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Abstract: The incidence and prevalence of non-tuberculous mycobacteria (NTM) infections are steadily
increasing worldwide, partially due to the increased incidence of immunocompromised conditions,
such as the post-transplantation state. The importance of proper diagnosis and management of
NTM infection has been recently recognized. Host immunological responses play integral roles in
vulnerability to NTM infections, and may contribute to the onset of specific types of NTM infection.
Furthermore, distinct NTM species are known to affect and attenuate these host immune responses
in unique manners. Therefore, host immune responses must be understood with respect to each
causative NTM species. Here, we review innate, cellular-mediated, and humoral immunity to NTM
and provide perspectives on novel diagnostic approaches regarding each NTM species.

Keywords: nontuberculous mycobacteria; host immune response; immunocompromised host;
multilocus sequence typing database; GPL core IgA antibody

1. Introduction

Non-tuberculous mycobacteria (NTM) are ubiquitous environmental organisms of considerable
clinical relevance, which are commonly found in water and soil [1]. Population-based data show that
the incidence of NTM infections is increasing worldwide, notably, NTM infections have surpassed
Mycobacterium tuberculosis (Mtb) infections in developed countries [2]. NTM infections occur in
lymph nodes, skin and soft tissues, lung, and systemically (i.e., disseminated infection). Despite the
ubiquitous presence of NTM species in the environment and presumably pervasive human exposure,
the occurrence of NTM-related diseases is relatively infrequent [3]. This discrepancy suggests that
NTM species possess low to moderate pathogenicity, such that host risk factors may play integral
roles in vulnerability to NTM infections. Thus, individuals with abnormal immune systems exhibit an
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elevated risk of NTM infection; because of its chronic nature, NTM infection constitutes a significant
health burden on various populations and is an important cause of morbidity and mortality [4,5].
As shown in Figure 1, environmental exposures, host factors, and organismal factors contribute to
development and progression of NTM infection. Innate immune responses play crucial roles in
recognizing and eliminating these pathogens. Furthermore, cytokine networks (e.g., tumor necrosis
factor-α, interleukin [IL]-12, and interferon [IFN]-γ) play essential roles in regulating and bridging
innate and adaptive immune responses through the induction and resolution of inflammation.

Although considerable information is available concerning human immune responses to
mycobacteria, most of this information involves responses to Mtb. The Bacillus Calmette-Guérin (BCG)
vaccine has been administered in several countries to prevent tuberculous meningitis in childhood,
based on similarities in the immune reactions to Mtb and BCG. However, recent studies have shown that
the human immune system exhibits some differences in responses to Mtb and NTM species, as well as
responses to specific NTM subspecies. Therefore, an understanding of species and subspecies-specific
human immune reaction is necessary to develop useful serodiagnostic tests and effective vaccines, as
well as to discover new therapeutic targets in NTM. In this paper, we reviewed innate, cellular-mediated,
and humoral immune responses to NTM infections and novel diagnostic approaches regarding each
NTM species. We also reviewed reports that have focused on differences in immune responses to
multiple subspecies of mycobacteria. Finally, we discussed what is needed in future studies regarding
human immune responses to NTM.
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Figure 1. Schematic representation of complex interactions between hosts and pathogens in
non-tuberculous mycobacteria (NTM) infection. Environmental exposures, host factors, and organismal
factors contribute to development and progression of NTM infection. Comprehensive understanding
of these processes is necessary for early and proper management of NTM infection.

2. Innate Immune Response to NTM Infection

The innate immune system is a form of host defense that promptly senses invading pathogens
through pattern recognition receptors (PRRs). These receptors recognize molecular structures (i.e.,
pathogen-associated molecular patterns [PAMPs]) that are common to multiple pathogens. Major cell
types in the innate immune system are macrophages and dendritic cells, which phagocytose and kill
pathogens. These cells also produce inflammatory and anti-inflammatory cytokines through activation
of multiple signaling pathways, triggered by PRR recognition of PAMPs. Mycobacterial PAMPs include
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components of the cell wall and nucleic acids. The mycobacterial cell wall is composed of lipids
and polysaccharides. It also contains large quantities of mycolic acid (MA) [6,7]. Lipomannan (LM),
lipoarabinomannan (LAM), phosphatidylinositol mannosides (PIMs), and MA are well-known specific
components of the mycobacterial cell wall, which are reportedly ligands for PRRs [7]. LM and LAM
are complex lipids on the mycobacterial cell surface and these lipids are presumed to be important
in contact with the host [8,9]. The sugar moieties of those lipids differ among mycobacterial species.
Additionally, nucleic acids from pathogens have been reported to serve as PAMPs, unmethylated CpG
motifs of mycobacterial DNA are also recognized as PAMPs [10]. These mycobacterial PAMPs induce
critical immune responses in innate immune cells through PRRs.

