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Growing Challenges of Lung Infections with Non-tuberculous
Mycobacteria in Immunocompromised Patients: Epidemiology
and Treatment

Weronika Burzynska - Marek Fol - Magdalena Druszczynskar<

Abstract

Non-tuberculous mycobacteria (NTM) are increasingly recognized as opportunistic pathogens in humans and animals, particularly affecting those with compro-
mised immune systems. These bacteria encompass a diverse group of mycobacterial species that are responsible for a range of infections, with pulmonary and
skin-related conditions being the most common. The rise in NTM infections in recent years is a growing concern for healthcare, highlighting the urgent need to
improve our understanding of NTM epidemiology and treatment strategies. This article reviews the NTM species associated with lung infections in immunocom-
promised patients and underscores the critical importance of advancing diagnostic and therapeutic approaches. The review is based on a thorough analysis of
scientific literature from databases such as PubMed, Scopus, and ScienceDirect, covering studies up to June 2024. Through this comprehensive analysis, the
article aims to provide detailed insights into the complexities of NTM diseases and spur further research and innovation in combating these challenging infections.
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1. Introduction

Non-tuberculous mycobacteria (NTM) encompass numer-
ous species that pose a serious threat to human health. NTM
have emerged as opportunistic pathogens causing infections
in both immunocompromised and immunocompetent individ-
uals (Gopalaswamy et al. 2020; Chai et al. 2022). Advances
in molecular diagnostics have accelerated the study of NTM
species, enabling rapid and precise identification, which is cru-
cial for timely treatment (Horne and Skerrett 2019). However,
the genetic diversity of NTM species complicates under-
standing of their pathogenesis and resistance mechanisms
(Johnson and Odell 2014; Mercaldo et al. 2023). The global
burden of NTM infections is increasingly recognized, and the
challenges posed by NTM require coordinated research and
surveillance to address this growing public health threat.

2. Characteristics and Epidemiology
of NTM

Mycobacterium, a genus within the Actinobacteria class, com-
prises over 196 species, including 24 subspecies, represent-
ing a diverse group of microorganisms with unique features
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(Parte 2014). These rod-shaped, Gram-positive bacteria are
predominantly saprophytes found in soil and water, although
several species are notable pathogens in humans and animals
(Mencarini et al. 2017; Desai and Hurtado 2021; Gunasingam
2022; Gu et al. 2023). NTM, first isolated by Pinner (1935), have
been recognized as a distinct entity within the Mycobacterium
genus, separate from the tuberculosis (TB)-causing strains.
Known by various names, including mycobacteria other than
TB and atypical mycobacteria, these organisms have garnered
attention due to their ubiquitous presence and rising incidence
worldwide (Ahmed et al. 2020). The Runyon classification,
which categorizes NTM based on pigment production and
growth rate, remains a cornerstone in understanding their
diversity (Table 1) (Runyon 1959; Herdman and Steele 2004;
Salvana et al. 2007; Abdalla et al. 2009; Tortoli 2014; Koh 2017;
Tortoli et al. 2017; Sharma and Upadhyay 2020). NTM are
prevalent in natural environments such as soil and water and
colonize artificial water systems, posing a serious challenge
to public health systems (Steglich et al. 2020). The capacity of
NTM to form biofilms enhances their survival and complicates
efforts to eradicate them from infected sites. Clinically, NTM
is known to cause a spectrum of diseases, most notably lung
infections and extrapulmonary conditions affecting the skin, soft
tissues, bones, and lymph nodes (Prevots et al. 2010; Chin et al.
2020; Ratnatunga et al. 2020; Dahl et al. 2022; Bhanushali et al.
2023). Diagnosing and treating NTM infections are fraught with
challenges, primarily due to their resistance to standard antibiot-
ics and the need for long-term therapy.
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Table 1. Short characteristics of NTM groups [based on Runyon (1959); Herdman and Steele (2004); Salvana et al. (2007); Abdalla et al. (2009);
Tortoli (2014); Koh (2017); Tortoli et al. (2017); Sharma and Upadhyay (2020)]
Classification Growth rate Characteristics Common examples
Group 1 Slow-growing Photochromogenic: Develop pigment when expo- Mycobacterium kansasii, Mycobacterium marinum
sed to light.
Group 2 Slow-growing Scotochromogenic: Produce pigment in both light | Mycobacterium scrofulaceum, Mycobacterium szulgai,
and darkness. Mycobacterium gordonae
Group 3 Slow-growing Non-photochromogenic: Do not produce pigments. | MAC, Mycobacterium ulcerans
Group 4 Fast-growing May or may not produce colored colonies. Mycobacterium fortuitum, Mycobacterium abscessus,
Mycobacterium chelonae

MAC, Mycobacterium avium complex; NTM, non-tuberculous mycobacteria.

