/m2 21.4 [3.7]*,# 23.5 [4.1] 21.0 [3.9]* 23.4 [4.1] 24.4 [3.7]
Diabetes mellitus 1 (2%)* 1 (3%) 2 (8%) 0 5 (20%)
Autoimmune diseases 1 (2%) 2 (7%) 3 (12%) 4 (27%) 0
Prior TB history 3 (7%) 1 (3%) 1 (4%) 0 0
Hemoptysis 12 (29%)* 7 (23%) 7 (28%)*,# 0 0
Sputum study within 1 year
Max. positive AFS 1.4 [1.6]# 0 1.7 [1.6]# 0.1 [0.5] –
Proportion of AFS (+) 22 (52%)# 0 15 (60%)# 1 (7%)
No. of positive cultures 3.5 [3.0] – 3.0 [1.9] – –
Radiological finding
CXR score# 5.1 [3.2] – 6.5 [2.9] – –
FC pattern 9 (21%) – 6 (24%) – –
NB pattern 27 (63%) – 15 (60%) – –

Abbreviations: AFS, acid-fast smear; Co, colonization; CXR, chest X-ray; FC, fibro-cavitary; LD, lung disease; MAC, Mycobacterium avium complex; MAB,
Mycobacterium abscessus; NB, nodular bronchiectasis; TB, tuberculosis.
Data are no. (%) or mean [standard deviation].
* and # indicate p < 0.05 between the LD group and the controls or LD group and Co group, respectively, using the chi square test for categorical variables and

the Mann-Whitney U test for numerical variables.
# CXR score was interpreted by a total score from six lung zones that contained three respective scores [17].
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Fig. 1. Poly-functional T cells of total cytokine expression are shown for different stimulations according to disease status. Human peripheral blood mononuclear
cells were co-cultured with mock stimulation of medium, Mycobacterium avium complex (MAC) (multiplicity of infection [MOI]: 100), or Mycobacterium abscessus
(MAB) (MOI: 100) for 48 h and CD3 (5 μg/ml)/CD28 (1 μg/ml) antibodies were added for the co-culture in the last 16 h. Phorbol 12-myristate 13-acetate (PMA,
50 ng/ml) and ionomycin calcium salt (1 μM/ml) were used for 16 hr of stimulation. The cytokine expressions were measured for total interleukin-2 [IL-2], tumor
necrosis factor-alpha [TNF-α], and interferon-gamma [IFN-γ] expression on CD4+ and CD8+ lymphocytes, respectively, by flow cytometry. The ratios are the same
cytokine expressed T cells in mock stimulation divided by MAC or MAB stimulation. LD, lung disease; Co, colonization. *0.01≤ p < 0.05; **0.001 < p < 0.01.

C.-C. Shu, et al. Cytokine 120 (2019) 176–185

179



Fig. 2. Poly-functional T cells of mono-, double or triple cytokine expression are shown for different stimulations according to disease status. Peripheral blood
mononuclear cells were stimulated by mock stimulation with medium, Mycobacterium avium complex (MAC), or Mycobacterium abscessus (MAB) (multiplicity of
infection: 100) for 48 h and CD3/CD28 antibodies were added for the co-culture in the last 16 h. Phorbol 12-myristate 13-acetate (PMA, 50 ng/ml) and ionomycin
calcium salt (1 μM/ml) were used for 16 h of stimulation. The cytokine expressions were measured for interleukin-2 [IL-2], tumor necrosis factor-alpha [TNF-α], and
interferon-gamma [IFN-γ] expression on CD4+ and CD8+ lymphocytes, respectively. The ratios are the same cytokine expressed T cells in mock stimulation divided
by MAC or MAB stimulation. LD, lung disease; Co, colonization. *0.01≤ p < 0.05; **0.001 < p < 0.01; ***p < 0.001.
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independent factors. The probability using two-factor analysis had an
AUC of 0.800 (p=0.001) (Fig. 3B). The equations for generating the
probabilities are listed in the supplementary information.

