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Development of an improved tuberculosis (TB) vaccine is a high worldwide public health priority. Bacillus Calmette-Guerin (BCG), 
the only licensed TB vaccine, provides variable efficacy against adult pulmonary TB, but why this protection varies is unclear. 
Humans are regularly exposed to non-tuberculous mycobacteria (NTM) that live in soil and water reservoirs and vary in different 
geographic regions around the world. Immunologic cross-reactivity may explain disparate outcomes of BCG vaccination and sus-
ceptibility to TB disease. Evidence supporting this hypothesis is increasing but challenging to obtain due to a lack of reliable research 
tools. In this review, we describe the progress and bottlenecks in research on NTM epidemiology, immunology and heterologous 
immunity to Mtb. With ongoing efforts to develop new vaccines for TB, understanding the effect of NTM on vaccine efficacy may 
be a critical determinant of success.
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Tuberculosis remains a leading cause of death worldwide de-
spite the availability of effective chemotherapy for over 60 years 
[1]. BCG (Mycobacterium bovis bacille Calmette-Guérin) vac-
cination has variable efficacy (from nonexistent to >80% du-
rable protection) with unknown correlates of immunity [2]. 
Hypotheses include heterogeneity of the BCG strain, exposure 
to ultraviolet light, vitamin D levels, helminthic or chronic 
viral coinfection, and effects of poor nutrition. One prominent 
hypothesis is that exposure or infection with nontuberculous 
mycobacteria (NTM) modulates the immunogenicity and effi-
cacy of BCG. Since the last major review of heterologous im-
munity between NTM, BCG, and Mycobacterium tuberculosis, 
new advances have been made in understanding tissue immu-
nology, the epidemiology of NTM species, NTM genomics, and 
cross-protective immune epitopes in infectious diseases [3]. In 
this review, we will evaluate whether NTM induce heterologous 
immunity to M. tuberculosis and discuss the following issues in 
the field: (1) epidemiology of environmental reservoirs and ge-
ographic variation in NTM, (2) effects of NTM on innate and 
adaptive immune responses, and (3) human data suggesting a 
role for NTM in modifying the efficacy of BCG vaccination. 
Last, we will offer suggestions for future research directions to 

test the effect of heterologous immunity between NTM and 
M. tuberculosis.

Several knowledge and clinical care gaps exist currently. 
First, does an individual’s exposure to NTM generate innate 
or adaptive responses that impair or augment the response to 
BCG or other tuberculosis vaccines? Heterologous immunity 
could be mediated by trained innate immunity, CD4+ T cells, 
CD8+ T cells, nonclassically restricted T cells (eg, CD1, MR1), 
or antibodies. Second, could studies of heterologous myco-
bacterial immunity offer insight into new tuberculosis vaccine 
strategies and change the selection of adjuvants and antigens 
or the target age of vaccination? Whole cell vaccines, including 
BCG, demonstrate great promise as tuberculosis vaccines, but 
they may interact with environmental NTM in ways that are 
currently unpredictable. Third, can immunologic assays be 
developed to diagnose NTM exposure or disease to enhance 
clinical care and provide insight into questions of heterologous 
immunity? Current tools for diagnosing exposure to NTM are 
nonspecific and limit the understanding of NTM exposure and 
host responses.

NTM ENVIRONMENTAL RESERVOIRS AND 
CORRELATION WITH EXPOSURE

NTM are generally nonpathogenic bacteria with varied envi-
ronmental niches, based on species. NTM are commonly iso-
lated from water (natural and human-engineered sources like 
swimming pools and drinking water systems), and soils [4, 5] 
where they can form biofilms that resist some disinfectant and 
heat treatment methods [6]. Risk factors for NTM infection in-
clude drinking water derived from piped systems, compared to 
well water, proximity to natural water bodies [6], and a possible 
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link to soil exposure activities [7]. In the United States, 70% of 
NTM pulmonary disease is associated with ocean coastlines and 
NTM prevalence estimates are higher in southern compared to 
northern states [8, 9]. The highest rates of NTM pulmonary dis-
ease are found in the Hawaiian Islands, where a study collected 
samples from household water sources (eg, showerheads, faucets), 
soil, and clinical samples, to determine the species specificity of 
NTM in this region. M. chimaera (a species in the M. avium com-
plex) was the most common species of NTM isolated from both 
environmental and respiratory specimens [10]. No M.  avium 
was isolated in this study, unlike in the continental United States. 
Although these prevalence studies are confounded by ascertain-
ment bias and imprecise clinical phenotyping (not distinguishing 
colonization vs disease), the data suggest regional and geographic 
differences in NTM rates in the United States.