A noticeable global increase in incidence and spread char-
acterizes the epidemiology of NTM infections, however,
accurate estimates of incidence are difficult due to lack
of required registration (Cowman et al. 2019; Thornton
et al. 2021). The global incidence of NTM lung disease
ranges from 2 to 14 cases per 100,000 persons per year
(Griffith et al. 2007). In the USA, coverage ranges from
1.0 to 1.8 cases per 100,000 persons, while in the UK,
coverage ranges from 4 to 6.1 cases per 100,000 between
2007 and 2012 (Prevots and Marras 2015; Sharma and
Upadhyay 2020). In Japan, the incidence is 13.7 cases
per 100,000 people, and in the Netherlands, it is about
5.3 cases per 100,000 (Hoefsloot et al. 2013; Morimoto
et al. 2014). In Australia, the estimated incidence rate for
all NTM increased 2.3-fold from 11.10/100,000 in 2001 to
25.88/100,000 in 2016 (Thomson et al. 2017, 2020). An
interesting observation is the higher frequency of lung dis-
eases caused by atypical mycobacteria in populations liv-
ing in coastal areas. This has been suggested to be due
to environmental factors such as soil composition, water
exposure, climate changes, and increased environmen-
tal exposure to trace metals in surface waters (Dahl et al.
2022). Climate change has contributed to the spread of
NTM, creating alterations in temperature and precipitation
patterns, influencing soil composition and water quality,
and creating favorable conditions for NTM growth (Chin
et al. 2020; Blanc et al. 2021; Kambali et al. 2021; Dahl
et al. 2022).

3. Brief Overview of NTM Associated
with Respiratory Infections

3.1. Mycobacterium kansasii

Identified in 1953, M. kansasii is one of the six most
frequently isolated NTM species, often found in tap water.
It is genetically diverse, with seven subtypes, of which sub-
type | is the most common in human infections (Griffith et al.
2007; Huang et al. 2020; Akram and Rawla 2024). In Poland,
detection rates exceed 35% of all NTM isolations, which is
higher than in Europe (5%) and worldwide (4%) (Bakuta et al.

2018). M. kansasii is a slow-growing bacterium that develops
at 32-42°C, with colonies becoming visible after 10 days at
37°C. It primarily causes lung disease, especially in people
with previous lung disease or a history of TB, but can also
infect lymph nodes, skin, and the musculoskeletal and geni-
tourinary systems (Johnston et al. 2017).

3.2. Mycobacterium chimaera

First recognized in 2004, M. chimaera, part of the
Mycobacterium avium complex (MAC), is a slow-growing
bacterium that thrives at 25-35°C, forming scotochromo-
genic, rough colonies after 6-8 weeks (Tortoli et al. 2004). It
primarily causes respiratory infections, posing a risk to those
with weakened immune systems. In healthcare, M. chimaera
is often isolated from heating/cooling units used in cardiotho-
racic surgery, leading to serious infections such as prosthetic
valve endocarditis. Symptoms are non-specific, and the incu-
bation period ranges from 1 month to 72 months (Riccardi
et al. 2020; Natanti et al. 2021). Phenotypic methods alone
cannot distinguish M. chimaera from other MAC mem-
bers. ldentification techniques include biochemical testing,
polymerase chain reaction (PCR), certain commercial myco-
bacterial detection assays, and advanced species identifica-
tion tools like MALDI-TOF MS (Buchanan et al. 2020).