All PRRs sense mycobacteria and these sensing receptors include Toll-like receptors (TLRs),
Nod-like receptors (NLRs), retinoic acid-inducible gene-I-like receptors, and C-type lectin receptors
(CLRs). TLRs have fundamental roles in recognition of both intracellular and extracellular PAMPs [11].
In mucosal and innate immune cells, TLRs 1, 2, 4, 5, and 6 are expressed on the cell surface, while
TLRs 3, 7, 8, and 9 are expressed on the intracellular endoplasmic reticulum. With the exception of
TLR3, all TLRs transduce down-stream signals through myeloid differentiation factor 88 (MyD88)
via TLR-MyD88 pathways [12]. Among these, TLR3 and TLR4 also have TLR-MyD88-independent
pathway, and TLR domain-containing adapter inducing IFN-β (TRIF) is an adapter responsible for this
pathway. On the other hand, TRIF can regulate TLR5 activity by inducing proteolytic degradation of
TLR5 [13]. TLRs 2, 4, and 9 reportedly recognize mycobacteria [14–17]. TLR2 recognizes lipoproteins,
peptidoglycan, and glycolipids (e.g., LAM, LM, and PIMs) [18,19]. With respect to NTM infection,
TLR2 (not TLR4) has been reported to recognize Mycobacterium avium in vitro [20]. Glycopeptidolipids
(GPLs), unique lipids in NTM, are reportedly recognized by TLR2 [21]. After infection with M. avium,
TLR2-deficient mice showed suppression of bacterial clearance, compared with wild-type mice;
conversely, TLR4-deficient mice showed similar bacterial clearance, compared with wild-type mice [22].
Feng et al. reported that bacterial clearance was suppressed more severely in MyD88-deficient
mice than in TLR2-deficient mice. This finding indicated that MyD88-dependent signals leading to
nuclear factor-κB (NF-κB) and MAPK activation via IL-1 receptor-associated kinase (IRAK) and TNF
receptor-associated factor (TRAF) from multiple TLRs, including TLR2, might be necessary to regulate
M. avium infection. In addition, TLR6- and TLR9-deficient mice were both found to exhibit impaired
M. avium clearance [23,24]. In humans, impaired expression of TLR2 has been associated with NTM
infection [25], specifically, patients with NTM infection showed lower TLR2, IL-12p40, and tumor
necrosis factor-α mRNA levels in peripheral blood monocytes, compared with healthy controls [25].

Nod-like receptors (NLRs) are cytosolic PRRs, and essential component of multiprotein
inflammasome complex [26]. Assembly and activation of inflammasomes are induced by
oligomerization of NLRs upon their activation. Inflammasome activates the pro-caspase-1 to produce
active caspase-1 subunits, which subsequently promotes the IL-1β maturation and secretion [27].
Inflammasome complex also play roles in response to NTM infection [28,29].

C-type lectin receptors (CLRs) constitute a family of receptors that bind sugar-containing ligands
on the surface of pathogens. Several lipids on mycobacteria have been identified as ligands for CLRs.
Trehalose-6,6-dimycolate, the mycobacterial cord factor, is the ligand of Macrophage-Inducible C-Type
Lectin and Macrophage C-type Lectin [30]. Tri- and tetra-acylated PIMs are recognized by Dendritic
Cell Immunoactivating Receptor [31]. Mannose-capped-LAM (Man-LAM), an abundant cell-wall
lipoglycan, is known to be recognized by Dectin-2 [32]. Notably, Dectin-2-deficient mice showed
inefficient M. avium clearance from the lung, compared with wild-type mice. Man-LAM induces
both pro-inflammatory and anti-inflammatory cytokine production through Dectin-2, indicating that
Dectin-2 might contribute to M. avium infection.

