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Background: The incidence of non-tuberculous mycobacterial pulmonary
disease (NTM-PD) has increased in recent years. However, the clinical and
immunologic characteristics of NTM-PD patients have received little attention.

Methods: NTM strains, clinical symptoms, underlying diseases, lung CT findings,
lymphocyte subsets, and drug susceptibility tests (DSTs) of NTM-PD patients
were investigated. Then, the counts of immune cells of NTM-PD patients and
their correlation were evaluated using principal component analysis (PCA) and
correlation analysis.

Results: 135 NTM-PD patients and 30 healthy controls (HCs) were enrolled from
2015 to 2021 in a certain tertiary hospital in Beijing. The number of NTM-PD
patients increased every year, and Mycobacterium intracellulare (M.
intracellulare), M. abscessus, M. avium, and M. kansasii were the major
pathogens of NTM-PD. The main clinical symptoms of NTM-PD patients were
cough and sputum production, and the primary lung CT findings were thin-
walled cavity, bronchiectasis, and nodules. In addition, we identified 23 clinical
isolates from 87 NTM-PD patients with strain records. The DST showed that
almost all of M. abscessus and M. avium and more than half of the M.
intracellulare and M. avium complex groups were resistant to anti-tuberculosis
drugs tested in this study. M. xenopi was resistant to all aminoglycosides. M.
kansasii was 100% resistant to kanamycin, capreomycin, amikacin, and para-
aminosalicylic acid, and sensitive to streptomycin, ethambutol, levofloxacin,
azithromycin, and rifamycin. Compared to other drugs, low resistance to
rifabutin and azithromycin was observed among NTM-PD isolates.
Furthermore, the absolute counts of innate and adaptive immune cells in
NTM-PD patients were significantly lower than those in HCs. PCA and
correlation analysis revealed that total T, CD4*, and CD8" T lymphocytes
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played an essential role in the protective immunity of NTM-PD patients, and
there was a robust positive correlation between them.

Conclusion: The incidence of NTM-PD increased annually in Beijing. Individuals
with bronchiectasis and COPD have been shown to be highly susceptible to
NTM-PD. NTM-PD patients is characterized by compromised immune function,
non-specific clinical symptoms, high drug resistance, thin-walled cavity damage
on imaging, as well as significantly reduced numbers of both innate and adaptive
immune cells.

KEYWORDS

non-tuberculous mycobacteria (NTM), non-tuberculous mycobacterial pulmonary
disease (NTM-PD), clinical feature, drug susceptibility test (DST), lymphocyte subsets

1 Introduction

Non-tuberculosis mycobacteria (NTM) is a member of the
Mycobacterium genus other than the Mycobacterium tuberculosis
complex (such as M. tuberculosis, M. bovis, M. africanum, M.
microti, M. canetti, M. caprae, and M. pinnipedii) and M. leprae
(Sharma and Upadhyay, 2020). NTM has different characteristics
from M. tuberculosis, such as being more sensitive to acids and
alkalis, generally resistant to anti-tuberculosis (TB) drugs, and
grows at less stringent temperatures than M. tuberculosis
(Falkinham, 2002; Mortaz et al., 2014; Zhou et al., 2019). In
addition, most NTM strains are naturally resistant to first- and
second-line anti-TB drugs, resulting in poor therapeutic efficacy
after NTM infection, which causes prolonged suffering and a high
economic burden (Diel et al., 2017).

NTMs are widely distributed in water, soil, and dust, and can cause
infections of the lungs, skin, bones, joints, lymph nodes, and other
extrapulmonary tissues, of which non-tuberculous mycobacterial
pulmonary disease (NTM-PD) is the most common (Jeon, 2019). It
has been reported that NTMs have become an important cause of
zoonotic tuberculosis (Clarke et al., 2022; Tingan et al., 2022), and some
NTM species have potential for causing disease in animals and
humans, especially in low-income countries (Katale et al., 2014).
Therefore, the “One Health” strategy should be considered for TB
prevention and control (Erkyihun and Alemayehu, 2022).

The prevalence of NTM-PD is increasing worldwide, with
recent reports estimating a prevalence of 2.3-6.5 per 100,000 in
Europe (Prevots and Marras, 2015; Ringshausen et al., 2016; van
der Laan et al,, 2022). In Japan, prevalence rates were even higher
at an estimated 33-65 cases per 100,000, and in the United States,
incidence rates were 3.1 per 100,000 in 2008, increasing to 4.7 per
100,000 in 2015 (Morimoto et al., 2014; Winthrop et al., 2020;
Schildkraut et al., 2021). In China, overall epidemiologic
information on NTM-PD is still not available. However,
according to a prospective surveillance study conducted in
China, the proportion of NTM-PD in PTB patients showed
significant geographical variation, ranging from 3.2% in the
northwest to 9.2% in the south (Tan et al, 2021). The most

Frontiers in Cellular and Infection Microbiology

common species was M. intracellulare, followed by M. abscessus
complex (Tan et al., 2021).

Currently, NTM-PD has become a public health problem. The
treatment of NTM-PD is usually based on the results of
mycobacterial species identification, drug susceptibility test (DST),
and the guidelines’ recommendations for diagnosing and treatment
of NTM-PD (Association., T.B.o.C.M, 2020; Daley et al.,, 2020).
Unlike M. tuberculosis, there are differences in the types of drugs
and regimens used to treat NTM-PD caused by different NTM
strains, as well as differences in treatment success rates. For
example, treatment success rates in patients with M. kansasii
(89.9%) were significantly higher than those for M. avium complex
(MAC, 65.0%) and M. abscessus (36.1%) (Cheng et al., 2022).

