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Background: The increasing worldwide incidence of nontuberculous

mycobacterial lung disease (NTM-LD) and the similarity of its manifestations

to those of tuberculosis (TB) pose huge challenges in the diagnosis and

treatment of NTM-LD, which is commonly misdiagnosed and mistreated as

TB. Proper diagnosis and treatment at an early stage can greatly improve

patient outcomes.

Case presentation: Mycobacterium avium was identified by mNGS in lung

tissue of case 1 and bronchioalveolar fluid from case 2 that was not identified

using conventional microbiological methods. Multiple NTM species were

detected in the blood mNGS samples from case 3 who had disseminated

NTM infection. Although NTM was isolated from blood culture, conventional

methods failed to identify the organisms to the level of species. All three

patients were su�ering from and being treated for myelodysplastic syndrome,

rheumatoid arthritis, systemic lupus erythematosus, or acute lymphoblastic

leukemia,making them immunosuppressed and susceptible toNTM infections.

Case 1 and Case 2 significantly improved after anti-NTM treatment, but case

3 succumbed to the infection due to her underlying medical illness despite

aggressive treatment.

Conclusions: The cases in this study demonstrate the e�ectiveness of mNGS

in facilitating and improving the clinical diagnosis of NTM infections. We

propose combining mNGS with traditional diagnostic methods to identify

pathogens at the early stages of the disease so that targeted treatment can

be implemented.
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Introduction

Nontuberculous mycobacteria (NTM) cause infections in

various tissues, with lung infections making up about 90%

of these infections (1). To date, more than 190 NTM

species and subspecies have been identified (2). The most

common nontuberculous mycobacterial lung disease (NTM-

LD) causing species are Mycobacterium avium complex (MAC),

Mycobacterium kansasii, and Mycobacterium abscessus. NTM-

LD presents mainly as fibrocavitary disease in patients with

structural lung diseases, such as cystic fibrosis, chronic

obstructive pulmonary disease, and bronchiectasis, and as

nodular bronchiectatic disease of the lingula and middle lobe

mainly seen in middle-aged and elderly women (3). NTM also

causes infection in other tissue, including lymph and soft tissue

(4, 5).

Metagenomic next-generation sequencing (mNGS) is a

relatively new genomics-based technology with higher flux

and faster sequencing speed compared with older sequencing

technologies. mNGS offers unbiased pathogen detection by

amplifying all nucleic acid sequences in samples with random

primers (6). In this study, we used mNGS for early diagnosis of

NTM-LD in the clinic.

Materials and methods

Sample preparation, DNA extraction, and
library construction and sequencing

Bronchoalveolar lavage fluid (BALF), biopsy tissue, and

blood samples were collected from patients according to the

standard procedure. Blood samples were centrifuged at 1,500

rpm for 10min at 4◦C. The plasma layer was collected and

transferred to a new tube and centrifuged at 12,000 rpm for

10min at 4◦C. Cell-free DNA (cfDNA) was extracted from the

plasma using the TIANamp Micro DNA DP316 Kit (Tiangen

Biotech, Beijing, China) according to the manufacturer’s

protocol. DNA was extracted from BALF and biopsy tissue

samples usingQIAamp R© UCPPathogenKit (Qiagen, Germany)

in accordance with the manufacturer’s instructions. A Qubit

Fluorometer (Thermo Fisher Scientific, CA, USA) was used to

quantify the extracted cfDNA and DNA samples.

The extracted cfDNA samples were used to construct DNA

libraries utilizing the VAHTS Universal DNA Library Prep Kit

V3 for Illumina R© (Vazyme, Nanjing, China). DNA libraries

were constructed on the TruePrep DNA Library Prep Kit

V2 for Illumina R© (Vazyme, Nanjing, China) using the DNA

samples. The Agilent 2,100 Bioanalyzer (Agilent Technologies,

Santa Clara, USA) was utilized for library quality control.

These libraries were merged with others utilizing different index

sequences and then sequenced using the single-ended 75 bp

sequencing option on the Illumina NextSeq 550Dx platform.

No-template control (NTC) samples (nuclease-free H2O) were

used to monitor contaminations during each run.

