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Mycobacterium avium is an environmental microorganism found in soil and water sources worldwide. It is the
most prevalent species of nontuberculous mycobacteria that causes infectious diseases, especially in im-
munocompromised individuals. This review discusses and highlights key topics about M. avium, such as epi-
demiology, pathogenicity, glycopeptidolipids, laboratory identification, genotyping, antimicrobial therapy and
antimicrobial resistance. Additionally, the main comorbidities associated with M. avium infection are discussed.

1. Introduction

Nontuberculous mycobacteria (NTM) are a diverse and large group
of species included in the Mycobacterium genus. The prevalence of in-
fectious diseases caused by NTM has increased worldwide, and among
the most frequent species involved are the M. abscessus complex, M.
kansasii and the M. avium complex (MAC) [1-3]. These species are
disseminated in the environment, and some are recognized as important
human pathogens. Infection acquisition can occur through inhalation,
ingestion and dermal contact from environmental sources or medical
devices [4,5]. Recently, person-to-person transmission of M. abscessus
has been reported among patients with cystic fibrosis (CF) [6].

The MAC accounts for approximately 80% of pulmonary diseases
caused by NTM in different geographic regions, including countries
such as Ireland, South Korea and the United States of America (USA)
[71, and has recently been included in the group “Tuberculosis-Simiae”
by the proposed new taxonomic classification of the genus Myco-
bacterium. Although the classification has not been approved, in this
new proposal, MAC was included in the group of the major human
pathogens together with M. tuberculosis [8-10].

The two main species belonging to the MAC are M. avium and M.
intracellulare. However, new molecular evidence suggests the inclusion
of new species such as M. chimaera, M. colombiense, M. vulneris, M. ar-
osiense, M. bouchedurhonense, M. yongonense, M. timonense, M. marseil-
lense, M. paraintracellulare and M. lepraemurium [5,11]. M. avium, the
main species of the MAC, was isolated for the first time in 1890 from a
chicken with cavitary disease similar to tuberculosis; nevertheless,
cases in humans were only first identified in 1930 [12]. This species
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comprises a heterogeneous group of four subspecies: M. avium subsp.
avium, M. avium subsp. paratuberculosis, M. avium subsp. silvaticum and
M. avium subsp. hominissuis (Table 1) [13,14].

M. avium, a slow-growing mycobacteria, can be an opportunistic
intracellular pathogen with the ability to persist within the macro-
phages and resist the immune mechanisms of the host. This mechanism
may be influenced by glycopeptidolipids (GPLs), which are present in
the cell wall [15]. The respiratory tract is the most common site of
infection, and the typical pulmonary disease manifests in the nodular/
bronchiectatic form or in the fibro-cavitary form when it develops as a
secondary complication. In addition to lung disease, M. avium can in-
vade the lymph nodes, bones, joints, skin and soft tissue and can spread
systemically. The infection may result in severe disease or even death if
untreated or improperly treated, especially among im-
munocompromised individuals. The symptoms of infection are non-
specific and include malaise, cough, fever, weakness, dyspnea and he-
moptysis [16-18].

Because of the importance of M. avium in clinical management, this
review aims to explore epidemiology, pathogenicity and GPLs, labora-
tory identification, genotyping, antimicrobial therapy and anti-
microbial resistance related to this pathogen. Additionally, we also
discuss the main comorbidities associated with M. avium infections.

2. Epidemiology
In general, diseases caused by NTM are not notified to the public

health authorities in most countries, making it difficult to compare the
incidence and prevalence of these infectious diseases in distinct
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Table 1

The four subspecies of M. avium and related diseases.
Species Subspecies Clinical Manifestation Host
M. avium  avium Tuberculosis-like disease Birds

paratuberculosis  Disease of Johne and possibly Humans and

Crohn's Disease ruminants
silvaticum Tuberculosis-like disease Pigeons
hominissuis Pulmonary infection, cervical Humans and

lymphadenitis, disseminated pigs

infection

Reference: Turenne et al., 2007 (modified).

geographical areas. Before the onset of AIDS (acquired im-
munodeficiency syndrome), pulmonary infections caused by M. kansasii
were more common than those caused by MAC species, mainly in
Europe. Currently however, MAC species, especially M. avium, are re-
sponsible for most pulmonary infections caused by NTM worldwide
[7,19], as shown in Fig. 1.