3.3. Mycobacyerium abscessus

M. abscessus is a rapidly growing NTM bacterium that was
first isolated by Moore and Frerichs (1953) from the knee
abscess of a 63-year-old woman. Like other NTM species,
M. abscessus is ubiquitous in the environment, and can
endure harsh, nutrient-limited environments that would
be lethal to most competing microorganisms, such as in
chlorinated water (e.g., home and hospital water supplies)
(Lopeman et al. 2019). It divides into three subspecies:
M. abscessus subsp. abscessus, M. abscessus subsp.
massiliense, and M. abscessus subsp. bolletii, which can
be identified only by molecular methods (e.g., based on
PCR-reverse hybridization or by multiple gene sequencing
(hsp65, rpoB, erm(41) (Nie et al. 2014; Ruis et al. 2021;
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Rodriguez-Temporal et al. 2023). The bacterium is known
to cause lung infections, skin and soft tissue infections,
osteomyelitis, and disseminated infections (Moral et al.
2019; Lee and Choi 2022; Rodriguez-Temporal et al.
2023; Watanabe et al. 2023; Waugh and Wajahat 2023).
Infections caused by these bacteria are a growing public
health challenge and primarily affect immunocompromised
individuals, especially those with cystic fibrosis or chronic
lung disease (Degiacomi et al. 2019; Schuurbiers et al.
2020; Boeck et al. 2022). Due to high resistance to antibi-
otics (e.g., macrolides—mediated by inducible synthesis
of erythromycin ribosome methylase; aminoglycosides—
mediated by spontaneous single mutations in the rrs gene
encoding the 16S rRNA; fluoroquinolones—mediated by
a nucleotide variation at the quinolone resistance deter-
mining region or resistance to most p-lactams associated
with the genome of Mycobacterium abscessus complex
(MABC) encodes a class A B-lactamase [BlaMab]), treat-
ment can be very difficult and expensive, as it requires the
simultaneous use of several drugs including moxifloxacin,
amikacin, and cefoxitin (Victoria et al. 2021). M. absces-
sus is also known for forming biofilms, which can help the
bacteria evade treatment (Dokic et al. 2021; Meliefste et
al. 2024).

3.4. Mycobacterium chelonae

Identified in 1903, M. chelonae is a Runyon Group IV organism
and occurs in soil, water, and hospitals (Delghandi et al. 2020).
It grows best at 30-32°C, and colonies appear in 15 days.
M. chelonae commonly causes skin and soft tissue infec-
tions, often following medical procedures. It can also lead to
eye infections and, rarely, lung infections. The bacterium can
cause serious illness, such as bacteremia and osteomyelitis,
especially in immunocompromised individuals (Gutierrez and
Somoskovi 2014; Akram and Rawla 2024). Symptoms range
from localized skin abscesses in healthy individuals to wide-
spread skin disease in those with weakened immune sys-
tems (Vega-Dominguez et al. 2020; Gaudéncio et al. 2021).

3.5. Mycobacterium wolinskyi

Identified in 1999, M. wolinskyi is a rapidly growing NTM
that thrives at 30—35°C and develops colonies in 2—4 days
(Brown et al. 1999). It occurs in water and soil and is
associated with infections associated with medical devices
and procedures. M. wolinskyi can cause bacteremia, peri-
tonitis, and skin infections (Yoo et al. 2013; de Man et al.
2016). M. wolinskyi is part of the M. smegmatis group,
which includes M. smegmatis, M. goodii, and M. wolinskyi.
This bacterium is distinguished from its counterparts by
its variable sensitivity to certain antibiotics, including
macrolides, doxycycline, ciprofloxacin, and cefoxitin, and

notably, its resistance to tobramycin, setting it apart from
other species within this group (Ariza-Heredia et al. 2011;
Hernandez-Meneses et al. 2021).

3.6. Mycobacterium heckeshornense

Discovered in 2000, M. heckeshornense is related to M. xenopi
and grows at 37-45°C, forming scotochromogenic colonies
in about 4 weeks (Roth et al. 2000; Chan et al. 2011). It
causes syringomyelia and can infect immunocompromised
individuals. It is sensitive to several antibiotics but is resistant
to isoniazid and rifampicin (Roth et al. 2000). The bacterium
can also cause extrapulmonary disease, such as lymphad-
enitis and disseminated infections.

3.7. Mycobacterium arupense

Isolated in 2006, M. arupense forms pale pink colonies
after 3—4 weeks and grows well at 30°C (Cloud et al. 2006).
It occurs in soil, water, and clinical sources, causing lung
and joint infections, especially in immunocompromised
individuals. It is sensitive to ethambutol, clarithromycin,
and rifabutin, but resistant to rifampicin and other antibiot-
ics, which is the basis of the treatment strategy (Abudaff
and Beam 2017).