NTM WORLDWIDE PATTERNS OF EXPOSURE AND 
INFECTION

Variation in NTM exposures based upon geographic and environ-
mental factors may partly explain the disparate outcomes of BCG 
vaccination. Although one theory suggests that NTM exposure is 
higher in the tropics, the preponderance of evidence indicates oth-
erwise [2]. Environmental sampling studies, skin tests in asymp-
tomatic individuals, and rates of disseminated M. avium complex 
in HIV-positive populations all suggest that NTM infections are 
not more common in equatorial regions compared to northern 
latitude regions [2, 11]. In fact, a major source of NTM expo-
sure is in potable water which has historically been more prev-
alent in northern latitudes. The worldwide NTM variation is 
more likely due to exposure to different NTM species rather than 
overall magnitude of exposure. Sputum culture data demonstrate 
broad worldwide geographic variation in NTM species associated 
with clinical disease. The NTM-NET study included pulmonary 
isolates from 30 countries on 6 continents and found variation by 
global region and by country within regions [12]. Only 9.8% of the 
NTM isolates were from Asia, none of which came from high tu-
berculosis burden countries, suggesting an opportunity for future 
study. Similarly, although 30.0% of isolates were from sub-Saharan 
Africa, they were all submitted by South African laboratories, po-
tentially underestimating NTM diversity across the continent [13]. 
Differences in NTM sensitization and disease may persist despite 
migration to a different region. Non-US born individuals dis-
played higher levels of sensitization to M. intracellulare compared 
to US born [14]. A study of NTM isolates in Washington State 
found that unusual NTM species in the United States were more 
commonly isolated from non-US born individuals, reflecting the 
NTM patterns in their countries of origin [15].

NTM CLINICAL DIAGNOSTICS, INFECTION, AND 
DISEASE

The clinical spectrum of NTM is poorly understood. Several 
lines of evidence suggest that tuberculosis pathogenesis evolves, 

often slowly, along a continuum of infection to disease states. 
Although it is well known that NTM cause disease in many body 
sites, the period of time from exposure to infection to disease is 
not known, partly due to the frequent environmental exposures 
of humans to NTM and the lack of NTM-specific diagnostic 
tests of exposure. The most common and best studied NTM 
in humans are part of the M. avium complex, which includes 
M. avium subspecies, M. intracellulare, and M. chimaera, which 
can cause colonization and disease. Delayed-type hypersensi-
tivity (DTH) skin testing for M. avium complex in the United 
States suggests exposure rates of 16%–48% [14], although this 
was based on a poorly characterized assay with crude whole cell 
M. intracellulare extracts [14, 16]. It is not known if DTH im-
mune responses to M.  intracellulare antigens are an indicator 
of asymptomatic infection or previous exposure/infection with 
subsequent clearance of all organisms. Without adequate di-
agnostic reagents, the relationship of exposure, colonization, 
asymptomatic infection, and progression to disease for all NTM 
is poorly understood. Clinical assays available for diagnosing 
NTM-related disease or colonization include acid-fast bacilli 
stains, cultures, and DNA-based molecular diagnostics. 
However, no immunologic assays reliably measure prior expo-
sure or current infection with NTM. The lack of specific NTM 
immunodiagnostic tools has hampered clinical care and re-
search efforts.

MICROBIOLOGIC FEATURES

The genus Mycobacterium includes the M.  tuberculosis com-
plex species, Mycobacterium leprae, and NTM, among others. 
Genetic characterization of NTM species and their comparison 
to M. tuberculosis and M. bovis BCG are limited. Many NTM 
species are still not sequenced and as a consequence the taxo-
nomic and phylogenetic structure of the genus remains partially 
analyzed [17]. Speciation of members of the Mycobacterium 
genus is mainly based on the 16S rRNA sequences and, to 
a lesser extent, on shared phenotypic characteristics [17]. 
A  recent comparative genomic analysis of M.  komanii, 
M.  malmesburii, M.  nonchromogenicum, M.  fortuitum, M.  tu-
berculosis, and M. bovis demonstrated wide divergence between 
NTM and M. tuberculosis, with M. komanii showing 18.6% ho-
mology to M. tuberculosis, M. fortuitum 10.6% homology, and 
M. malmesburii with 8.9% homology [18]. Other comparative 
genomic analyses indicate that there are clusters of proteins 
that are present in NTM but not M.  tuberculosis and contain 
immunogenic T-cell epitopes [19]. However, despite genomic 
differences, there are also many conserved regions among 
Mycobacteria. Multiple copies of genes encoding homologous 
proteins and M.  tuberculosis-derived immunogenic proteins, 
including the Esx family and PE/PPE, are found in most myco-
bacterial genomes, suggesting a possible mechanism for shared 
T-cell responses and cross-protective immunity to these bac-
teria [18]. The lack of available sequences for a diverse set of 
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NTM from different geographical locations results in major 
bottlenecks for epitope determinations and conservation 
studies.