Furthermore, previous studies have reported several risk factors
for the development of NTM-PD, such as age, sex, body mass,
interstitial lung disease, bronchiectasis, bronchiolitis, postoperative
pulmonary complications, and neoadjuvant/adjuvant treatments
(Park et al., 2020). In China, studies on NTM-PD mainly focused
on populations in southern and coastal China (Tan et al., 2018; Hu
et al,, 2019; Xu et al, 2019; Lou et al., 2023), but studies on the
epidemiologic and clinical characteristics of NTM-PD in people in
northern regions, especially in Beijing, are still lacking. Therefore,
this retrospective study was conducted to obtain first-hand
information on the incidence, clinical and immunologic
characteristics of patients with NTM-PD and drug resistance rates
of NTM strains in Beijing from January 2015 to December 2021.
This study will provide data for hospital and government
authorities to understand the epidemiologic characteristics of
NTM-PD and highlight a reference for determining NTM-PD
prevention and treatment strategies in a “One Health” perspective.

2 Materials and methods
2.1 Study design and ethics statement

This retrospective study was performed on inpatients at the
Eighth Medical Center of PLA General Hospital and approved by
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the Ethics Committee of the Eighth Medical Center of PLA General
Hospital. Furthermore, the protocol of this study was conducted
according to the ethical standards of the Declaration of Helsinki.

2.2 Study subjects

NTM-PD patients with a positive acid-fast staining on sputum,
positive bronchoalveolar lavage fluid smear, or positive culture of
mycobacterial P-nitro benzoic acid (PNB) were enrolled. The
NTM-PD was diagnosed by consulting the medical records
system and combining clinical symptoms and lung CT findings.
NTM diagnosis was made according to a previous study (Daley
et al,, 2020). Moreover, a healthy control (HC) group consisting of
30 healthy individuals was incorporated in the analysis of T
lymphocyte subsets. There was no significant difference in age
and gender between the HCs and NTM-PD groups. The
individuals in HC group with the following diseases will be
excluded, including HIV, malignant tumors, immune disorders,
blood system diseases, TB, chronic obstructive pulmonary disease
(COPD), diabetes mellitus (DM), and other factors affecting cellular
immunity as well as the underlying diseases.

2.3 Mycobacteria culture and identification
of NTM

2.3.1 Traditional mycobacteria culture and
identification of NTM

As outlined in the “Testing Procedures for Tuberculosis
Laboratory” (Zhao and Pang, 2015), sputum samples that tested
positive for acid-fast staining were inoculated into Lowenstein-
Jensen (L-J) culture medium, and identified using PNB and
thiophene-2-hydroxy-1-hydrazine. Mycobacterium strains that
grew within seven days were considered fast-growing, while those
that took more than seven days to grow were classified as slow-
growing mycobacteria. If a strain can grow in the culture medium
after PNB addition, it will be identified as NTM.

2.3.2 Molecular identification of NTM species

M. tuberculosis (MTB) and NTM were identified using the
Diagnostic Kit for MTB/NTM DNA kit with a PCR-fluorescence
probe method (CapitalBio Technology, Beijing, China), as described
in our previous study (Liang et al,, 2021). Briefly, sputum samples were
collected from each patient and mixed with an equal amount of 4%
NaOH solution in a centrifuge tube. After incubation at room
temperature for 30 minutes, the sputum was centrifuged at 12,000
rpm for 5 minutes. The supernatant was discarded, and 1 mL of
normal saline was added. The tube was centrifuged again under the
same conditions, and the supernatant was discarded. 50 UL of nucleic
acid extraction solution was added, and the mixture was shaken using a
DNA extractor for 5 minutes. The extracted nucleic acid was heated at
95 °C for 5 minutes, and then added to the PCR reaction system. The
amplification program was run at 37 °C for 300s, 94 °C for 180's, 94 °C
for 15 s, and 60 °C for 30 s, for a total of 40 cycles. The FAM and VIC
channels were used for detection, and fluorescent spots were collected
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at 60 °C for 30 s. A Ct value of less than 40 was considered positive, and
a non-sigmoid amplification curve or a Ct value of 40 was considered
negative. The operation procedures and results interpretation were
carried out according to the manufacturer’s instructions.

To further identify positive PNB samples initially determined
through traditional mycobacterial culture, NTM were subjected to
identification using the Mycobacterial Species Identification Kit
(CapitalBio Technology, Beijing, China) in accordance with the
manufacturer’s instructions.

2.4 Drug susceptibility test

The drug susceptibility of NTM strains was determined using a
Minimal Inhibitory Concentration (MIC) Drug Susceptibility Test Kit
for Mycobacteria (Encode Medical Engineering Co., Ltd, Zhuhai,
Guangdong, China) following the manufacturer’s instructions,
“Testing Procedures for Tuberculosis Laboratory” (Zhao and Pang,
2015), and “Susceptibility Testing of Mycobacteria, Nocardia spp., and
Other Aerobic Actinomycetes” (CLSI, 2011). This Drug Susceptibility
Test Kit contained 12 drugs, including isoniazid (INH), rifampicin
(RFP), ethambutol (EMB), streptomycin (SM), levofloxacin (LVFX),
amikacin (AMK), kanamycin (KM), capreomycin (CPM), para-
aminosalicylic acid (PAS), rifabutin (RFB), rifapentine (RFT), and
azithromycin (AZM). In brief, the sterile diluent of 3 mL was added to
the lyophilized antimicrobial agent inhibitor, followed by thorough
mixing. A volume of 100 ul of this solution was added to 11 mL of the
susceptibility test medium and mixed well. A volume of 180 pl of the
susceptibility test medium was added to the wells of a microtiter plate
as the control. Several colonies were picked from a solid Lowenstein-
Jensen (L-J) culture medium and ground to a suspension with an
optical density of 1 mg/mL. A volume of 100 ul of the prepared
suspension was added to the susceptibility test medium and mixed
well. A volume of 200 pl of the resulting inoculated medium was
added to each well of a 96-well microtiter plate, and the plate was then
sealed and incubated at 37°C for 7 to 14 days. The growth of bacterial
colonies was observed visually, or using a YK-909 mycobacterial
susceptibility test analyzer (Encode Medical Engineering Co., Ltd,
Zhuhai, Guangdong, China). The MIC of each NTM strain was
determined based on the lowest concentration that showed
inhibition of bacterial growth, with reference to the growth of
control colonies. If the control colonies did not grow well, further
incubation was performed for up to 21 days.