3.8. Mycobacterium parakoreense

First described in 2013, M. parakoreense grows at 37°C and
forms rough, pigmented colonies after 4 weeks (Herdman
and Steele 2004; Kim et al. 2013). It is related to M. kore-
ense and M. triviale and is distinguished by its unique genetic
sequences. M. parakoreense is sensitive to amikacin, clar-
ithromycin, and rifampicin, which allows it to be used in the
treatment of infections (Kim et al. 2013).

3.9. Mycobacterium persicum

Identified in 2017, M. persicum grows as photochromo-
genic colonies at 37°C, related to M. kansasii (Herdman
and Steele 2004). Detected in lung samples from Iranian
patients, it is sensitive to amikacin, clarithromycin, and
linezolid, but resistant to ethambutol (Shahraki et al.
2017). Restriction fragment length polymorphism analysis
further supports its classification as a novel member of the
M. kansasii complex, which includes M. kansasii and M.
gastri (Shahraki et al. 2017).

3.10. Mycobacterium basiliense
Discovered in 2019, M. basiliense grows as non-photo-

chromogenic colonies at 30°C (Seth-Smith et al. 2019).
Isolated from respiratory samples, it affects both healthy and



immunocompromised individuals. It is susceptible to a range
of antibiotics, including clarithromycin and rifampicin, offering
multiple treatment options. While it shares phenotypic simi-
larities with M. marinum, M. basiliense is capable of growing
at 37°C, distinguishing it from other related species. Further
differentiation comes from the analysis of cell wall mycolic
acids through high-performance liquid chromatography,
which revealed a distinct pattern compared with the closely
related M. marinum.

3.11. MAC

MAC infections significantly affect respiratory health, espe-
cially in people with lung disease or weakened immune
systems. MAC includes M. avium and M. intracellulare,
which are common in the environment (Loebinger 2017).
These non-motile, non-spore-forming, Gram-positive,
acid-fast bacilli grow slowly, usually needing 10-20 days
to form mature colonies. They are classified in class Ill
in Runyon’s classification. M. avium grows best at around
34.5°C, while M. intracellulare prefers around 31.5°C. Both
can grow between 28°C and 38.5°C, with M. avium able to
survive temperatures up to 49°C. This ability to adapt to
temperature contributes to their resilience and persistence
in the environment (Akram and Rawla 2024). In suscep-
tible populations, such as patients with chronic obstructive
pulmonary disease (COPD), cystic fibrosis or those under-
going immunosuppressive therapies, MAC can lead to a
chronic lung disease known as MAC lung disease (Shin
and Shin 2021). This disease process involves colonization
of the airways by bacteria, followed by local immune inva-
sion and granuloma formation (Koh et al. 2017). Diagnosis
is usually based on clinical symptoms, radiological find-
ings, and microbiological evidence of MAC from sputum
or tissue samples. Treatment of MAC infections is difficult
and requires prolonged courses of multiple antibiotics to
effectively manage the infection. The mainstays of therapy
are macrolides, rifamycin, and ethambutol. However, treat-
ment efficacy varies and there is a significant potential for
recurrence or reinfection (Kim et al. 2022).

4. Risk Factors, Pathogenesis, and
Immune Response in Pulmonary
NTM Infections

NTM infections are influenced by host-related and envi-
ronmental factors, manifesting mainly as pulmonary or
disseminated infections in immunocompromised individu-
als (Figure 1). Pulmonary NTM infections are often linked
to lung impairments from conditions like bronchiecta-
sis, COPD, emphysema, or cancer (Kumar et al. 2024).
Genetic predispositions include cystic fibrosis, o-1-anti-
trypsin deficiency, interferon (IFN)-y and interleukin (IL)-12
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receptor anomalies, primary ciliary dyskinesia, and pulmo-
nary alveolar proteinosis (Park et al. 2022). Non-genetic
factors such as medications (anti-tumor necrosis factor
[TNF]-a. agents, cytotoxic drugs, corticosteroids), gastro-
esophageal reflux disease, vitamin D deficiency, rheuma-
toid arthritis, and allergic bronchopulmonary aspergillosis
also contribute. Lady Windermere syndrome, affecting
postmenopausal women, is another risk factor (Loebinger
et al. 2023). Acquired immune deficiencies, such as HIV,
hematologic malignancies, and autoantibodies against
IFN-y, increase mycobacteriosis risk. Environmental fac-
tors include natural settings (soil, water) and artificial ones
(hot tubs, hospital facilities) harboring contaminated water
and equipment. NTM’s lipid-rich cell walls enable biofilm
formation, resisting antibiotics and disinfectants. Their spe-
cialized growth requirements often lead to underdiagnosis
in routine tests (Antczak et al. 2017; Cowman et al. 2019;
Pereira et al. 2020).