MACROPHAGES, INNATE IMMUNITY, AND TRAINED 
IMMUNE RESPONSES TO NTM

The mechanisms by which NTM induce innate immune 
responses are not as well understood as for BCG or M. tubercu-
losis, but the genus Mycobacteria does share many similarities, in-
cluding a complex and lipid-rich cell wall [20]. In M. tuberculosis 
and BCG, Toll-like receptors (TLR) act as first-line pattern rec-
ognition receptors for the innate immune response [20]. NTM 
lipomannans and lipoarabinomannans differ structurally across 
species and can influence TLR2-dependent and independent 
signaling [21]. C-type lectins are critical for phagocytosis of 
multiple pathogens, including M. tuberculosis. An intriguing set 
of studies demonstrate that M.  abscessus activates both TLR2 
and dectin-1 [22]. The activation of dectin-1 suggests that NTM 
have potential to influence macrophage function broadly, as 
dectin-1 signaling after BCG vaccination or zymosan (dectin-1 
ligand) stimulation influences epigenetic imprinting and du-
rably modulates innate immune responses, a concept known as 
trained immunity [23, 24]. This pathway represents a possible 
innate mechanism where NTM could affect immune responses 
to M. tuberculosis and impact drug and vaccine development.

NTM persist and replicate within macrophages, but their sur-
vival strategies are variable and generally different from M. tubercu-
losis. NTM display widely variable intracellular replication rates in 
murine macrophages and can persist for prolonged periods in these 
animals in vivo [25]. Within macrophages, both M. tuberculosis and 
NTM induce autophagy variably [26, 27]. Inhibition of autophagy 
by M.  abscessus is correlated with virulence, suggesting that in 
selected NTM, evolutionary strategies to evade intracellular killing 
are required for persistent macrophage infection [28]. NTM spe-
cies also vary in their capacity to induce cell death [29]. In summary, 
the species-specific heterogeneity of activation of innate immune 
responses may influence the induction and maintenance of NTM-
specific adaptive immune responses and modulation of BCG efficacy.

T-CELL RESPONSES AGAINST NTM

Although most people are regularly exposed to NTM in their en-
vironment, immune studies are limited. The lack of NTM-specific 
reagents hampers immunologic studies, which could help address 
fundamental questions about how NTM exposure influences tu-
berculosis vaccines. Selected studies used NTM purified protein 
derivatives (NTM PPDs) to measure NTM-specific immune 
responses [30]. However, PPDs derived from NTM contain sev-
eral proteins that overlap with M. tuberculosis-PPD [31] and thus 
prevent definitively attributing immune response to any particular 
NTM species. Interferon-gamma (IFN-γ) release assays (IGRAs), 
which are commonly used to diagnose M. tuberculosis infection, 
depend on T-cell responses against the M.  tuberculosis-derived 

antigens ESAT-6, CFP10, and TB7.7. These antigens are absent 
from M.  bovis BCG and from the majority of common NTM 
(exceptions include M.  kansasii, M.  szulgai, and M.  marinum), 
and thus can distinguish prior or current M.  tuberculosis infec-
tion from BCG vaccination and most NTM. Several studies 
described cross-reactive immune responses between NTM and 
M. tuberculosis [30, 32]. Interestingly, some individuals with neg-
ative PPD and IGRA results and no history of BCG vaccination 
react to M. tuberculosis-derived antigens and NTM PPDs [30, 32]. 
Furthermore, DTH studies of mycobacterial PPDs demonstrate 
that, after BCG vaccination, British children have increased skin 
reactions to M. tuberculosis extracts compared with M. fortuitum 
[33]. In a study of PPD reactions in a low endemic setting, the ma-
jority of small M. tuberculosis-PPD reactions could be attributed 
to NTM exposure or disease [34]. Cross-reactivity between NTM 
and M. tuberculosis antigens may also explain higher baseline re-
activity in M. tuberculosis-negative adults as compared to children 
[35]. In this regard, cross-reactivity at the epitope level correlated 
with sequence conservation of the epitopes in NTM [30].