Bioinformatics analysis

Bcl2fastq software (v2.20.0.422, parameters used: –barcode-

mismatches 0 –minimum-trimmed-read-length 50) was used

to generate FASTQ files for each sample. Cutadapt V2.10

(-q 25, 25 -m 50) was used to remove adapter sequences

and low-quality reads. High-quality reads were mapped to

the human genome (hg38, https://hgdownload.soe.ucsc.edu/

downloads.html#human) using default parameters on bwa-

mem 2 V2.1, and then all unmapped reads were aligned to

the NCBI nt database (https://ftp.ncbi.nlm.nih.gov/genomes/)

using BLAST V2.9.0 + (-task megablast -num_alignments 10

-max_hsps 1 -evalue 1e-10) (7). Alignments were required

to be full-length with at least 95% sequence identity. A

customized Python script was used to identify species-specific

alignments, and only alignments meeting the above criteria

were used for further pathogen identification. The remaining

microbes were defined as credible if the following criteria

were met: (1) the microbe had at least 2 non-redundant

mapped reads per million (RPM) raw sequence reads (except

for NTM) and was not detected in corresponding NTC

samples, or the RPM(sample)/RPM(NTC) was ≥ 5, which

was our empirical cutoff for differentiating true-positive from

background contamination; (2) due to the difficulty of detecting

NTM, when at least one taxon-specific, high-quality aligned read

was identified, the sample was reported as NTM positive.

Case description

Case 1

A 35-year-old male was admitted to the hospital for

fever accompanied by limb weakness, sweating, chills, and

shivering for more than one month. He had a history of

myelodysplastic syndrome, severe anemia, granulocytopenia,

and chronic hepatitis B infection. The patient lost 1.5 kg

since the onset of the fever and was treated with ibuprofen

and amoxicillin, but when symptoms did not improve, he

came to the outpatient department of our hospital for a lung

CT which showed enlarged space occupying right hilum and

mediastinal lymph node enlargement, left lower lung nodules,

double pneumonia (Figure 1). Laboratory test abnormalities

on the first day of admission included red blood cell count

2.44 × 1012 cells/L (reference range: 4.3–5.8), hemoglobin

73.0 g/L (reference range: 130–175), albumin 30.6g/L (reference

range: 35–55), globulin 41.9g/L (reference range: 20–35), C-

reactive protein 36.05mg/L (reference range: 0–10), erythrocyte

sedimentation rate 93.00 mm/h (reference range: 0–15), and

aspergillus galactomannan 5.23 ug/L (reference range: 0–0.85).
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FIGURE 1

Case 1. (A,B) Outpatient lung CT; (C,D) 9 days after admission,

pulmonary inflammation worsened, nodules increased, and

lymph nodes were more enlarged.

Acid-fast staining (bronchoalveolar lavage fluid) was negative

on day 3 of admission. Bacterial cultures were negative on

both day 5 and day 26 of admission, and fungal cultures were

negative on day 10. During hospitalization, recombinant human

erythropoietin, recombinant human granulocyte stimulating

factor, and intravenous human immunoglobulin were used to

treat his myelodysplastic syndrome.

Levofloxacin, a broad-spectrum antibiotic, and rifampicin,

an antituberculotic drug, were given empirically on the

day of admission. But these days the patient has repeated

fever, even sustained high fever. The specific cause of

the patient’s infection could not be determined because

bacterial smear did not reveal pathogenic bacteria, and blood

cultures were negative. Based on clinical experience, we

used voriconazole against fungal infections, biapenem and

doxycycline against bacterial infections, and glucocorticoids

against anti-inflammatory responses (Figure 6A). One week

after admission, a bronchoscopy biopsy showed pulmonary

granulomatous lesions. Nine days after admission, the patient’s

chest CT showed a space occupying lesion in the right hilum,

multiple enlarged lymph nodes in the mediastinum, nodules

in the left inferior lobe, thickening of bilateral interlobular

septa and thickening of the right lobular septa and thickening

of the right, lobular fissure, pneumonia (Figure 1). After 12

days of hospitalization, mNGS identified 320 sequence reads

corresponding to Mycobacterium in the lung tissue samples,

among which 262 corresponded to M. avium, accounting

for 81.2% (262/320) (Table 1). Therefore, this patient was

M. avium positive, and the antibiotic regimen was changed.

TABLE 1 Summary of results from traditional tests and mNGS.