NTM diseases manifest in forms ranging from lymph node
infections to symptoms resembling aseptic meningitis.
The most common manifestation is lung infections, known
as non-tuberculous mycobacterial pulmonary disease
(NTM-PD), predominantly caused by MAC species and M.
abscessus globally (Chotmongkol et al. 2024). NTM lung
diseases exhibit three primary patterns based on their
pathology: TB-like diseases with or without lung cavitation
typically in older male smokers with COPD; bronchiecta-
sis, often in slender, non-smoking older women known
as “Lady Windermere syndrome,” and lung inflammation
resulting from continuous exposure to mycobacteria in
water systems like those in residential, office, and health-
care settings (Arend et al. 2009). Patients usually present
with mixed forms of these patterns, making typical clas-
sification challenging.

The pathogenesis of NTM-PD is complex, taking months
or years to develop, complicating diagnosis and often
making it hard to trace the infection source (Wilinska and
Szturmowicz 2010; Ratnatunga et al. 2020). Bacteria enter
via the respiratory system, colonizing bronchial epithe-
lial cells (Figure 2). The host activates airway clearance
mechanisms, but if bacteria persist, they face the innate
and acquired immune responses. Fibronectin-binding pro-
teins on bacterial surfaces allow adhesion to the respira-
tory epithelium via integrin receptors (Honda et al. 2015).
Colonizing mycobacteria undergo phenotypic changes,
enhancing macrophage conquest. Their ability to inhibit
inflammatory cytokine production and form biofilms com-
promise the immune response, allowing colonization and
invasion of bronchial epithelial cells. Mycobacteria pres-
ent in the macrophages can be killed or maintained within
them by inducing NTM genes, inhibiting macrophage func-
tions, lymphocyte proliferation, and causing macrophage
destruction and apoptosis (Honda et al. 2015). Activated
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Fig 1. Risk factors contributing to NTM infections. The risk factors for NTM infection can be broadly categorized into environmental expo-
sures, underlying health conditions, lifestyle factors, and certain procedural or occupational hazards. CGD, chronic granulomatous
disease; COPD, chronic obstructive pulmonary disease; GvH, graft versus host; IFN, interferon; IL, interleukin; NTM, non-tuberculous

mycobacteria; SCID, severe combined immunodeficiency.

macrophages produce reactive oxygen and nitrogen spe-
cies against mycobacteria. Inflammatory response results
from cytokine production by activated macrophages and
secretion of IL-12 leads to T cell differentiation into Th1
cells. Macrophages also stimulate natural killer (NK) cells
with cytotoxic properties. Dendritic cells, M cells, and
neutrophils also participate in phagocytosis (Horne and
Skerrett 2019). During a specific immune response, T lym-
phocytes recognize bacterial antigens and transform into
effector CD4* and CD8* T cells (Nair et al. 2016; Ndlovu
and Marakalala 2016; Torrelles and Schlesinger 2017; Li
et al. 2021). Antigens presented by antigen-presenting
cells through MHC class Il molecules are recognized by
CD4* Th1 lymphocytes, producing IFN-y to enhance anti-
gen presentation and macrophage killing. CD8* Tc (cyto-
toxic) lymphocytes recognize antigens through MHC class |

molecules, leading to apoptosis of infected host cells.
Tc lymphocytes release cytokines like IFN-y, mediating
the immune response. y/6 T lymphocytes also recognize
antigens without MHC C involvement (Shu et al. 2020).
When a pathogen evades the host’s immune response, it
can persist long-term. For M. tuberculosis, mechanisms
enabling persistence include granuloma formation, which
contain the bacteria and prevent clearance, and enter a
dormant state to evade immune surveillance. M. tuber-
culosis also manipulates the host’s immune response by
modulating cytokine and chemokine production, influenc-
ing granuloma macrophages to undergo transformation to
other morphological forms conducive to bacterial survival
(Etna et al. 2014; Guler et al. 2021). Granulomas consist
of a collection of organized immune cells, and using mod-
ern genetic techniques (e.g., parallel ssRNAseq), a high
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Fig 2. Immune mechanisms accompanying mycobacterial infection. GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, in-
terferon; IL, interleukin; MCAF, monocyte chemotactic and activating factor; MIF, migration inhibitory factor; RNS, reactive nitrogen
species; ROS, reactive oxygen species; TNF, tumor necrosis factor.