2.5 Analysis of absolute
lymphocyte subsets

To exclude the influence of other diseases on the number of
immune cells in patients with NTM-PD as much as possible, we
only included patients with NTM-PD alone or NTM-PD with
bronchiectasis, and NTM-PD patients with any other diseases
were excluded. As a result, 44 NTM-PD patients and 30 healthy
volunteers were selected for absolute counts analysis of lymphocyte
subsets. First, the blood samples collected from NTM-PD patients
and HCs were placed in heparin anticoagulant tubes. Then, 50 uL of
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the blood sample was transferred to a new BD TruCount tube (BD,
San Jose, California, USA) containing 20 UL of the 6-color TB NK
Reagent. Flow cytometry was used to detect CD45 cells labeled with
percp-cy5.5 fluorescence (BD Biosciences, San Jose, CA, USA), CD3
cells labeled with FITC fluorescence (BD Biosciences, San Jose, CA,
USA), CD4 cells labeled with pe-cy7 fluorescence (BD Biosciences,
San Jose, CA, USA), CD8 cells labeled with APC-cy7 fluorescence
(BD Biosciences, San Jose, CA, USA), CD16 cells and CD56 cells
labeled with PE fluorescence (BD Biosciences, San Jose, CA, USA),
and CD19 cells labeled with APC fluorescence (BD Biosciences, San
Jose, CA, USA). After incubation at room temperature for 15 min in
the dark, 1 x red blood cell lysate (BD, San Jose, CA, USA) was
added to the samples and incubated in the dark for 15 min.
Subsequently, FACS Aria II from Becton Dickinson (BD,
California, USA) was used to determine the absolute counts of
total T lymphocytes, CD4" T lymphocytes, CD8" T lymphocytes,
NK cells, NK-like T (NKT) lymphocytes, and total B lymphocytes.
Finally, the data were analyzed using FACS DIVA software.

2.6 Statistical methods

Data were analyzed using the GraphPad Prism software 9.5.1
version (San Diego, CA, USA). Statistical analysis of count data was
conducted using either the chi-square test or Fisher’s exact test,
depending on the sample size. The absolute counts of lymphocyte
subsets between patients with NTM-PD and healthy individuals
were compared with an Unpaired t-test or nonparametric test
(Mann-Whitney test) according to the normality, and P < 0.05
was considered statistically different. The normality of data was
tested by the Shapiro-Wilk test and Kolmogorov-Smirnov test, and
P > 0.05 was considered that the data conformed to a normal
distribution. The data were shown as mean =+ standard error of the
mean (SEM). Furthermore, a principal component analysis (PCA)
was performed to analyze the principal component of absolute
counts of lymphocyte subsets. Finally, the correlation of these
components was determined by the Pearson’s r method.

3 Results
3.1 Baseline characteristics

A total of 135 inpatients with NTM-PD and 30 healthy
individuals from the physical examination center were enrolled in
this study. From 2015 to 2021, the number of patients with NTM-
PD was 9, 13, 13, 13, 16, 18, and 53, respectively, with an increasing
trend each year (Figure 1). These patients with NTM-PD were
divided into three groups according to age: young (20-45 years, 17
cases), middle-aged (45-65 years, 67 cases), and elderly (=65 years,
51 cases). Furthermore, middle-aged and elderly patients accounted
for 87.41% (118 cases) of the total cases, of which 58.52% (79 cases)
were male (Table 1). Remarkably, we observed noteworthy gender
disparities among NTM-PD patients in the senior and middle-aged
groups, evidenced by a markedly lower proportion of females in the
former group (Table 1, P = 0.0242).
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FIGURE 1

The number of patients with NTM-PD in a hospital from 2015 to 2021.

3.2 Identification of NTM species based on
the medical visit records

In this study, we retrospectively reviewed the medical visit
records of 135 patients with NTM-PD. Among them, there were 26
cases of fast-growing non-tuberculous mycobacterium lung disease
and 109 cases of slow-growing non-tuberculous mycobacterium lung
disease. We found that only 87 patients had specific NTM strain
records of species, and the other 48 patients had no NTM strain
records queried. Therefore, we further investigated the NTM species
of these 87 patients with NTM-PD (Figure 2A). As a result, we
identified M. intracellulare in 29 patients, M. abscessus in 25 patients,
M. kansasii in 7 patients, M. avium in 7 patients, M. avium-
intracellulare complex in 7 patients, M. xenopi in 4 patients, M.
fortuitum in 3 patients, M. gordonae in 2 patients, M. szulgai in 1
patient, co-infection of M. abscessus and M. avium in 1 patient, and
co-infection of M. abscessus and M. xenopi in 1 patient (Figure 2B).

3.3 Basic disease of 87 NTM-PD patients
with NTM species records

We further investigated the primary diseases of the 87 NTM-PD
patients with NTM species records. The results showed that 21 cases
had bronchiectasis (24.1%), 15 cases had chronic obstructive
pulmonary disease (COPD) (17.2%), 11 cases had cardiovascular
disease (CVD, 12.6%), nine cases had neoplastic disease (ND,
10.3%), eight cases had interstitial pneumonia (IP, 9.2%), eight
cases had TB (9.2%), seven cases had diabetes mellitus (DM, 8.0%),
four cases had reflux esophagitis (RE, 4.6%), four cases had immune
system disease (ISD, 4.6%), and nine cases had no underlying
disease (NUD, 10.3%) (Table 2).