For discriminating NTM-LD from NTM-Co, multivariate logistic re-
gression revealed that gender (OR: 0.268 [0.084–0.858], if male,
p= 0.027) and triple positive cytokine CD4 cells by PMA stimulation
(OR: 0.813 [0.701–0.943] per 1% increment p=0.006) were in-
dependent factors for MAC-LD. The triple positive cytokine CD4 cells
for PMA stimulation were a significant predictor for MAB-LD (OR:0.779
[0.629–0.966] per 1% increment, p= 0.023). The AUROCs by the
probability generated by the multivariate model were 0.745
[p= 0.001] and 0.770 [p < 0.001] for MAC-LD and MAB-LD, re-
spectively (Fig. 3C and D).

3.4. The radiographic pattern of NTM-LD vs. poly-functional T cells

Those with MAC-LD and MAB-LD were classified as the FC group
(n=15), NB group (n=42) and others (n= 10). Those with FC had
weaker CD4+ IFN-γ+ (mock and PMA stimulation), CD8+ IFN-γ+

(PMA), CD4+ TNF-α+ and CD8+ TNF-α+ after all stimulations
(Fig. 4). The double positive and triple positive data had similar trends
of lower IFN-γ+ and TNF-α+ expression, but single IL-2 expressions on
CD4 (MAB stimulation) and on CD8 (mock and MAC stimulation) were
higher in those with the FC pattern. The other details of single, double
and triple cytokine expression are provided in the supplementary in-
formation (Fig. S1). The changes in ratio from mock to MAC or MAB
stimulation were not significantly different between those with radio-
graphic FC and NB pattern.

3.5. Prediction for NTM-LD with radiographic progression

At 1-year follow-up, 62 (92.5%) received chest imaging, and 11
(17.7%) had radiographic progression. CD4+ IFN-γ+ (MAC and PMA
stimulation) and CD8+ IFN-γ+ (all stimulation) were higher but the
CD8+ TNF-α+ ratio (mock/MAB) was lower in those with radiological
progression than in those without progression (Fig. 4). After adjustment
for age, sex, BMI, AFS grade, anti-NTM treatment and initial CXR score,
multivariate logistic analysis showed CD4+ IFN-γ+ on PMA

Fig. 3. Receiver operating characteristic (ROC) curves for discriminating (A) patients with Mycobacterium avium complex (MAC)-lung disease(LD) from the controls;
(B) patients with Mycobacterium abscessus (MAB)-LD from the controls; (C) patients with MAC-LD from those with MAC airway colonization (MAC-Co); and (D)
patients with MAB-LD from the MAB-Co group. The factors used in the ROC curves were those included in the final model by multivariate analyses.
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Fig. 4. Poly-functional T cells of total cytokine expression in patients with nontuberculous mycobacteria lung disease (NTM-LD) according to radiographic pattern
and progression under different stimulation. Peripheral blood mononuclear cells were co-cultured with mock stimulation with medium, Mycobacterium avium
complex (MAC), or Mycobacterium abscessus (MAB) (multiplicity of infection:100) for 48 h and added CD3/CD28 antibodies for the last 16 h. In comparison, phorbol
12-myristate 13-acetate (PMA, 50 ng/ml) and ionomycin calcium salt (1 μM/ml) were used for 16 h of stimulation. The cytokine expressions were measured for total
interleukin-2 [IL-2], tumor necrosis factor-alpha [TNF-α], and interferon-gamma [IFN-γ] expression on CD4+ and CD8+ lymphocytes, respectively. The ratios are
the same cytokine expressed T cells in mock stimulation divided by MAC or MAB stimulation. Co, colonization; FC, fibro-cavitary; LD, lung disease; NB, nodular-
bronchiectasis; NP, non-progression; P, progression *0.01≤ p < 0.05; **0.001 < p < 0.01; ***p < 0.001.
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stimulation was correlated with radiographic progression (OR: 1.132
[1.021–1.255], p= 0.019). The AUROC was 0.703 (p=0.036)
(Fig. 5A). In regard to those without anti-NTM therapy (n= 38), seven
patients (18%) had radiographic progression, which was correlated
with mono-IFN-γ+ on CD4 cells on MAC stimulation (OR: 1.672
[0.993–2.814], p= 0.053) and triple cytokine (+) expressed CD4 on
PMA stimulation (OR: 1.400 [0.998–1.963], p= 0.051) by multivariate
logistic analysis. The equation for generating the probability of the two
factors was as Logit (Probability)=−4.832+ 0.514×mono-IFNγ+
CD4+ during MAC stimulation (%)+ 0.336×Triple cytokine (+) on
CD4 during PMA stimulation (%). Please see the details in the supple-
mentary file for an explanation and example of the probability calcu-
lation. The AUROC by the probability generated from the two factors
was 0.875 (p= 0.003) (Fig. 5B). According to the Youden index, when
the probability was 0.297, the sensitivity was 86% and specificity was
78.3%.