degree of heterogeneity between different granulomas has
been shown (Cooper et al. 2024). Host—pathogen inter-
actions modulate the processes leading to the formation
of a wide spectrum of granuloma structures even within
a single human host. From a histological point of view, in
TB frequently the most central part of the granuloma is an
acellular caseous necrotic region containing mycobacteria,
while it is also possible to form other types of granulomas,
which may not have a necrotic area and are composed
primarily of macrophages and a few lymphocytes (Guirado
and Schlesinger 2013). Macrophages play a key role in the
formation of granulomas, and they represent a significant
amount of the granuloma cell population, forming the inner
layers of the granuloma and acting as a central skeleton
that facilitates the organization of other cell types around
it. Macrophages undergo “epithelial differentiation,” tightly
assembling together to form the granuloma. Epithelial mac-
rophages are a key component of tuberculoid granulomas,
accompanied by “conventional” macrophages, foam mac-
rophages, and multinucleated giant cells (Cronan 2022).
Other cell types are also identified in the granuloma struc-
ture: neutrophils, dendritic cells, eosinophils, mast cells,

T and B lymphocytes, NK cells and innate lymphoid cells,
and even fibroblasts, and endothelial and epithelial cells,
most of which are found in the periphery of the granuloma
(Cronan 2022; Weeratunga et al. 2024). NTM mycobac-
teria are less virulent than M. tuberculosis but can pose
serious threats to immunocompromised individuals, such
as those with HIV/AIDS or undergoing immunosuppressive
therapy (Varma-Basil and Bose 2019). Studies on human
leukemia monocytic cell line Tohoku Hospital Pediatrics-1
(THP-1) infected with various NTM strains show that NTMs
adopt different strategies to manipulate host defenses for
long-term persistence (Sousa et al. 2019). Key factors
include phagosome acidification, nitric oxide (NO) produc-
tion, and cell death. Some strains are cleared within 24 h
(M. smegmatis and M. fortuitum), while others replicate
(M. avium and M. fortuitum). A study using human cells
(THP-1, monocyte-derived macrophages, and alveolar
macrophages) infected with various NTM found that mac-
rophage infectivity and virulence vary among NTM species
and isolates. Some NTMs evade antibacterial peptides
like LL-37 through modified phospholipids, representing a
novel virulence mechanism (Honda et al. 2020).
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5. Diagnosis and Therapy of Pulmonary
NTM Infections—A Perspective for
Effective Disease Control

In 2007, the American Thoracic Society (ATS) and the
Infectious Diseases Society of America (IDSA) issued a state-
ment outlining the criteria for the diagnosis and treatment of
pulmonary diseases related to NTM-PD (Griffith et al. 2007;
Daley et al. 2020a). According to these guidelines, the diag-
nosis is based on clinical symptoms, radiological findings, and
microbiological results. Clinical indicators include respiratory
symptoms (chronic or recurrent cough, sputum production,
shortness of breath) and systemic symptoms (fatigue, weight
loss, fever, chest pain). Radiological confirmation of infection
is required through chest X-rays showing nodular or cavitary
opacities, or high-resolution computer tomography showing
bronchiectasis with numerous small nodules. Microbiological
criteria include at least two positive culture results from inde-
pendent sputum samples or one positive culture from bron-
chial washings, bronchoalveolar lavage, or histopathological
examination with a positive lung biopsy, and at least one
sputum or bronchial wash positive for NTM in culture (Griffith
et al. 2007; Daley et al. 2020a). Identification mainly relies
on acid-fast bacilli staining (e.g., Ziehl-Neelsen method and
fluorescence) and testing using molecular diagnostic tools
like GeneExpert. Samples are cultured on media suitable for
NTM growth: Léwenstein—Jensen, Middlebrook, and Dubos
(Sharma and Upadhyay 2020). NTM species identification
uses biochemical tests, now being phased out for modern
techniques. High-performance liquid chromatography identi-
fies slow-growing NTM but is less specific for rapidly growing
species. Molecular methods have revolutionized identifica-
tion, including Polymerase chain reaction-restriction frag-
ment length polymorphism (PCR-RFLP), real-time PCR,
gene probes, linear probe hybridization, DNA sequencing,
and Matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF-MS). Several readymade DNA sequencing sys-
tems are available, but some species are genetically simi-
lar, complicating diagnosis. Matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF)’s effectiveness also
depends on the available sequence library (Pennington et al.
2021).