3.4 Clinical symptoms of 87 NTM-PD
patients with NTM species records

The clinical symptoms of 87 NTM-PD patients with NTM
species records were observed and recorded. The results showed
that: 1) 78 cases had cough and sputum (89.7%), mainly caused by
M. avium (100%), M. intracellulare (93.1%), and M. abscessus
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TABLE 1 The composition ratio of NTM-PD patients in various age groups by sex (n, %).

Age Group*/Gender Male Female Total P value (Fisher’s exact test)
Young group 9 (6.67%) 8 (5.92%) 17 (12.59%) Reference
Middle-aged group 34 (25.19%) 33 (24.44%) 67 (49.63%) >0.9999

Senior group 36 (26.67%)

15 (11.11%)

0.2390 (Senior vs. Young)

51 (37.78%
( ) 0.0242 (Senior vs. Middle)

Total

79 (58.52%)

56 (41.48%)

135 (100%)

* The patients with NTM-PD were divided into three groups, including the young (20-45 years old), the middle-aged (45-65 years old), and the elderly (=65 years old) groups.

Bold values means P < 0.05.

(92%); 2) Hemoptysis was observed in 26 cases (29.9%), 50% of
whom were infected with M. xenopi; 3) Fever, chest tightness, and
shortness of breath were observed in 14 cases (16.1%), 66.7% and
24.1% of which were infected with M. fortuitum and M.
intracellulare, respectively (Table 3).

3.5 Lung imaging findings of 87 NTM-PD
patients with NTM species records

The imaging findings were classified according to “Expert
Consensus 2021 on the Imaging Diagnosis of Non-tuberculous
Mycobacteria Pulmonary Disease” (Budong et al., 2021). Among 87
NTM-PD patients with NTM species records, 33 cases were
accompanied by cavitary pulmonary lesions (33/87, 37.9%).
Among these 33 cases, three cases (9.10%) had thick-walled
cavitary lesions with M. intracellulare pulmonary disease (PD),
and the other 30 cases (90.91%) had thin-walled cavitary lesions.
Furthermore, 42 cases had predominantly bronchiectasis and
nodules in the lung, accounting for 48.3% (42/87), and 12 were

consolidating lesion types, accounting for 13.79% (12/87). In
addition, one case with PD infected by M. xenopi and two cases
infected by M. gordonae were characterized by pulmonary lesion
type of bronchiectasis and nodules predominantly, accompanied by
swollen lymph nodes of mediastinal simultaneously. We also found
two cases infected with M. kansasii, one with M. intracellulare, and
one with M. fortuitum, accompanied by a small amount of
exudative pleural effusion (Table 4).

3.6 DST of NTM strains

Out of the 87 NTM-PD patients with NTM species records,
only DST results of 23 NTM strains were available. The DST results
of these 23 NTM strains were further investigated in this study and
presented in Table 5. The results showed that most of the NTM
strains had resistance to KM and CPM (87%, 20/23). Additionally,
the majority of strains were also resistant to AMK and PAS (82.6%)
and INH (73.9%). Almost two-thirds of the strains were resistant to
RFP, SM, EMB, LVEX, and RFT (ranging from 65.2% to 69.6%).

o0
o0
000
0000000000

FIGURE 2
The NTM strain information was obtained from the medical records of NTM
species (B). Co-infection is defined as the presence of two or more NTM st
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TABLE 2 Primary diseases of 87 NTM-PD patients with NTM strains records (n, %).

NTM strains (n) Bronchiectasis COPD (@Y/p) \[D) IP PTB DM RE ISD NUD

M. intracellulare (29) 5(5.7) 8(9.2) 1(L1) 334 446 223 1(1L1) 223 00 334

M. abscessus (25) 5(5.7) 1(11) 567 | 334 3364 00 2(23)  1(L1)  2(23) 334
M. kansasii (7) 2(23) 0 (0) 3(3.4) 00) 1(LD) 11 111 0 | 0(0) 0 (0)

M. avium (7) 3(3.4) 0 (0) 0 (0) 3(34) 00  0( | 0( | 0( | 0( @ 1(LD

M. avium - intracellulare complex (7) 4(46) 1(11) 0 (0) 0 (0) 00) 1(L1) | 00 | 00 = 0(0) | 1(L1)
M. xenopi (4) 0 (0) 4(46) 0 (0) 0 (0) 00) 00 | 1(L1)  1(L1)  1(.1)  0(0)

M. gordonae (3) 0 (0) 0 (0) 0 (0) 0 (0) 00) 2(23) 00 | 00 | 00 = 1(L1)
M. fortuitum (2) 2(23) 0 (0) 1(11) 0 (0) 00) 1(L1)  1(1) | 00 | 0(0) 0 (0)
Co-infection* of M. abscessus and M. avium (1) 0 (0) 0 (0) 1(11) 0 (0) 00) 11 0 | 00 | 0(0) 0 (0)
Co-infection* of M. abscessus and xenopi (1) 0 (0) 1(11) 0 (0) 0 (0) 00) 0 | 1(1) | 00 | 0(0) 0 (0)
M. szulgai (1) 0 (0) 0 (0) 0 (0) 0 (0) 00) 00 | 00 | 00 | 1(L)  0(0)

Total (RMB) 21 (24.1) 15(17.2) | 11(126) | 9(103)  8(92)  8(92)  7(80) 4(46)  4(46)  9(103)

*, Co-infection is defined as the presence of two or more NTM strains infecting a single NTM-PD patient simultaneously.
COPD, chronic obstructive pulmonary; CVD, cardiovascular disease; IP, interstitial pneumonia; ISD, immune system disease; ND, neoplastic diseases; PTB, Pulmonary tuberculous; RE, reflux

esophagitis; NUD, no underlying disease.

Furthermore, 47.8% of the strains were resistant to AZM, and 34.8%
of the strains were resistant to RFB.