Other receptors have been reported to sense mycobacterial components. For example, mannose
receptor C-types 1 and 2 recognize LAM and Man-LAM [33]. While specific intracellular adhesion
molecule-3 grabbing molecule-3 senses LM and Man-LAM, dendritic cell-specific intracellular adhesion
molecule-3-grabbing nonintegrin recognizes Man-LAM [34].
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Macrophages play a central role in mycobacterial pathogenesis. Generally, macrophages eliminate
mycobacteria through several mechanisms, such as production of reactive oxygen intermediates,
reactive nitrogen intermediates, and free fatty acids [35]. However, some reports suggest that those
mechanisms do not function properly in the context of M. avium infection [36]. Thus, M. avium
may inhibit NF-κB activation and phagolysosome fusion [37]. Furthermore, M. avium-infected
macrophages produce both pro-inflammatory cytokines and anti-inflammatory cytokines. Thus,
several immunosuppression mechanisms can lead to NTM survival in hosts.

Several diseases, which cause defects in innate immunity, lead to enhanced susceptibility to NTM
infections. Mutations in the IKBA or IKBKG/NEMO genes result in the inhibition of TLR-mediated
NF-κB activation [38,39], which can lead to the onset of multiple infections, including NTM. Gene
mutations, such as the Arg753Gln polymorphism in TLR2, are associated with tuberculosis [40].

3. Cellular-Mediated Immune Responses to NTM Infection

After pathogens have been sensed by the innate immune system, cytokine networks play
crucial roles in bridging innate and adaptive immunity [41]. Among them, type I cytokines (e.g.,
IL-12 and IFN-γ) have been reported to be critical regulators of T cell responses in mycobacterial
disease [42]. IL-12 represents the junction between innate and adaptative immunity [43]. Endocytosis
of mycobacteria triggers IL-12 production by innate immune cells. CD4+ T cells, which are activated
by IL-12, differentiate into T-helper 1 subpopulations (Th1). Th1 cells and CD8+ T cells, which are also
activated by IL-12, secrete high amount of IFNγ which is extremely important for host defense against
mycobacteria [44]. Therefore, the communication between innate and adaptive immunity, mediated by
IFNγ and IL-12, plays a very important role in the control of infections by mycobacteria. In addition to
Th1 T cells, Th17 T cells, another subpopulation of CD4+ T cells, produce IL17, IL21, and IL22 and
affect the outcome of NTM infections by regulating neutrophil infiltration [45].

Mutations in five molecules in the IFN-γ/IL-12 pathway, including IFN-γ receptor 1 (IFN-γR1),
IFN-γR2, IL-12p40, IL-12 receptorβ1 (IL-12Rβ1), and STAT1, have been identified in a genetic syndrome
with enhanced susceptibility to mycobacterial infection: Mendelian Susceptibility to Mycobacterial
Disease [46]. STAT1 is a transcription factor downstream of the IFN-γ/IL-12 pathway. Various clinical
syndromes with different severities have been reported in association with mutations of this gene.

The acquired immunodeficiency caused by production of anti-IFN-γ autoantibodies also leads to
NTM infection [47]. Anti-IFN-γ autoantibodies are frequently found among Asian patients without
acquired immune deficiency syndrome who exhibit disseminated NTM infection [48].

The loss of T-cell function is a risk factor for NTM infection. This includes severe combined
immune deficiency [49], isolated CD4+ T lymphocyte deficiency [50], and acquired immunodeficiency
syndrome induced by human immunodeficiency virus, which destroys CD4+ T lymphocytes [51].

Natural killer (NK) cells and natural killer T cells also play crucial roles in innate host defense
against NTM infection. NK cells are granular lymphocytes with potent cytolytic capacity and they
function during early infection and are independent of major histocompatibility complex signaling.
MA, an abundant lipid component of the mycobacterial cell wall, is a ligand for the natural cytotoxicity
receptor, NKp44, on NK cells [52]. NK cells produce IFN-γ and IL-22, which can inhibit intracellular
mycobacterial growth by activating phagolysosomal fusion [53]. Natural killer T cells (NKT cells) are
CD1-restricted T cells that possess semi-invariant T cell receptors. NKT cells recognize lipid antigens
(e.g., MA, LAM, PIM, glucose monomycolate, and GroMN, a member of the CD1 family [54,55])
and can produce several cytokines immediately after activation [56]. NKT cells might play roles in
modulating immune response after NTM infection, as well as Mtb infection [57].