Treatment of NTM infections is complex and involves pro-
longed multidrug regimens, ranging from 3 months to 4 months
for skin and soft tissue infections to over 12 months for lung
and disseminated infections. Treatment often results in signifi-
cant side effects and is poorly tolerated, especially in patients
with coexisting diseases. New drugs used in multidrug-resis-
tant TB, such as bedaquiline, pretomanid, and delamanid,
are being tested for effectiveness against NTM. Guidelines
for managing NTM-PD follow recommendations from ATS/
European Respiratory Society (ERS)/European Society of
Clinical Microbiology and Infectious Diseases (ESCMID)/

IDSA, which are based on expert opinions, observational stud-
ies, and controlled trials, as well as the British Thoracic Society
(Haworth et al. 2017a; Daley et al. 2020b). Antibiotic therapy is
the primary treatment approach, with regimens tailored based
on the NTM species, disease severity, and drug susceptibility
results (Pathak et al. 2022). For slow-growing mycobacteria,
a typical regimen includes rifampicin or rifabutin, ethambutol,
and a macrolide for 12 months, with amikacin or streptomycin
added for severe cases during the first 3 months (Larsson et
al. 2017). Treatment for fast-growing mycobacteria depends
on in vitro sensitivity tests. Recovery rates from these infec-
tions vary from 34% to 65%, with recurrence rates of up to 48%
(Taylor and Mitchell 2023). Current guidelines recommend
continuing antibiotic therapy for at least 12 months after a neg-
ative culture conversion to minimize recurrence risk (Shulha
et al. 2019; Daley et al. 2020c). If antibiotic response is poor,
if there is macrolide resistance, or if severe symptoms like
coughing up blood occur, surgical treatment is advised (Desai
and Hurtado 2017; Haworth et al. 2017b). Surgery is used in
NTM pulmonary disease management to improve cure rates,
especially in patients with focal lesions, and must be preceded
by thorough radiological examination and/or biopsy (Lu et al.
2018). NTM infections, primarily affecting the lungs (80%—90%
of cases), show varied lesion images on computed tomogra-
phy scans and X-rays, influenced by the patient’'s immune sta-
tus and preexisting lung diseases (Jamal and Hammer 2022).
Surgical outcomes differ by institution. For example, a study
from Seoul National University Hospital reported postoperative
complications in 13.4% of NTM-PD patients, with adverse out-
comes linked to factors such as female gender and preopera-
tive positive mycobacterial cultures. In contrast, a study from
Osaka, Japan, noted a 20% adverse outcome rate with a high
rate of negative sputum culture conversion (Fukushima et al.
2020; Kim et al. 2021, 2023). Addressing antibiotic resistance
is crucial for managing NTM-PD, as resistant strains lead to
low culture conversion rates and high 5-year mortality (van der
Laan et al. 2022). An innovative approach in NTM-LD therapy
involved using three bacteriophage strains to treat M. absces-
sus infection in a teenager with cystic fibrosis at Great Ormond
Street Hospital in London. Phage therapy successfully elimi-
nated the pathogen without cytotoxic effects, unlike traditional
chemotherapeutics. However, phage therapy has significant
limitations. Bacteriophages are highly specific to particular
bacterial strains, requiring the screening of over 10,000 phage
strains, with two genetically modified, to find three actives
against M. abscessus. The therapy did not yield the same
results against different M. abscessus strains in other patients.
Thus, while phage therapy shows promise, its need for a
highly individualized approach limits its widespread use in the
near future (Dedrick et al. 2019; Laudone et al. 2021). An inter-
esting solution is using liposomes as carriers for antibiotics,
addressing the poor penetration of drugs into macrophages
and cells targeted by pathogens and biofilms, including NTM.



While liposomes are widely used for various applications,
they have not been extensively used in mycobacterial infec-
tion therapy. The only approved liposomal therapeutic for
treatment-resistant Mycobacterium avium complex pulmonary
disease (MAC-PD) in the USA, EU, and Japan is a liposomal
inhalation suspension of amikacin (ALIS). ALIS, composed of
dipalmitoylphosphatidylcholine and cholesterol, is designed
to provide strong antibacterial activity against MAC, targeted
delivery to infection sites, and penetration into intracellular
spaces, including macrophages and biofilms (Shirley 2019;
Hoy 2021; Winthrop et al. 2021; Morimoto et al. 2024).