Interactions between the immune system and its environment 
are highly complex and do not fit a simple paradigm in which ex-
posure to a single species elicits a species-specific response. The de-
gree of sequence identity required to activate cross-reactive T-cell 
responses is not easily predicted, and highly divergent epitopes can 
elicit cross-reactive responses [36]. In fact, similar levels of sequence 
identity can result in both epitopes that are cross-reactive and those 
that are not (Figure 1). In addition to Mycobacteria, other pathogens 
like herpesviruses demonstrate cross-reactivity and interspecies con-
servation [37]. Indeed, epitope conservation can exist between struc-
turally unrelated antigens with little sequence homology [38]. Some 
amino acid substitutions are more likely to disrupt cross-reactivity 
than others, in particular nonconservative substitutions and those 
that target anchor residues for MHC binding and key residues for 
T-cell recognition. Together, these studies suggest that we can identify 
well-defined species-specific T-cell epitopes through the combined 
use of bioinformatics and high-throughput cellular assays.

B-CELL RESPONSES AGAINST NTM

While some effort has been committed to study T-cell responses 
in NTM disease and exposure, very little progress has been 
made to define B-cell and antibody responses to NTM. Recent 
studies identified important roles for B cells and antibodies in 
tuberculosis pathogenesis, including the discovery that varia-
tion in human antibodies can distinguish latent tuberculosis 
infection from tuberculosis disease [39, 40]. These studies may 
spark more research in humoral immunity and its role in the 
context of M. tuberculosis and NTM.

ANIMAL MODELS OF NTM INFECTION, BCG 
VACCINATION, AND MTB CHALLENGE

Animal models of the effect of NTM on M.  tuberculosis path-
ogenesis and BCG vaccine responses display the complex 
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interactions between each of these bacteria and the host immune 
response. Early experiments consistently demonstrated that 
NTM infections protect animals from subsequent challenge with 
M.  tuberculosis [41]. Adoptively transferred T cells from mice 
infected with M. tuberculosis provided protection from challenge 
with selected NTM, supporting the concept that cross-protective 
T cells exist among different Mycobacteria species [42]. Studies 
of the effect of NTM on BCG vaccine responses are heteroge-
neous and challenging to interpret for multiple reasons, including 
different NTM exposure strategies (subcutaneous, intravenous, 
intraperitoneal, oral, or aerosol), the quantity and duration of 
NTM exposure, and the species of NTM used for heterologous 
immunity experiments. Nevertheless, many studies suggest that 
NTM do not interfere with the protective effects of BCG vac-
cination. Experiments conducted in the 1980s found that prior 
aerogenic infection with M. kansasii, M. simiae, M. avium, and 
M. scrofulaceum protected mice from subsequent M. tuberculosis 
challenge and did not alter the capacity for BCG to influence M. tu-
berculosis bacterial burden [43, 44]. Interestingly, this effect was 
not uniform among all species of NTM; protection was conferred 
against M. avium and M. kansasii but not M. simiae aerosol chal-
lenge. Other models suggest that NTM may interfere with BCG 