NTM Infections Affect Immunocompromised Organ Transplanted Patients

Solid organ transplant recipients, who require immunosuppressive agents to prevent rejection,
are at greater risk for NTM infection due to depressed cellular-mediated immunity, compared with the
general population. In contrast to the incidence of Mtb, which has decreased in developed countries [58],
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NTM infections now represent a considerable disease burden in organ transplant recipients. Moreover,
NTM infections cause substantial morbidity and mortality, because of difficulties in disease recognition,
diagnosis, and complex drug interactions [59]. In organ transplant recipients, the median onset of
NTM infection typically occurs > 1 year after transplantation [60]. NTM infection is reported to occur
in 0.5–8.0% of patients who undergo lung transplantation [60,61]. Pleuropulmonary disease is the
most common manifestation of NTM infection after transplantation, occurring in > 50% of patients;
cutaneous and disseminated infections are also common in these patients [61]. Among NTM species,
M. avium complex (MAC), Mycobacterium kansasii, Mycobacterium abscessus, and Mycobacterium xenopi
are frequently isolated [61]. Prednisolone and calcineurin inhibitors (e.g., cyclosporin) are the main
immunosuppressive drugs after transplantation. Because these drugs are metabolized by CYP450
enzyme, which is induced by rifampicin and reduced by macrolides, drug interactions associated with
CYP450 must be considered when adjusting the dosages of these drugs, which is often difficult.

In a previous study, 71 patients received lung transplantation between January 2000 and December
2019 in our hospital, of these 71 patients, four (5.6%) met diagnostic criteria for NTM pulmonary
disease, based on American Thoracic Society and Infectious Diseases Society of America guidelines,
and received treatment. NTM species were not detected in any examination prior to transplantation.
Surveillance bronchoscopy examinations were performed several times during the first year after
transplantation, then annually thereafter, in accordance with our institutional protocol [62]. After
the fifth year, clinically indicated bronchoscopy examinations were performed, in addition to regular
sputum and imaging examinations, when rejection or respiratory infection was suspected. As shown
in Table 1, all patients exhibited pleuropulmonary disease. Two (50%) patients died after treatment
of NTM. In Patient 2, M. abscessus infection after transplantation caused lung destruction, which
resulted in exacerbation of chronic respiratory failure. In Patient 4, M. intracellulare infection occurred 1
year after transplantation; despite extensive multidrug treatment with rifampicin, ethambutol, and
clarithromycin, the patient exhibited acute humoral injection and died. In our case series, the time
of onset and incidence of NTM infection after lung transplantation were comparable to the findings
in previous reports. Several studies have shown that MAC and M. abscessus are the most common
pathogens in lung transplantation recipients [61,63], which are similar to our findings. Mortality
is higher in post-transplant NTM infections, thus, early diagnosis and treatment are extremely
important. As in our Patient 4, drug-drug interactions create difficulty in maintaining balance between
immunosuppressive drugs and antimycobacterial therapy in organ transplant recipients with NTM
infections. In our study, all patients exhibited non-cavitary nodular bronchiectatic disease, which
results from airway clearance defects. Thus, the weakened immune response would have led to poor
pathogen clearance. Additionally, the findings suggest a close relationship between cell-mediated
immunity and cavity formation [64]. Overall, prevention of NTM infection among post-transplant
patients is necessary by performing serodiagnostic detection of early-stage NTM infection, as well
latent infection, in both donors and recipients. Furthermore, NTM must be identified at the subspecies
level by genomic analysis, which enables treatment with NTM-subspecies-specific regimens.
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Table 1. Clinical characteristics and outcomes of patients with NTM infection after lung transplantation.