Patient Sample Traditional

microbiological

testing

results

mNGS

results

Case 1 Lung tissue Negative M. avium

Case 2 BALF Negative M. avium

Case 3 Blood NTM M. wolinskyi;

M. Goodii;

M. Smegmatis

M. mageritense

Clarithromycin (0.5 g), rifampicin (0.45 g), levofloxacin (0.5 g),

and ethambutol (1.25 g) were given once daily, and linezolid

(0.2 g) was given twice a day as recommended by guidelines

(Figure 6A). However, the patient did not respond well

to the antibiotic drugs, and the anti-inflammatory drug

methylprednisolone was given. In the following days of

treatment, the patient still had recurrent fever with temperatures

as high as 40◦C, which could not subside on its own. Thereafter,

two more antibiotics, moxifloxacin and etimicin, were added,

and after 7 days of combined treatment (7 anti-NTM antibiotics)

the fever remitted. The patient’s temperature returned to normal

after continued treatment with this regimen for more than 20

days, and his condition improved (Figure 6A).

Chest CT scan 1 month after hospitalization showed

reduced pulmonary inflammation and lesion (Figure 2). The

patient’s temperature gradually returned to normal, and

his condition was stable. Chest CT on day 38 showed that

more of the lesions were absorbed, and lung inflammation

significantly improved (Figure 2). After a period of active

treatment, the patient’s temperature was normal, his general

condition improved significantly, and he was discharged. The

patient continued treatment with ethambutol, moxifloxacin,

clarithromycin, rifampicin, and isoniazid after discharge

(Figure 6A). On follow-up 4 months later, the patient was in

good general condition, with good sleep and no significant

change in body weight, and his lung lesions improved on chest

CT (Figure 3). This patient came back for reexamination eight

months later, and his CT showed scar formation in the right

middle lobe bronchus, and a few thin secretions were seen

during bronchoscopy (Figure 3). These results indicate that the

treatment was effective.

Case 2

A 63-year-old female was admitted to our hospital

complaining of intermittent multiple joint swelling and pain

for more than 30 years, nausea for 7 months, and cough for 6

months. She had rheumatoid arthritis, interstitial pneumonia,
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FIGURE 2

Case 1. (A,B) Chest CT 1 month after hospitalization showed

improved pulmonary inflammation and reduced lesions; (C,D)

Chest CT reexamination 38 days after admission showed more

absorption of lesions, and significantly improved lung

inflammation.

FIGURE 3

Case 1. (A,B) Chest CT 4 months later showed improved lung

lesions; (C,D) and scar formation in the right middle lobe

bronchus 8 months later.

osteoporosis, and systemic lupus erythematosus. The patient was

treated with the immunosuppressive agent hydroxychloroquine

during hospitalization and tripterygium wilfordii and pavlin

immunosuppressive agents outside the hospital. She was

previously treated at her local hospital using antibiotics, phlegm

FIGURE 4

Case 2. (A,B) Lung CT on the day of admission showed

interstitial inflammation in both lungs and cavity formation in

the upper lobe of the right lung, localized emphysema of both

lungs, mediastinal lymph node enlargement, and bilateral

localized pleural thickening; (C,D) 1 month later, CT

examination showed that the double pneumonia was slightly

more advanced than before.

and cough relieving drugs, and IV fluids, which were not

effective, and the patient’s cough worsened 20 days before

coming in. Laboratory tests on the first day of admission showed

red blood cell count 3.59 × 1012 cells/L (reference range:

3.8–5.1), hemoglobin 103.0 g/L (reference range: 115–150),

lymphocyte count 1.01 × 109 cells/L (reference range: 1.1–3.2),

monocyte count 0.73× 109 cells/L (reference range: 0.1–0.6), C-

reactive protein 59.25 mg/L (reference range: 0–10), erythrocyte

sedimentation rate 72 mm/h (reference range: 0–20). Acid-fast

staining (sputum) was positive 4 and 6 days after admission.