efficacy. The compartment of infection, species of NTM, capacity 
for NTM to replicate intracellularly, and duration of NTM expo-
sure may play an important role in influencing cross-protection. 
For example, mice exposed intravenously to M.  avium (which 
can replicate in mice), but not M.  fortuitum or M.  cheloneae 
(which cannot), developed reduced protective immune response 
to subsequent BCG vaccination, cleared the live BCG vaccine 
more rapidly, and were more susceptible to M. tuberculosis chal-
lenge following BCG vaccination [45]. Several studies found that 
oral M. avium exposure decreases BCG efficacy [46], including 
evidence that repeated oral M. avium exposure increases the pro-
portion of antigen-specific CD4+FoxP3+ T cells [47]. The route 
of BCG administration may mitigate the immunologic effects of 
oral NTM exposure. Price et al [48] demonstrated that oral NTM 
influenced T-cell responses to intradermal but not inhaled BCG. 
Variation in NTM exposure, including dose, species, and strain, 
influences BCG responses and M. tuberculosis heterologous im-
munity (Figure 1) [45, 48, 49]. Further detailed animal studies 
with antigen-specific reagents and consistent exposure strategies 
of NTM and BCG may provide insight into the specific epitopes 
shared in mice and the effects of NTM on M. tuberculosis immu-
nity and BCG effectiveness.
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Figure 1. Model of NTM, BCG, and Mycobacterium tuberculosis immunologic interactions. A, BCG vaccination is usually administered at birth and NTM exposure occurs 
regularly throughout life via multiple routes with variable doses. These NTM-specific innate and adaptive immune responses may influence the response to BCG vaccination 
and susceptibility to M. tuberculosis. B, T-cell epitopes that are common between NTM and M. tuberculosis may mediate protective or deleterious immune responses: blue 
rectangle, T-cell epitopes that are shared between NTM and M. tuberculosis and lead to cross-protection between species; black rectangle, T-cell epitopes that are shared 
between NTM and M. tuberculosis but are not cross-protective and may impair immune responses to M. tuberculosis; pink rectangle, T-cell epitopes unique to NTM; red rec-
tangle, T-cell epitopes unique to M. tuberculosis. Abbreviations: Mtb, Mycobacterium tuberculosis; NTM, nontuberculous mycobacteria; TB, tuberculosis; MP, macrophage; 
DC, dendritic cell.
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HETEROLOGOUS MYCOBACTERIAL IMMUNITY

A systematic review of BCG vaccine trials demonstrated that 
the protective effect of BCG against pulmonary tuberculosis 
was greater in trials conducted farther from the equator, when 
BCG was given in infancy or childhood, and with stringent tu-
berculin testing to exclude individuals with evidence of sen-
sitization to mycobacteria [50]. Although the overall burden 
of NTM may not vary geographically (see comments above), 
multiple lines of epidemiologic evidence suggest that species-
specific exposure to NTM varies by region, likely reflecting pre-
vailing climate and ecological niches for environmental NTM 
species. The variability of NTM species exposure may differen-
tially influence immune responses to both BCG and M. tuber-
culosis [50]. In support of this hypothesis, greater prevaccine 
baseline IFN-γ responses to PPD were noted in Malawi, but a 
greater increase in IFN-γ responsiveness after vaccination was 
observed in the UK [51]. A  reanalysis of the pediatric popu-
lation in the Chingleput BCG trial from India, which failed 
to show protective efficacy from BCG in its primary analysis, 
suggested that BCG has partial efficacy (32%, P value = .03) in 
individuals without evidence of exposure/infection to M.  tu-
berculosis and M.  intracellulare (using PPD from each bacte-
rial species) [52]. Although this secondary analysis is suggestive 
of an NTM effect, the definitions of infection (varying levels 
of induration to PPD-B and PPD-S, which are purified pro-
tein derivatives of NTM and Mtb, respectively) were poorly 
justified [52]. In a study of 625  000 BCG-naive navy recruits 
with serial skin testing using PPDs from M.  tuberculosis and 
M.  intracellulare, the incidence of active tuberculosis disease 
was lower in individuals with an M. intracellulare skin test result 
that was greater in magnitude than the M. tuberculosis skin test 
[16]. The mechanism by which NTM may influence BCG vac-
cine efficacy may be due to either (1) blocking, whereby prior 
mycobacterial infection diminishes BCG replication, reducing 
the magnitude and duration of protective T-cell responses, or 
(2) masking, where vaccination leads to diminished overall 
protection due to heterologous immune responses from prior 
mycobacterial exposure, diminishing the overall boosting effect 

[2]. Although the data are not conclusive, the findings suggest 
that prior NTM exposure and sensitization could provide a pro-
tective immune response against tuberculosis disease (ie, heter-
ologous mycobacterial immunity) and/or impair BCG-induced 
vaccine protection. However, these previous studies were fo-
cused on a limited number of immune responses (blood IFN-γ 
release assays or DTH in skin), employed whole cell reagents 
rather than single proteins or peptide pools, evaluated a lim-
ited number of NTM species in only 2 geographic regions, and/
or were underpowered. With ongoing efforts to develop new 
vaccines for tuberculosis, understanding the role of NTM ex-
posure and heterologous immune responses may be critical to 
success.