No. Age Sex Primary
Disease

Procedure of
Transplant

Immuno-Suppressive
Agents Species Radiologic

Features
Site of

Infection
Time to Isolate

(months) Treatment Outcome

1 10 M PAH DLT TAC, MMF, PSL M. gordonae Non-cavitary NB Transplanted 76 None Alive
2 35 F BE DLT CyA, MMF, PSL M. abscessus Non-cavitary NB Transplanted 82 IMP, CAM, AMK Dead
3 41 F LAM SLT CyA, MMF, PSL M. abscessus Non-cavitary NB Transplanted 58 IPM, AMK, AZM Alive
4 39 M IIP SLT CyA, MMF, PSL M. intracellulare Non-cavitary NB Native 12 RFP, EB, CAM Dead

PAH: pulmonary arterial hypertension, NB: nodular bronchiectatic, BE: bronchiectasis, LAM: lymphangioleiomyomatosis, IIP: idiopathic interstitial pneumonia, DLT: double lung
transplantation, SLT: single lung transplantation, TAC: tacrolimus, MMF: mycophenolate mofetil, PSL: prednisolone, CyA: cyclosporine, AZM: azithromycin, IPM: imipenem/cilastatin,
AMK: amikacin, RFP: rifampicin, EB: ethambutol, and CAM: clarithromycin.
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4. Humoral Immune Response to NTM Infection

Mycobacteria are intracellular pathogens; thus, research concerning human protective immunity
against these bacteria has mainly focused on cell-mediated immunity. However, B cells or
antibody-responsive innate immune cells, which bear Fc receptors, are the major cellular components of
granulomatous tissue in lungs affected by mycobacterial disease [65]. Furthermore, experimental animal
models of mycobacterial infection have revealed that humoral immunity plays a role in the response
to this type of infection [66]. Blood-based transcriptomic analysis among human immunodeficiency
virus-infected patients revealed that complement activation via immune complex formation is an early
event in tuberculosis [67]. Thus, a better understanding of humoral immunity against mycobacteria is
necessary for the development of effective treatments and vaccines [68]. Mycobacteria are known to
have cell wall-bound, cytoplasmic antigens and they also actively secrete immunogenic proteins. Thus
far, multiple serum antibodies against these mycobacterial antigens have been mainly studied for use
as biomarkers [69]. The possibility of protective antibodies against mycobacteria was demonstrated
by an inverse relationship between the presence of the antibody and susceptibility to infection and
disease in several vaccine studies [68].

To clarify the role of humoral immunity in mycobacterial disease, monoclonal antibodies against
mycobacterial antigens have been produced and analyzed. Hamasur et al. showed that a mouse
monoclonal IgG1 antibody to lipoarabinomannan (SMITB14) was protective against tuberculosis
in intravenously infected mice [70]. Balu et al. produced a recombinant human IgA1 antibody
against mycobacterial α-crystallin (2E9IgA1) and showed its protective effect from intranasally infected
mycobacteria in human CD89 (Fcα R1) transgenic mice [71].

Factors that affect antibody function have been investigated. The Fc class-switch recombination,
which results in section of different isotypes, affects antibody distribution. Zimmermann et al. showed
that IgA (not IgG) antibodies to LAM and heparin-binding hemagglutinin blocked Mtb activity,
suggesting the importance of mucosal immunity [72]. Posttranslational modification by glycosylation
is another method to modulate antibody function. Lu et al. found that the constant (Fc) antibody
domain is differentially glycosylated according to the state of tuberculosis disease. Di-galactosylation or
sialylation of asparagine residue (Asp297) in the CH2 domain was more frequently found in antibodies
from patients with latent tuberculosis and associated with enhanced Fc effector profiles (including
selective binding to FcγRIII), compared with patients with active tuberculosis [73].

In the pathology of pulmonary mycobacterial disease, the early stage of Mtb infection in the
lung is a necrotizing bronchopneumonia, followed by the formation of granuloma with caseous
necrosis. It is characterized by a central zone of necrosis surrounded by epithelioid histiocytes. These
pathological features are also found in NTM infections [74]. Although the histological features of Mtb
and NTM infections are usually very similar, biopsies from immunocompromised individuals such as
HIV/AIDS patients frequently show variant patterns of ill-defined granulomas, distributed randomly,
so called miliary disease, more common in Mtb than NTM [75]. As histological and radiological
findings consistent with bronchiectasis and centrilobular nodules, infiltration of lymphocytes and
epithelioid cells under the bronchiolar mucosa is widely observed in Mtb and NTM infections, and
these findings are considered to be the reflection of on-going pathologic process of bronchiolitis and
bronchiectasis [74,75]. Future studies evaluating the differences in pathological findings between Mtb
and NTM are necessary.