No bacterial growth was observed after 2 days of culture with

common bacteria. Lung CT showed interstitial inflammation

in both lungs, a cavitary lesion in the upper lobe of the right

lung, localized emphysema in both lungs, mediastinal lymph

node enlargement, and bilateral localized pleural thickening

(Figure 4).

During hospitalization, her rheumatoid arthritis was treated

with bitter melon extract and hydroprednisone, and her

osteoporosis with calcitriol. Five days after admission, mNGS

revealed infection with MAC; 2121 sequences corresponding

to Mycobacterium were detected, among which 362 (17.1%)

were MAC (Table 1). The antibiotic medication regimen was

adjusted to ethambutol (0.75 g) and rifampin (0.45 g) every

day before breakfast, levofloxacin (0.50 g) once every night,

and clarithromycin (0.50 g) twice a day. After treatment with

this antibiotic regimen, the patient’s symptoms improved
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significantly, and she was discharged from the hospital

(Figure 6B). CT examination on her one-month follow-up

showed a slight progression of double pneumonia since being

discharged from the hospital (Figure 4).

Case 3

A 2-year-old girl was hospitalized for more than 10

months for acute lymphoblastic leukemia and had a fever

for 1 day. Her medication history includes a chemotherapy

regimen comprising of vindesine, daunorubicin, pegaspargase,

and prednisone, followed by cyclophosphamide, cytarabine, and

6-mercaptopurine chemotherapy, and vindesine was used as

the maintenance therapy. During hospitalization, chemotherapy

was halted due to bone marrow myelosuppression. Laboratory

tests on the day of admission showed red blood cell count

3.76 × 1012 cells/L (reference range: 3.8–5.1), hemoglobin

102.1 g/L (reference range: 115–150), white blood cell count

0.77× 109cells/L (reference range: 3.5–9.5), neutrophil count

0.03× 109cells/L (reference range: 40–75), C-reactive protein

126.8mg/L (reference range: 0–5), and procalcitonin 0.304 ng

/ml (reference range: 0–0.046). Mycobacterium culture was

positive twice in the past hospitalization. Mycobacterial cultures

were positive on days 11, 20, and 26 of admission. There

was no common bacterial growth in blood culture for 5

days after admission 22 days. mNGS identified Mycobacterium

wolinskyi,Mycobacterium goodii, Mycobacterium smegmatis and

Mycolicibacterium mageritense and BK virus. The results of

mNGS and blood culture showedNTM infection (Table 1). Lung

CT showed mild infection with multiple nodules and thickening

of the anterior mediastinum (Figure 5). This patient was

eventually diagnosed with disseminated NTM disease, infective

endocarditis, acute lymphoblastic leukemia, hypoproteinemia,

cardiac insufficiency, multiple serous cavity effusion, and liver

injury. Intermittent fever and increased inflammatory markers

persisted even after combined treatment with rifamycin,

cefepime, levofloxacin, and azithromycin (Figure 6C). The

patient’s temperature returned to normal after being given a

low dose of dexamethasone. Because her overall response to

the treatment was not ideal, the regimen was changed to a

combination of amikacin, moxifloxacin, and cefoxitin, after

which the patient’s body temperature became stable, suggesting

that this antibiotic regimen was effective (Figure 6C). Follow-

up 2 months later showed that the lesions had shrunk, but

she still had a recurrent fever, and blood cultures remained

positive. Chest CT showed infection in both lungs and multiple

small nodules that were more severe than on the last scan,

and a new bilateral pleural effusion (Figure 5). Clarithromycin,

cefoxitin, and amikacin were added to her regimen based on our

experience and treatment guidelines. The patient was discharged

because her vital signs were stable. One month later, the patient

underwent surgery to remove tricuspid valve vegetations and

FIGURE 5

Case 3. (A,B) Lung CT on day 1 showed mild lung infection,

multiple nodules and thickening of the anterior mediastinal soft

tissue; (C,D) Chest CT showed worsened infection in both lungs,

multiple small nodules, and new bilateral pleural e�usion 2

months later.

replace the tricuspid valve. Unfortunately, this patient eventually

died of severe postoperative infection andmultiple organ failure.