The search for new chemotherapeutic agents with antituber-
cular effects is a direct approach. Several new antibiotics,
including novel benzimidazoles like SPR719 and EJMCh-6,
have shown potency in lab tests against various NTM spe-
cies (e.g., M. ulcerans, M. marinum, M. chimaera, M. avium,
M. abscessus) (Pidot et al. 2021; Quang and Jang 2021;
Aragaw et al. 2022). Studies on SPR720 for MAC-PD have
entered phase 2a trials but were suspended by the U.S.
Food and Drug Administration. Additionally, delamanid and
pretomanid, two new anti-TB drugs, are being considered
for M. abscessus, though further research is needed to con-
firm their effectiveness (Kumar et al. 2022). Investigating
drug administration through inhalation offers an alterna-
tive to antibiotics, such as NO or granulocyte-macrophage
colony-stimulating factor (GM-CSF). Studies with NTM-PD
patients showed that inhaling 160 ppm of NO for 50 min,
three times daily, 5 days a week for 3 weeks, improved
clinical symptoms and reduced NTM presence in sputum
cultures (Flume et al. 2023). Inhaling GM-CSF could also
be beneficial for NTM therapy. Macrophages activated by
GM-CSF can better combat NTM. Monocyte-derived mac-
rophages in bronchiectatic airways are less effective at kill-
ing NTM compared with resident alveolar macrophages due
to limited GM-CSF exposure. Treatment with GM-CSF may
enhance the ability of these macrophages to eliminate NTM,
even when standard antibiotics fail (Hisert et al. 2023). In
2023, the clinical trial with 32 NTM-PD patients treated with
inhaled GM-CSF (300 pg/day for 48 weeks) showed a 25%
culture conversion rate, mainly in M. avium complex cases
(Thomson et al. 2023).

The role of the M. bovis Bacillus Calmette-Guérin (BCG)
vaccine in NTM therapy remains under investigation, aiming
to establish long-lived memory T cells. Before modern HIV
treatments, disseminated infections from NTM, especially M.
avium complex, were more frequent, highlighting the role of
CD4* T cells in defending against mycobacterial infections
(Verma et al. 2020). In studies on immunocompromised mice,
the BCG vaccine reduced the bacterial burden in the lungs
and spleen. DNA plasmids and recombinant BCG vaccines
encoding specific mycobacterial genes have shown prom-
ising effects against M. avium (Orujyan et al. 2022). Abate
et al. (2019) demonstrated that BCG immunization induces
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cross-reactive T cells inhibiting intracellular replication of M.
avium and M. abscessus, increasing IL-17 and IFN-y pro-
duction. However, a study with 1000 participants at Seoul
National University Hospital found that BCG was not protec-
tive against NTM-PD progression (Kwak et al. 2022). This
might be influenced by the number of BCG doses. In most
countries, only one dose is given shortly after birth, or revac-
cination is carried out at a later age, as was the case in South
Korea, Singapore, Taiwan, and Malaysia; however, these
countries withdrew from this practice now (Tam and Leung
2000). Meanwhile, in Turkey, full immunization includes up
to five doses: at birth, at 2 months after birth, at 67 years
of age, at 11-12 years of age, and at 1617 years of age
(Verma et al. 2020). Further research is therefore necessary,
both in vitro and cohort studies, which will improve our knowl-
edge on how BCG vaccination affects NTM infections/out-
come and the persistence of NTM in the human host.

6. Conclusions

The increasing prevalence of NTM infections requires a com-
prehensive understanding of their epidemiology, etiology,
and clinical manifestations. Current diagnostic methods often
fail to accurately identify NTM infections, delaying treatment
and leading to poor outcomes. Thus, developing more sensi-
tive and specific diagnostic tools is critical for early detection.
Treating NTM infections also presents significant challenges.
Current regimens, while sometimes effective, often fail and
are associated with side effects. Drug resistance further
threatens treatment efficacy, underscoring the urgent need for
novel therapeutics that improve efficacy and reduce adverse
effects. Future research should prioritize understanding NTM
pathogenesis and drug resistance mechanisms and identify-
ing new therapeutic targets.
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