Cavity formation is the hallmark of active mycobacterial disease. Delayed type of hypersensitivity
to mycobacterial antigens is known as an essential factor for caseous necrosis and cavity formation [64].
Comprehensive analysis of serum antibodies using an entire Mtb proteome microarray suggested that
the number of mycobacterial antigens—including those with adjuvant activity for cellular-mediated
immunity, which were recognized by patients’ serum antibodies—increased with an increasing bacterial
burden [76]. These antibodies might mediate anti-inflammatory functions through sequestration of
mycobacteria-derived adjuvants and prevention of cavity formation.
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5. Novel Diagnostic Approach to NTM Infections

5.1. Serodiagnosis for Mycobacterium Avium Complex Pulmonary Disease

Several NTM species, including MAC, M abscessus, and M chelonae, express GPLs in the outer
layer of the mycobacterial envelope. The core structure of GPLs, which is common to all GPLs,
is a 3-hydroxy or 3-methoxy C26–C33 fatty acyl chain N-linked to a tripeptide-amino-alcohol,
D-phenylalanine-D-allo-threonine-D-alanine-L-alaninol. In MAC, the allo-threonine of this GPL-core
is glycosylated by different oligosaccharide-chains, thus producing 31 serotype-specific GPLs. Each
MAC strain expresses one of these serotype-specific GPLs [77]. A serological test kit was previously
developed for use in diagnosis of MAC disease. The kit was commercialized (Capilia™ MAC Ab
ELISA, Tauns Co., Ltd., Shizuoka, Japan) and has been widely used in clinical practice in Japan since
2011 [78]. The kit measures serum IgA antibody against the GPL core, which is a major surface antigen
of MAC. Antibody levels are elevated in patients with MAC pulmonary disease, but not in patients
with other pulmonary infections (e.g., pulmonary tuberculosis) or in individuals with contamination or
colonization alone. A meta-analysis reported that respective estimated sensitivity and specificity values
were 69.6% (95% confidence interval, 62.1–76.1%) and 90.6% (95% confidence interval, 83.6–95.1%) [79].
Moreover, respective positive and negative likelihood ratios were 7.4 (95% confidence interval, 4.1–13.8)
and 0.34 (95% confidence interval, 0.26–0.43). Thus, the kit is useful for simple and rapid diagnosis of
MAC pulmonary disease.

Subsequent studies revealed that antibody levels were significantly reduced by successful
multidrug combination chemotherapy, whereas the levels increased in patients with recurrence [80]. In
addition, antibody levels decreased after surgery in most patients who underwent surgical resection,
compared with the levels before surgery [81]. These results suggested that the antibody levels reflect
disease activity; serial measurement of antibody levels in a patient may be useful for monitoring
disease activity.

In patients with tuberculosis, the establishment of a host adaptive immune response toward Mtb,
which is now measured by an interferon-γ release assay, is regarded as a sign of latent infection. It
should be clarified whether a condition similar to latent tuberculosis infection also exists in patients with
NTM infection, and whether positive results in the Capilia™MAC assay are indicative of this condition.

In summary, serodiagnosis has good sensitivity, specificity, and positive predictive value.
Combined with current diagnostic criteria, serodiagnosis is useful as an auxiliary diagnostic tool and
may be useful for monitoring disease activity in a patient. However, there is insufficient information to
endorse its routine use in clinical practice worldwide. Most published data have been from East Asia,
thus, further validations are needed in various regions.

5.2. Rapid and Comprehensive Identification of NTM Species by MLST Database

NTM Infections are extremely diverse and manifest as a large spectrum of diseases that affect
several organs and immune responses to these pathogens differ depending on the species [82].
Furthermore, MAC, one of the most frequent pathogens among 200 NTM species, consists of 31 distinct
serotypes, which are distinguished by serotype-specific GPLs in the outer layer of the mycobacterial
envelope. Each serotype of MAC is recognized differentially by the host immune system and affects
the clinical course or prognosis [83]. Recently, differences in pathogenicity among NTM subspecies
has begun to receive attention. Although the prevalence of NTM infection is lower than that of Mtb
infection, more accurate identification is necessary for NTM strains that exhibit a wide variety of genetic
backgrounds, such as virulence factors and antimicrobial resistance. In this context, various methods
have been proposed thus far for identification of mycobacterial species. In addition, an understanding
of subspecies-specific human immune reactions is necessary to develop useful serodiagnostic tests and
effective vaccines, as well as to discover new therapeutic targets in NTM.