Among the 23 strains identified by DST, we found that
(Table 5): 1) M. intracellulare: Among the seven strains
identified, five were resistant to INH, EMB, KM, and CPM,
four were resistant to SM, RFP, LVEX, AMK, and PAS, three
were resistant to RFT, two were resistant to AZM, and one was
resistant to RFB; 2) M. abscessus: All six strains identified were
resistant to INH, SM, EMB, RFP, LVEX, KM, CPM, AMK, PAS,
and RFT, four were resistant to RFB, and five were resistant to

AZM; 3) M. kansasii: All three strains identified were resistant to
KM, CPM, AMK, and PAS, and one was resistant to INH; 4) M.
avium: All three strains identified were resistant to INH, SM,
EMB, RFP, LVFX, KM, CPM, AMK, PAS, and RFT, two were
resistant to AZM, and one was resistant to RFB; 5) M. xenopi:
Both strains identified were resistant to SM, RFP, KM, CPM,
AMK, PAS, and RFT, and one was resistant to INH, EMB, LVFX,
RFB, and AZM; 6) M. avium-intracellulare complex: One strain
was resistant to all tested drugs (Association., T.B.o.C.M, 2020;
Daley et al., 2020)

TABLE 3 Clinical symptoms of 87 NTM-PD patients with NTM species records.

. Cough and phlegm  Hemoptysis Heating .
NTM strains Chest tightness and short breath (n, %
(n, %) (n, %) (n, %) 9 0
M. intracellulare (29) 27 (93.1%) 9 (31.0%) 7 (24.1%) 7 (24.1%)
M. abscessus (25) 23 (92.0%) 8 (32.0%) 2 (8.0%) 3 (12%)
M. avium (7) 7 (100%) 2 (28.6%) 1 (14.3%) 0 (0)
M. avium-intracellulare complex (7) 6 (85.7%) 1(14.3%) 0 (0) 0 (0)
M. kansasii (7) 5 (71.4%) 1 (14.3%) 2 (28.6%) 1 (14.3%)
M. xenopi (4) 3 (75%) 2 (50.0%) 1 (25.0%) 0 (0)
M. fortuitum (3) 2 (66.7%) 1 (33.3%) 0 (0) 2 (66.7%)
M. gordonae (2) 2 (100%) 0 (0) 0 (0) 0 (0)
M. szulgai (1) 1 (100%) 0 (0) 0 (0) 0 (0)
Co-infection * of M. tzf;cessus and M. avium 1 (100%) 1 (100%) 0.0) 1 (100%)
Co-infection * of M. L(ll:;cessus and M. xenopi 1 (100%) 1 (100%) 1 (100%) 00)
Total 87 78 (89.7%) 26 (29.9%) 14 (16.1%) 14 (16.1%)

*, Co-infection is defined as the presence of two or more NTM strains infecting a single NTM-PD patient simultaneously.
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TABLE 4 Lung CT findings of 87 NTM-PD patients with NTM species records.

Cavity-dominated type

Bronchiectasis and nodules-dominated

10.3389/fcimb.2023.1205225

Consolidation-dominated

(n, %) * type (n, %) ° type (n, %) €
M. intracellulare (29) 17 (58.6%) 10 (34.5%) 2 (6.9%)
M. abscessus (25) 7 (28%) 13 (52%) 5 (20%)
M. avium (7) 1 (14.3%) 5 (71.4%) 1 (14.3%)
M. avium-intracellulare complex (7) 2 (28.6%) 5 (71.4%) 0 (0)
M. kansasii (7) 2 (28.6%) 2 (28.6%) 3 (42.9%)
M. xenopi (4) 1 (25%) 2 (50%) 1 (25%)
M. fortuitum (3) 0 (0) 3 (100%) 0 (0)
M. gordonae (2) 0 (0) 2 (100%) 0 (0)
M. szulgai (1) 1 (100%) 0 (0) 0 (0)
Co-infection d ofM. abscessus and 1 (100%) 0.(0) 0(0)
M. avium (1)
Cv-iﬂfeftif;f; .d;fn I;-i “(11’;“”“5 and 1 (100%) 0 (0) 0 (0)
Total 87 33 (37.9) 42 (48.3) 12 (13.8)

?, Cavity-dominated type means cavity is predominant in the lung;

®, Bronchiectasis and nodules-dominated type, the main focus in the lung is bronchiectasis or the coexistence of bronchiectasis and nodules.

<, consolidation-dominated type, consolidation occurs predominantly in the lung.

9, Co-infection is defined as the presence of two or more NTM strains infecting a single NTM-PD patient simultaneously.

3.7 Comparison of absolute counts of T
lymphocytes in patients with NTM-PD
and HCs

To evaluate the immune characteristics between patients with
NTM-PD and healthy volunteers, we determined the absolute
counts of T lymphocytes in 44 patients with NTM-PD and 30
HCs. Significantly, the patients with NTM-PD included in this

experiment had no primary diseases such as HIV, malignant
tumors, immune diseases, blood system diseases, TB, severe
COPD, DM, and other factors affecting cellular immunity. Our
results showed that the absolute counts of total T lymphocytes (P
< 0.0001), CD4" T lymphocytes (P = 0.0018), CD8" T
lymphocytes (P < 0.0001), NK cells (P < 0.0001), and B cells (P
< 0.0001) in patients with NTM-PD were significantly lower than
those in HCs (Figure 3). However, we observed no difference in

TABLE 5 The resistance of 23 NTM strains to 12 TB drugs detected by DST (n, %).