4. Discussion

In the present study, we observed that the patients with MAC-LD
generally had lower expression of triple-positive poly-functional T cells
but higher single IL-2+ expression than the controls and MAC-Co
group. On the other hand, the MAB-LD group had lower IL-2 expression,
mostly on CD8+ cells, and lower triple positive cells than the controls
and MAB-Co group. The triple positive CD4 cells (by PMA stimulation)
could predict MAC-LD and MAB-LD from the corresponding coloniza-
tion groups. For those with NTM-LD and not receiving anti-NTM
treatment, mono-IFN-γ+ on CD4 cells (MAC stimulation) and triple
positive CD4+ (PMA) were correlated with progression, with a good
AUROC of 0.875.

The status of mono- and poly-functional T cells in MAC-LD and
MAB-LD patients might be impaired and thus responsible for the un-
derlying immune problem leading to pulmonary infection. Functional
CD4+ and CD8+ T-cell subsets have been defined based on the cyto-
kine signatures of IFN-γ, IL-2, and TNF-α. For example, TNF-α-only and
dual IFN-γ/TNF-α expression were greater in patients with active tu-
berculosis than in those with latent tuberculosis infection and controls
[16]. In the present study, lower triple-positive CD8+ cells and higher
mono-IL-2+ CD4+ cells (PMA stimulation) together with lower BMI
favored MAC-LD. This finding is compatible with previous studies
showing that PBMCs from MAC-LD patients had lower response of

cytokine production [19] and that anti-TNF biologic agents might be
correlated with increased NTM infection [20,21]. The reason for the
loss of polyfunctionality in the NTM-LD group of T cells as compared to
healthy controls is very important, but it remains unclear and will re-
quire further investigation.

The higher response of mono-IL-2+ expression was the only posi-
tive predictor of MAC-LD from the controls and airway colonization.
Traditionally, IL-2 is synthesized by T cells during the early stages of the
immune response and has a pivotal role in cell expansion and effector
functions after primary antigen challenge [22]. IL-2 is a marker of poly-
functional T-cells, which are crucial for protection against tuberculosis
[23]. In this study, the increased IL-2-expressing lymphocytes might be
compensating for reduced response and lower IFNγ/TNF-α during
MAC-LD. By contrast, for MAB-LD, weakened IL-2 expression was noted
in MAB-specific poly-functional T cells, similar to a previous study in
cystic fibrosis [24]. It may indicate differences in the immune defi-
ciency of IL-2+ poly-functional T cells between MAB-LD and MAC-LD.
But the attenuated triple positive poly-functional T cells were the same
in the two NTM-LD.

On the other hand, CD4+ IFN-γ+ was lower in the MAC-LD group
than in the MAB-LD group. Although we reviewed the literature
showing decreased Th1 response, such as IFN-γ level, in both the MAC-
LD [19,25] and the MAB-LD groups [26], the literature directly com-
paring Th1 response between MAC-LD and MAB-LD is scarce. We
speculated that the attenuation of CD4+ IFN-γ+ in MAC-LD might be
due to the disease-related T cell dysregulation because in a previous
study, the IFN-γ response was improved after MAC treatment [19].
Although PD-1, Tim-3, and CTLA-4 on CD4 and CD8 T cells were not
significantly increased in MAC-LD patients after stimulation in the
present study, other immunomodulators might be responsible factors,
like immunosuppressive macrophages and regulatory T cells [27]. By
contrast, M. abscessus, a rapidly growing mycobacteria causing lung
disease not as indolent as MAC, might lead to lower immune exhaustion
than MAC-LD. However, this speculation needs to be studied in the
future.