Currently, next-generation sequencers enable rapid and precise identification of NTM subspecies
by multi-locus sequence typing (MLST). This method has facilitated accurate identification of important
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subspecies during treatment of NTM infection. Accumulation and integrated comparison of genomic
sequences obtained by MLST may enable more detailed typing related to prognosis and treatment
resistance among new subspecies.

Typical molecular diagnostic techniques utilize genetic information for identification of NTM
species [84]. Polymerase chain reaction and transcription reverse-transcription concerted reaction
assays are used in practice to detect several housekeeping genes (e.g., 16SrRNA, rpoB, and hsp65).
Although these conventional amplification-dependent analyses are highly sensitive and can directly
identify clinical specimens without the requirement for culturing, detectable species remain limited to
well-known mycobacterial species. MLST is also a well-known method that utilizes genetic information
for accurate species identification. The MLST approach achieves strain-level identification by preparing
a corresponding MLST database consisting of profiles from the taxon of interest [85]. A widely used
MLST approach can discriminate organisms at the species level by analysis of seven housekeeping genes
commonly conserved among taxa. There are other approaches for identification of bacteria without
the use of genetic information, such as mass spectrometry [86] or microspectrometry [87]. The mass
spectrometry-based method is a low-cost, well-established approach for mycobacterial identification
and rapid detection of pathogens from isolates at the species level. However, detectable species
are limited, as mentioned for the polymerase chain reaction- and transcription reverse-transcription
concerted-based methods. For species identification, the genetic information-based approach has
the highest specificity because current taxonomic classification relies on genomic aspects due to the
development of molecular diagnostic techniques.

In recent decades, novel approaches for using large-scale genetic information obtained from
whole-genome sequencing are coming to the forefront due to the development of next-generation
sequencing (NGS) technologies. The whole-genome sequencing approach can directly discriminate
species at the strain level by focusing on species-specific regions [88,89], thus enabling specific
detection of pathogens with a small amount of data (e.g., from metagenomic DNA analyses). Other
identification methods also utilize the overall genome relatedness index [90], such as average nucleotide
identity [91,92] or genome-to-genome distance [93]. Overall genome relatedness index approaches
using whole-genome information are highly sensitive and applicable to many organisms with available
genome sequences. The average nucleotide identity index has been used as a measure of taxonomy
classification. This index is also employed for mycobacterial species identification. However, the
average nucleotide identity index cannot distinguish two genetically closely related but different
species, notably, various concepts of species (e.g., biological, ecological, and genomic aspects) coexist
in the taxonomy classification [15,94]. For mycobacterial identification, large-scale extensions of the
MLST approach, such as PubMLST [95] or mlstverse [96], are used because of the requirement of
subspecies level identification. PubMLST is a widely used MLST approach, consisting of conventional
MLST and ribosomal MLST for bacterial identification. In the ribosomal MLST approach, PubMLST
utilizes 53 ribosomal genes, thereby covering a variety of species. In contrast, mlstverse uses a variable
number of genes per profile and external MLST databases can be selected. In mlstverse, 184 genes
associated with species-specific pathogenesis and drug resistance, as well as 53 ribosomal genes, were
integrated into profiles for mycobacterial identification. A large-scale MLST approach is applicable to
> 180 mycobacterial species with both high sensitivity and specificity, based on core and accessory
gene sequences, however, it currently requires preparation of culture isolates.

From a clinical perspective, the mycobacterial incubation time is a bottleneck in the overall
diagnostic process, because up to 8 weeks of growth may be needed to obtain culture isolates of
slow-growing species. With the MLST approach using comprehensive genomic information regarding
mycobacteria, the Oxford Nanopore Technologies MinION sequencer enables diagnosis within 20 min
from isolated genomic DNA with mlstverse [96] (Figure 2). In addition, NGS technologies may
allow direct detection of pathogens from metagenomic DNA because they present sequencing results
in real-time. A recent study proposed a direct Mtb detection method using MinION [97]. Further
comprehensive and highly sensitive identification methods to discriminate mycobacteria are necessary
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because NTM species should be distinguished from Mtb. Accurate and rapid identification of
the entire Mycobacteriaceae family may become possible with the use of NGS (Figure 2). This
whole-genomic approach will facilitate appropriate treatment plans for NTM infection with reductions
in mycobacteria-related deaths worldwide.