Epidemiologic evidence supports the hypothesis that NTM 
induce protective effects from prior infection with M.  tuber-
culosis. NTM rates are increasing worldwide [53], coincident 
with a decline in tuberculosis, potentially indicating that tuber-
culosis disease and infection with M. tuberculosis may provide 
some protection against NTM disease [54]. A systematic review 
that included studies from middle- and high-income settings 
found an increase in the proportion of NTM disease related to 
coincident decreases in tuberculosis and increases in NTM ex-
posure [54]. Several studies demonstrated that pediatric lym-
phadenitis due to NTM has increased with changes to BCG 
policies, and others confirmed that BCG is associated with pro-
tection from NTM lymphadenitis, M. ulcerans, and M.  leprae 
[55]. Three NTM-derived vaccines (DAR-901, M. vaccae, and 
M.  indicus pranii) are in advanced tuberculosis vaccine trials 
and support the concept that NTMs confer heterologous immu-
nity to tuberculosis. Together, these data support a role for one 
or more NTM species influencing tuberculosis pathogenesis A 
summary of our conclusions is provided in Table 1.

BOTTLENECKS IN RESEARCH ON NTM AND 
HETEROLOGOUS IMMUNITY TO MTB

To understand whether NTM provide heterologous immunity 
to M.  tuberculosis, a number of research barriers need to be 
addressed, including the following.

Table 1. Summary of Major Conclusions

Topic Summary

Epidemiology Different populations are exposed to different NTM species

Cohorts More NTM cohorts with detailed clinical characterization and immunologic data 
are needed to develop reagents and understand pathogenesis

Environmental data More NTM environmental sampling studies are needed to assess nature and 
magnitude of NTM exposure

Animal models The type of NTM and route of exposure influence mycobacterial heterologous 
immune responses to BCG and Mycobacterium tuberculosis infection

NTM genomics, bioinformatics, and diagnostics Additional genomic data are needed to understand NTM species differences 
and opportunities to develop NTM diagnostic reagents

Heterologous immunity Improved diagnostics and immunologic reagents are needed to harness insights 
from heterologous immunity to develop more effective tuberculosis vaccines

Abbreviations: BCG, Bacillus Calmette-Guerin; NTM, nontuberculous mycobacteria.
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NTM Cohorts 

There are very few clinically characterized NTM cohorts with 
cryopreserved peripheral blood mononuclear cells (PBMCs) 
available for developing reagents and assessing immunologic 
questions. Optimal study cohorts require several features, in-
cluding sufficient sample size and NTM diversity. Although 
M. avium complex is the most common NTM, many other im-
portant NTM need examination to capture the most common 
species across the world. Once a M. avium complex or NTM 
IGRA is developed, PBMCs from large tuberculosis cohorts 
(vaccine and natural history) will be needed to test concepts of 
heterologous immunity. 

Human NTM Reservoirs 

Current knowledge of the natural history of NTM infections is 
limited. We do not understand the anatomic location or bacil-
lary level of human reservoirs of NTM. This information is crit-
ical for understanding the size of the antigenic challenge that 
is present and what is needed to induce an immune response. 
Is the reservoir only in the lungs with people with pulmonary 
disease? Or is it present in other reservoirs such as the blood, 
gastrointestinal tract (oral to colon, ie, part of the microbiome), 
or other mucosal sites? Is there a latent state similar to M. tuber-
culosis? If NTM cohorts are developed, these questions could be 
addressed with reservoir sampling strategies. 

Environmental NTM Reservoirs 

Another source of NTM antigen exposure is the environment. 
If the exposures are frequent and large enough, there may be 
sufficient exposure to induce a T-cell response. NTM are com-
monly described as present in water and soil reservoirs and 
more prevalent in the tropics. But the data underlying this con-
cept are quite limited and based on modest sampling strategies. 
Understanding sources of environmental exposure could help 
illuminate how often humans are exposed, the NTM involved, 
and the heterogeneity of these variables in different geographic 
settings around the world. 

Animal Models of NTM-M. tuberculosis Interaction 

The past 10  years of immunology study has dramatically 
improved our understanding how the route of exposure plays 
on the induction of differential T-cell responses and tolerance. 
Prior animal studies demonstrated intriguing but incomplete 
data on the role of NTM dose and route on M. tuberculosis path-
ogenesis as well as BCG responses. Understanding this concept 
with further animal studies will help bridge the gap between 
environmental exposures to NTM and the influence these 
commensals may play in vaccine design. 

NTM Genomics and Bioinformatics 

Developing NTM peptide reagents requires defining unique 
and conserved NTM epitopes when comparing NTM to M. tu-
berculosis and to each other. This method requires whole 

genome sequence data from a diverse repertoire of NTM and 
ideally from several representatives of each species. Currently, 
there are only a small number of available sequences from a 
limited number of NTM.
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