Drugs M. intra_cellulare M. abicessus M. ka_nsasii M. al/ium M. xinopi M. avium—intracEIIulare complex Total (n = 23)
(n=7) (n=6) (n=3) (n=3) (n=2) (n=2)

INH 5 (71.4%) 6 (100%) 1 (33.3%) 3 (100%) 1 (50%) 1 (50%) 17 (73.9%)
SM 4 (57.1%) 6 (100%) 0 (0) 3 (100%) 2 (100%) 1 (50%) 16 (69.6%)
EMB 5 (71.4%) 6 (100%) 0 (0) 3 (100%) 1 (50%) 1 (50%) 16 (69.6%)
RFP 4(57.1%) 6 (100%) 0 (0) 3 (100%) 2 (100%) 1 (50%) 16 (69.6%)
LVEFX 4(57.1%) 6 (100%) 0 (0) 3 (100%) 1 (50%) 1 (50%) 15 (65.2%)
KM 5 (71.4%) 6 (100%) 3 (100%) 3 (100%) 2 (100%) 1 (50%) 20 (87%)
CPM 5 (71.4%) 6 (100%) 3 (100%) 3 (100%) 2 (100%) 1 (50%) 20 (87%)
AMK 4 (57.1%) 6 (100%) 3 (100%) 3 (100%) 2 (100%) 1 (50%) 19 (82.6%)
PAS 4 (57.1%) 6 (100%) 3 (100%) 3 (100%) 2 (100%) 1 (50%) 19 (82.6%)
RFT 3 (42.9%) 6 (100%) 0 (0) 3 (100%) 2 (100%) 1 (50%) 15 (65.2%)
RFB 1 (14.3%) 4 (66.7%) 0 (0) 1(33.3%) 1 (50%) 1 (50%) 8 (34.8%)
AZM 2 (28.6%) 5 (83.3%) 0 (0) 2 (66.7%) 1 (50%) 1 (50%) 11 (47.8%)

AMK, Amikacin; AZM, azithromycin; CPM, Capreomycin; EMB, Ethambutol; INH, Isoniazid; KM, Kanamycin; LVEX, Levofloxacin; PAS, Para-aminosalicylic acid; RFB, Rifabutin; REP,

Rifampicin; RFT, Rifapentine; SM, Streptomycin.
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absolute NKT cell counts between patients with NTM-PD and
HCs (Figure 3).

Furthermore, we also investigated the correlation among
absolute counts of total T lymphocytes, CD4" T lymphocytes,
CD8" T lymphocytes, NK cells, NKT cells, and B cells in patients
with NTM-PD or HCs. Principal component analysis (PCA) and
correlation analysis showed that: (1) In patients with NTM-PD
(Figure 4A), CD4" T lymphocytes, CD8" T lymphocytes, and total
T lymphocytes had a significant and similar role in PC1 (51.53%)
and PC2 (17.17%), as they were closely clustered together. On the
other hand, NKT lymphocytes and NK cells were relatively
dispersed. Correlation analysis confirmed that the absolute
counts of CD4" T lymphocytes, CD8" T lymphocytes, and total
T lymphocytes were significantly correlated. In patients with
NTM-PD (Figure 4A), there were significant positive
correlations between the absolute counts of total T lymphocytes
and the absolute counts of CD4" T lymphocytes, CD8" T
lymphocytes, NK cells, NKT lymphocytes, and B lymphocytes.
Furthermore, the absolute counts of CD4" T lymphocytes were
significantly correlated with the absolute counts of CD8" T
lymphocytes, NK cells, and B lymphocytes, while the absolute
counts of CD8" T lymphocytes had significant positive
correlations with both NK cells and B lymphocytes (Figure 4A).
(2) In HCs (Figure 4B), CD4" T lymphocytes, CD8" T
lymphocytes, and total T lymphocytes displayed a similar
clustering tendency. For HCs (Figure 4B), absolute counts of
total T lymphocytes were significantly correlated with the
absolute counts of CD4" T lymphocytes, CD8" T lymphocytes,
NKT lymphocytes, and B lymphocytes. Also, the absolute counts
of CD4" T lymphocytes had significant positive correlations with
the absolute counts of CD8" T lymphocytes, NK cells, and B
lymphocytes, while the absolute counts of CD8" T lymphocytes

10.3389/fcimb.2023.1205225

had significant positive correlations with NKT cells. Furthermore,
the absolute counts of NK cells were significantly correlated with B
lymphocytes (Figure 4B).

4 Discussion

With the improvement of people’s understanding of NTM-PD
and the progress of diagnosis and treatment technologies, the
detection rate of NTM is increasing. However, the increasing
number of drug-resistant strains of NTM has gradually become a
new challenge for diagnosing and treating NTM-PD. NTM species
also exhibit geographical variation. For example, it has been
reported that M. avium complex is the most common cause of
NTM-PD in Europe and the USA (Hoefsloot et al., 2013).
Simultaneously, M. abscessus is the second most common cause
of NTM-PD in the USA. Additionally, M. kansasii, M. malmoense,
and M. xenopi have become the second most common cause of
NTM-PD in some European countries and Canada (Griffith et al,
1993; Wassilew et al,, 2016). In recent years, more and more
attention has been paid to the clinical characteristics and drug
resistance data of patients with NTM-PD (Figure 5). However, the
incidence of NTM-PD in Beijing, the clinical and immunological
features of patients with NTM-PD, and the rate of drug resistance
are still poorly understood. Therefore, this study was conducted to
analyze the incidence, clinical and immunological characteristics of
patients with NTM-PD and the drug resistance rate of NTM strains
in a tertiary hospital in Beijing from 2015 to 2021.

This study found an increase in the number of diagnosed
patients with NTM-PD in Beijing in recent years. There was no
correlation between the NTM strains and age, but the incidence of
NTM-PD was higher among male patients (58.52%) than female
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FIGURE 3

Comparison of absolute counts of total T lymphocytes, CD4* T lymphocytes, CD8" T lymphocytes, NK cells, NKT cells, and B cells between NTM-

PD patients and HCs.
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patients (41.48%), which is consistent with a previous study
conducted in South Korea (Kim et al., 2023b). Our investigation
also revealed that the occurrence of NTM-PD varied among distinct
age groups. Strikingly, middle-aged and older adults had a notably
higher incidence of NTM-PD compared to their younger
counterparts, with a greater prevalence observed in elderly males.
These results provide evidence suggesting that aging males are more
vulnerable to NTM infection, consistent with previous findings
(Jhun et al., 2020; Wang et al., 2022; Alkarni et al., 2023).