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 15 

 

whole-genomic approach will facilitate appropriate treatment plans for NTM infection with 
reductions in mycobacteria-related deaths worldwide. 

 
Figure 2. Rapid and comprehensive identification of mycobacteria. Large-scale extension of multi-
locus sequence typing (MLST) approach currently achieves comprehensive identification of 
mycobacteria within 20 min from isolated DNA, although up to 8 weeks is needed for the cell culture 
step (A). A direct metagenomic approach will remove the bottleneck and enable rapid and 
comprehensive detection of mycobacteria (B). 

6. Conclusion and Future Direction  

NTM infections are increasing worldwide, but there remains a considerable lack of clarity 
regarding their mechanisms, compared to Mtb infection. Immunocompromised hosts are more 
susceptible to NTM infection, compared to the general population. Therefore, host immune responses 
to NTM are important, indeed, chronic disease and treatments with immunosuppressive drugs 
increase the morbidity and mortality of NTM infections. Both innate and acquired immune 
responses—mediated by various types of immune cells, cytokines, and autoantibodies—play 
important roles in modulating immune responses to NTM pathogenesis. 

The type of disease, fibrocavitary or nodular-bronchiectatic, is presumably determined by both 
host- and pathogen-factors, which affect disease course. Further research is needed regarding more 
comprehensive human immune responses to NTM, depending on the subspecies levels. 
Identification of these interactions between various pathogens and the host may lead to development 
of vaccines and new drugs for treatment of NTM infections. Indeed, with the advancement of 
immunotherapy, lots of discussions are happening to “boost” a weakened immune system through 
targeted augmentation of immune responses by adjuvant immune therapies [98]. For example, 
induction of strong T-cell mediated immunity have been reported by the use of vaccines using 
antigen-presenting cells and B cells [99]. Such immune modulating interventions would be promising 
and applicable for reducing the global burden of NTM disease. 

Funding: This project was supported by the Japan Agency for Medical Research and Development (AMED) 
(Grant Number JP20fk0108129). 

Acknowledgments: We thank Ryan Chastain-Gross, from Edanz Group (https://en-author-
services.edanzgroup.com) for editing a draft of this manuscript. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to 
publish the results. 

 

 

 

Figure 2. Rapid and comprehensive identification of mycobacteria. Large-scale extension of multi-locus
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within 20 min from isolated DNA, although up to 8 weeks is needed for the cell culture step (A). A direct
metagenomic approach will remove the bottleneck and enable rapid and comprehensive detection of
mycobacteria (B).

6. Conclusion and Future Direction

NTM infections are increasing worldwide, but there remains a considerable lack of clarity regarding
their mechanisms, compared to Mtb infection. Immunocompromised hosts are more susceptible to
NTM infection, compared to the general population. Therefore, host immune responses to NTM
are important, indeed, chronic disease and treatments with immunosuppressive drugs increase the
morbidity and mortality of NTM infections. Both innate and acquired immune responses—mediated
by various types of immune cells, cytokines, and autoantibodies—play important roles in modulating
immune responses to NTM pathogenesis.

The type of disease, fibrocavitary or nodular-bronchiectatic, is presumably determined by both
host- and pathogen-factors, which affect disease course. Further research is needed regarding more
comprehensive human immune responses to NTM, depending on the subspecies levels. Identification
of these interactions between various pathogens and the host may lead to development of vaccines and
new drugs for treatment of NTM infections. Indeed, with the advancement of immunotherapy, lots of
discussions are happening to “boost” a weakened immune system through targeted augmentation
of immune responses by adjuvant immune therapies [98]. For example, induction of strong T-cell
mediated immunity have been reported by the use of vaccines using antigen-presenting cells and B
cells [99]. Such immune modulating interventions would be promising and applicable for reducing
the global burden of NTM disease.
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