For differentiation of MAC-LD and MAB-LD from MAC-Co and MAB-
Co, triple-positive CD4+ cells could provide a good diagnostic in-
dicator if 1 or 2 sets of sputum yield MAC. Poly-functional triple-posi-
tive CD4+ T cells play a critical role in the control of chronic bacterial
and viral infections [28], but only limited data on NTM-LD are avail-
able. Airway NTM colonization sometimes cannot be easily

Fig. 5. Receiver operating characteristic (ROC) curves for radiographic progression. (A) To discriminate patients with all nontuberculous mycobacteria lung disease
(NTM-LD) and radiographic progression from those without progression. (B) To discriminate NTM-LD patients without anti-NTM treatment but radiographic pro-
gression (+) from those without progression. The factors used in the ROC curves were those included in the final model by multivariate analyses.
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differentiated by the clinical criteria recommended by the ATS [1]. The
triple-positive CD4+ T cells could be a new diagnostic factor for clin-
ical practice. Once poly-functional functional T-lymphocyte responses
are attenuated, MAC or MAB bacilli could be considered.

In regard to the clinical characteristics of NTM-LD, the patients with
radiographic FC patterns generally had higher bacilli loads [6], which
might induce more immune suppression and low cytokine production
[19,29]. The present study supported this point by finding lower cy-
tokine expression of IFN-γ and TNF-α on poly-functional T cells in pa-
tients with FC patterns. For the clinical course, approximately 22% and
53% of MAC-LD patients reportedly present with radiographic dete-
rioration at follow up after 5 and 10 years, respectively [30]. To predict
radiographic progression that requires early anti-MAC treatment, we
integrated clinical factors, AFS grade, radiographic pattern and poly-
functional T cells into multivariate analysis. Notably, in the NTM-LD
patients not receiving anti-NTM treatment, MAC-specific mono-IFN-γ+
CD4 cells and triple-positive CD4+ cells by PMA could predict the
radiographic progression with excellent effectiveness (sensitivity of
86% and specificity of 78.3%).

From interpretation of the study results, we found that the CD4+
IFN-γ+ by MAC 24-hour stimulation was compatible between MAC-LD
and the controls, which is similar to the results on Sensitin stimulation
in a study by Lim et al. [31]. However, Lim et al. showed MAC-LD
patients had higher CD4+ IFN-γ+ T cell than the controls after 6-hour
Sensitin stimulation, which was not performed in this study. In contrast,
the attenuation of CD4+ IFN-γ+ T cells in MAC-LD was detected after
MAB and PMA 24-hour stimulation, which was not used by Lim et al. In
addition to antigen and stimulation duration, the co-stimulatory anti-
bodies were different (CD28/CD49d vs. CD3/CD28 antibodies respec-
tively), as well as the participants’ ethnicity. Therefore, the results
should be carefully interpreted and generalized because differences
may arise due to different study designs and subject ethnicities.

This study had several limitations. First, the case number was small,
so some phenomenon observed in the present study will require vali-
dation. Second, a causal relationship could not be confirmed in this
cross-sectional study. Third, the mechanism by which the heat-killed
NTM antigen induced attenuation of mono- and poly-functional T cells
is unclear and will require future investigation. Fourth, the participants
were enrolled in Taiwan, so generalization to other areas or ethnicities
may not be applicable.

In conclusion, patients with MAC-LD had lower BMI, higher mono-
IL2+ CD4+ cells and lower triple positive poly-functional cells (PMA
stimulation), whereas patients with MAB-LD had lower triple positive
CD4 cells (PMA stimulation) and a higher mock/MAB ratio of IL-2+/
TNF-α+ CD4 cells than the controls. The percentage of triple positive
CD4 cells (PMA stimulation) could predict MAC-LD or MAB-LD from
airway colonization. For those with NTM-LD but no treatment, MAC-
specific mono-IFN-γ+ CD4+ cells and triple positive CD4+ (PMA)
might predict radiographic progression.
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