In this study, the number of patients with NTM-PD combined
with bronchiectasis was relatively high (24.1%). It has been reported
that emphysema or bronchiectasis may be associated with alpha-1
antitrypsin (AAT) deficiency in NTM-PD patients (Bai et al., 2019).
Interestingly, AAT has been demonstrated to facilitate macrophage-
mediated control of intracellular NTM infection by promoting both
phagolysosomal fusion and autophagic responses (Bai et al., 2019).
Moreover, AAT deficiency is the primary genetic susceptibility
factor for the development of COPD (Strange, 2020). Our results
indicated that patients with COPD were susceptible to NTM-PD
(17.2%), which was consistent with a previous study (Provoost et al.,
2018). It might be associated with local airway inflammation, tissue
destruction, airway remodeling, small airway stenosis, obstruction,
and mucus blockage in COPD patients. In addition, because
mycobacteria readily attack the compromised immune system,
patients with a history of cancer, diabetes, and immune disorders
were likely to be at high risk for NTM-PD. On the other hand, using

Frontiers in Cellular and Infection Microbiology

immunosuppressants and high blood glucose can lead to cell-
mediated immune destruction, making these patients more
susceptible to NTM-PD (Henkle and Winthrop, 2015).

Cough and sputum (89.70%) were the main clinical
manifestations of NTM-PD in this study, followed by hemoptysis
(29.9%). Patients with predominant lesion types of bronchiectasis
and nodules were found to be more susceptible to NTM-PD,
followed by the presence of predominant cavitary lesions, with
thin-walled cavities accounting for 90.91% of cases. Symptoms and
imaging features of NTM-PD were similar to those of PTB, as
previous studies have shown (Hu et al., 2019; Garcia et al., 2022).
However, clinical differentiation between PTB and NTM-PD
depends on bacteriology and molecular biology. In contrast,
clinical symptoms and imaging manifestations of NTM-PD are
atypical and difficult to distinguish from PTB. Cavity formation is a
sign of disease progression. In this study, we identified cavitary
lesions in 33 patients with NTM-PD through CT findings. Among
these cases, only 3 (9.1%) showed thick-walled cavitary lesions,
which were caused by lung disease resulting from M. intracellulare,
while the remaining 30 cases showed thin-walled cavitary lesions
(90.9%). Patients with NTM-PD with cavitary lesions require
prolonged and intensive therapy. Analyzing the location, size,
number, and luminal wall thickness of cavitary lesions is critical
for determining the prognosis of the disease and the need for
additional surgical intervention (Jhun et al., 2020; Kim et al., 2023a).
As a result, extensively studying the imaging features of
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Overlay (A) and density (B) visualization of the literature related to NTM-PD in PubMed database using VOSviewer Software version 1.6.19 (Leiden
University, the Netherlands). The term “((Non-tuberculous Mycobacteria pulmonary disease [title/abstract]) OR (NTM-PD [title/abstract]))” was used
to search the literature associated with NTM-PD in the PubMed database. In the overlay visualization, literature published between 2009 and 2023
was shown in blue to red. The density visualization showed citation strength in light yellow to red.

bronchiectasis, thin-walled cavities, and solid lesions is crucial for
early detection, diagnosis, treatment, and prognosis of NTM-PD.
NTM is known for its universal drug resistance, and the therapy
of NTM-PD is a great challenge. This study identified 23 isolates
from 87 NTM-PD patients with NTM strain records. The DST
results indicated that M. abscessus and M. avium were resistant to
almost all the anti-TB drugs used in the DST, and over half of the M.
intracellulare and M. avium-intracellulare complex isolates were
resistant to anti-TB drugs according to DST results. These findings
suggest that there is a high prevalence of drug resistance within
NTM strains, particularly to KM, CPM, AMK, and PAS
(Gopalaswamy et al., 2020; Park et al., 2022). Resistance to other
commonly used antibiotics like INH and macrolides such as AZM
also appears to be relatively high. These results emphasize the
importance of monitoring antibiotic susceptibility closely in NTM-
PD patients and customizing treatment based on the individual
patient’s specific strain and antibiotic resistance profile. The drug
resistance of the above NTM can be attributed to the natural
protective function of the mycobacterial cell wall, which makes it
difficult for antibiotics to penetrate mycobacteria, resulting in
mycobacteria resistant to many antibiotics (Oh et al., 2017).
Furthermore, the efflux pump, biofilm formation, and resistance
mutations of NTM are mechanisms essential for protecting the
bacteria from elimination by host immune cells and make NTM
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resistant to anti-TB drugs (Su et al, 2017; Corona et al, 2022;
Mudde et al., 2022; Ratna and Daniel, 2023). Additionally, the drug
resistance spectra of different NTM species were different. In our
study, M. abscessus, M. avium, and M. xenopi showed relatively high
drug resistance rates, while M. kansasii had relatively low rates of
resistance. In addition, M. avium and M. intracellulare showed
different drug resistance. M. avium had higher resistance rates to
INH, SM, RFP, EMB, KM, CPM, AMK, LVFX, and PAS compared
to M. intracellulare, indicating a higher drug resistance rate of M.
avium than that of M. intracellulare. In contrast, Wang et al. found
that M. intracellulare had a higher resistance rate to most of the
antimicrobials tested than M. avium (Wang et al,, 2021). This
variability may stem from differences in sample size, detection
methods, and regional differences as noted by Wang et al.