Discussion

In this paper, we report three cases of NTM-LD diagnosed

using mNGS. The preferred treatment for NTM infections

is drug therapy, but treatment varies depending on the

NTM causing the infection. However, treatment outcome is

usually poor because of the increasing resistance of NTM

to many drugs. The recommended treatment for MAC is

rifampicin, ethambutol, and macrolides for 18–24 months.

Aminoglycosides, such as amikacin or streptomycin, may be

supplemented in severe cases for the first 3–6 months (8). If left

untreated, MAC lung disease (MAC-LD) can progress and lead

to extensive lung destruction and respiratory failure. Chronic

MAC-LD, if left untreated, has a 33.3% mortality rate and a

22.2% 5-year mortality rate (9).

Of the three NTM-LD cases reported in this study,

two were refractory. Case 1 was a case of refractory NTM

with granulomatous lesions on pathological studies and

recurrent fever during treatment with isoniazid, rifampicin,

ethambutol, and clarithromycin, with an additional 6 months

of moxifloxacin that may have improved his prognosis (10,

11). At present, there is no universal standard that offers a

best treatment for refractory MAC-LD. However, the use of

clofazimine and bedaquiline has been reported to increase
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FIGURE 6

(A) Case 1. Timeline of infection progression. (B) Case 2. Timeline of infection progression. (C) Case 3. Timeline of infection progression.

Frontiers in PublicHealth 06 frontiersin.org

https://doi.org/10.3389/fpubh.2022.972280
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Liu et al. 10.3389/fpubh.2022.972280

negative rates in cultures (12). Bedaquiline, developed for the

treatment of multidrug-resistant tuberculosis, has antimicrobial

activity against NTM species, including M. abscessus and MAC

(13). Bedaquiline can be supplemented to treat disseminated

NTM infections in immunocompromised patients, such as

those with HIV/AIDS (14). The addition of amikacin liposome

inhalation suspension in the treatment of refractory MAC-

LD significantly increases the probability of sputum culture

conversionwhile reducing the risk of systemic toxicity compared

with intravenous aminoglycosides (15).

Case 2 was reexamined a month after discharge, and lung

CT showed progression of inflammation and the cavitary lesion

compared to before, which we believe were due to insufficient

treatment time or drug resistance. Pulmonary cavitation is

a hallmark of tuberculosis and is associated with antibiotic

resistance (16). The supply and penetration of drugs into

the lesion was reduced because the vasculature within the

cavity was destroyed (17). A study reported a higher treatment

success rate when aminoglycosides were used for more than

3 months in patients with MAC-LD (18). Parenteral amikacin

or streptomycin is recommended by guidelines as the initial

treatment regimen for patients with MAC-LD with cavitary

lesions and macrolide resistance (2).

Case 3 is a young child with chemotherapy-induced

immunosuppression. This case is representative of increased

susceptibility to NTM in immunocompromised patients.

For instance, M. wolinskyi infections are uncommon but

reported to be associated with postsurgical wound infections,

sternal osteomyelitis, and infective endocarditis. Amikacin, an

aminoglycoside, may be a good first-choice treatment for M.

wolinskyi infections, which have been reported to be sensitive

to cefoxitin, clarithromycin and, quinolones. This case was

particularly difficult to treat because of her impaired immune

system which led to a poor prognosis and is usually the case for

patients undergoing treatment for hematologic malignancies.

Timely detection of NTM was achieved with mNGS, and

these three cases were accurately diagnosed and effectively

treated. More and more research stress the dangers of the

increasing incidence of NTM infections, and the emergence of

mNGS will become an effective tool for their diagnosis. mNGS

overcome the limitations of traditional detection methods by

simultaneously identifying a variety of pathogens. However, the

extensive application of mNGS as a first-line diagnostic measure

is limited by their high equipment and operational costs, and

in most cases, it is only used as a supplement to conventional

detection methods. It would be of great benefit to use mNGS

as a first-line test to diagnose difficult or complex infectious

diseases, especially in immunocompromised patients. mNGS is

a revolutionary test method (19) that holds great potential and is

receiving increasing support from more and more research for

its application.
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