Studies have shown that the innate and adaptive immune cells
play critical roles in fighting against NTM infections (Behar, 2013).
Innate immune cells such as NK cells, macrophages, and dendritic
cells (DCs) can eliminate and kill NTM in the early stages of
infection by phagocytosis and granzyme (Cruz-Aguilar et al., 2021).
Additionally, cellular immunity, mediated by CD4" and CD8" T
lymphocytes, promotes the production of various cytokines and
chemokines that significantly prevent and control NTM (Abebe,
2012). In this study, we found that the absolute counts of total T
lymphocytes, CD4" T lymphocytes, CD8" T lymphocytes, NK cells,
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and total B lymphocytes in NTM-PD patients were significantly
lower than those in the healthy controls, which is consistent with
previous studies (Fleshner et al., 2016; Chai et al, 2022). These
findings indicate that the cellular and humoral immunity of patients
with NTM-PD is significantly suppressed. This leads to an inability
to produce cytokines and antibodies against NTM invasion,
ultimately resulting in the occurrence of NTM-PD. In addition,
NK and NKT cells are vital to the host’s innate immune defense
against NTM infection. They produce IFN-y and IL-22 to inhibit
mycobacterial growth, as evidenced in previous studies (Rocco and
Irani, 2011; Lai et al.,, 2018; Gong et al., 2022; Cheng et al., 2023;
Peng et al., 2023). It is worth noting that a decrease in lymphocyte
count can be influenced by various factors, such as age. Therefore, it
may be valuable to investigate whether there were any differences in
age range between NTM-PD patients and control group in
future studies.

Moreover, we explored the relationship between the absolute
number of innate and adaptive immune cells in the patients with
NTM-PD and the healthy controls using PCA and correlation
analysis. It was found that total T lymphocytes, CD4" T
lymphocytes and CD8" T lymphocytes played a more critical role
in the immunity of patients with NTM-PD. Furthermore, there was
a robust positive correlation between them. Taken together, these
findings suggest that augmenting the counts of total T lymphocytes,
CD4" T lymphocytes, and CD8" T lymphocytes in patients with
NTM-PD may represent a viable strategy to prevent disease
deterioration and hinder disease progression.

NTM-PD is becoming increasingly prevalent annually,
especially in the immunocompromised population. To address
this global issue, further epidemiological clinical and laboratory
research is required to provide a robust theoretical and practical
framework for early detection, rapid diagnosis, and effective
treatment. Fortunately, with the rapid advancements in molecular
biology techniques, an expanding number of NTM strains,
including their phenotypic and genotypic drug susceptibility, have
been identified and analyzed, paving the way for appropriate and
clinically effective treatment. However, zoonotic tuberculosis (TB)
testing data from 194 countries worldwide revealed that surveillance
data on zoonotic TB was deficient in up to 89.9% of the 119 WHO
signatory countries (de Macedo Couto et al., 2022). To combat this
issue globally, we recommend that all countries incorporate the
“One Health” strategy into their TB prevention and treatment
agendas, which focuses on TB prevention and control from
human, animal, and environmental perspectives for a truly
comprehensive approach to combatting TB (Bikom et al., 2022;
Zhang et al., 2022).

The One Health approach, which recognizes the
interconnectedness of human, animal, and environmental health,
is relevant in understanding and addressing NTM-PD prevention
and treatment strategies (Zinsstag et al., 2018; Banerjee and van der
Heijden, 2023). Firstly, NTM-PD is caused by environmental
NTMs that have been found in soil, dust, water, and even in
animals, which highlights the importance of environmental and
animal health in NTM-PD prevention (Lopeman et al., 2019; To
et al., 2020). Measures such as better sanitation, proper disposal of
animal waste, and the reduction of environmental pollution can
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potentially reduce the risk of NTM-PD transmission (Pavlik et al.,
2022). Secondly, the study found that impaired immune function is
a high-risk factor for NTM-PD. This highlights the importance of
considering human health factors in NTM-PD prevention and
treatment. Improving the overall health of individuals, including
addressing underlying medical conditions and promoting healthy
lifestyles, can potentially improve immune function and reduce the
risk of NTM-PD (Gompo et al, 2020). Thirdly, the study also
identified high levels of drug resistance in NTM-PD patients, which
highlights the need for collaboration between human and animal
health experts in developing antimicrobial stewardship programs
(Rice, 2018; Twabi et al, 2021). Such programs can promote
responsible use of antibiotics to minimize the emergence and
spread of drug resistant NTM strains.

Based on the findings of this study, utilizing the One Health
approach, the prevention and control strategies for NTM-PD
should focus on improving environmental hygiene, reducing
exposure to NTM in communities, increasing awareness and
monitoring of high-risk factors, improving diagnosis and
treatment of NTM-PD, and enhancing the immune function of
NTM-PD patients through immunomodulatory therapy.
Additionally, there should be more collaboration between the
human health, animal health, and environmental sectors to
prevent and control the spread of NTM-PD.

The present study has several limitations: (1) The phenotype
DST did not account for the newly developed drugs; (2) The study
only detected lymphocyte subsets without conducting further
analysis of their functional cytokines; (3) The NTM-PD patients
and healthy individuals were recruited from a single center,
rather than multiple centers. To better comprehend the
epidemiological characteristics of NTM-PD from cellular and
genetic perspectives and formulate effective prevention and
control policies in Beijing, it is imperative to conduct a larger,
multi-center study in the future.

5 Conclusions

In this study, we investigated the clinical and immunological
features of patients with NTM-PD in a tertiary hospital in Beijing
between 2015 and 2021. The results of this study showed a
gradual rise in the incidence of NTM-PD in Beijing over the
past seven years, with the primary causative agents being M.
intracellulare and M. abscessus. Additionally, individuals with
bronchitis and COPD were more prone to developing NTM-PD.
Furthermore, the study revealed that NTM-PD patients exhibit
non-specific clinical symptoms, high rates of drug resistance,
thin-walled cavity damage on imaging, concomitant
bronchiectasis, and significantly lower absolute numbers of
innate and adaptive immune cells. These findings provide novel
insights into incidence, clinical and immunological features of
patients with NTM-PD in Beijing, which support the
development of new strategies for early diagnosis and treatment
based on drug resistance and absolute counts of immune cells, as
well as the implementation of the “One Health” approach to
NTM-PD prevention and treatment.
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