A Japanese study found that the incidence of MAC infection in-
creased from 5.2/100,000 in 2007 to 13.1/100,000 in 2014. Pulmonary
diseases caused by M. avium were more prevalent in the north and east
of Japan, while those caused by M. intracellulare were more prevalent in
the south and west of Japan [20]. In Taiwan and China, the most fre-
quent MAC species was M. intracellulare (25.0%) [21,22], while in
Korea, M. avium was the most prevalent (88%) [23].

Similarly, in Europe, M. avium is also the most prevalent MAC
species among pulmonary and extrapulmonary samples, as observed in
studies conducted in Denmark (50.7%), Portugal (58.0%) and Italy
(41.5%) [24-26]. In addition, a study conducted in England described
an increase in the incidence of MAC infection (1.3/100,000 in 2007 to
2.2/100,000 in 2012); however, the MAC species were not differ-
entiated [27].

In many low-income countries, there has also been an increase in
the identification of MAC infections over the years. Unlike the 1992
panorama in Uganda, where a study did not find any cases of MAC
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infection [28], in 2016, MAC accounted for 49.4% of pulmonary in-
fections due to NTM in Zimbabwe [19].

In the Americas, the prevalence of MAC pulmonary and extra-
pulmonary infections is not very different from that of other continents.
M. avium was the most frequent isolate among MAC species in the USA
(54%), and in Brazil, it was most frequent among NTM species (33.3%)
[29,30].

Some possible explanations for the increase in the number of in-
fection cases due to NTM, MAC and M. avium could be related to the
improvement of laboratory diagnostic capability as well as greater
awareness of these infections in clinical settings.

3. Glycopeptidolipids: structure, serotype and pathogenicity

Elucidation of the structure and function of the cell envelope of
MAC species and subspecies/serotypes is essential to understand the
pathogenesis of infections due to these microorganisms [31]. Myco-
bacteria are characterized by a hydrophobic lipid-rich cell wall and by
the presence of three types of insoluble components composing their
core: arabinogalactans, peptidoglycans and mycolic acids [32]. In
particular, mycolic acids present in the cell wall of MAC species, which
are responsible for a hydrophobic structure that accounts for their fast
acid properties, are densely packed with a variety of GPLs, which are a
class of glycolipids that are surface exposed. This class of glycolipids
from MAC species differs from typical glycolipids of M. tuberculosis (i.e.,
sulfolipid) and is responsible for the characteristic morphology of MAC
colonies and immunomodulatory properties [15,32,33].

Considered important cell surface antigens, GPLs are structurally
composed of a common moiety of oligosaccharide linked at the D-
alloThr of the core (Fig. 2) [34,35]. Most NTM produce this GPLs core,
which forms the nonpolar and serotype-nonspecific GPL (nsGPL).
However, in MAC species, an oligosaccharide appendage linked to the
nsGPL produces a polar and serotype-specific GPL (ssGPL), conferring
immunogenicity [36-38]. The presence of ssGPL is responsible for the
subdivision of MAC species in at least 31 serotypes and can influence
the immune response of the host [31,36,39,40].

Europe
America M. avium:
M. avium: Denmark 50.79%,
Chicago (USA) 54% Portugal 58%
Italy 41.5%.

America

M. avium:
Argentina 32.2%
Brazil 33.3%.

Asia
M. avium:
Taiwan 15.2%
China 13.1%

Africa
MAC: 49.4%

Fig. 1. Geographic representation of the prevalence of M. avium in NTM infections [19,21,22,24-26,29,30,117].
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Fig. 2. Chemical structure of glycopeptidolipid (GPL).

Apparently, some serotypes may be specific to individual species of
MAC. For example, serotypes 1 to 6, 8 to 11 and 21 belong to M. avium,
and most of the strains belonging to serotypes 7, 12 to 20, 23 and 25
were identified as M. intracellulare [41]. More recently, some of these
serotypes (1, 4, 8 and 9) were associated with AIDS patients infected
with M. avium [40]. Furthermore, serotype 4 of M. avium was associated
with a worse prognosis in lung disease [42], while serotypes 1 and 8
were associated with a higher ability to infect and survive in vitro within
human macrophages [37]. After the establishment of the initial infec-
tion, M. avium is phagocytosed by macrophages, as is the case for most
pathogenic mycobacteria. However, the presence of GPLs in M. avium
may promote a change in macrophage functions, preventing phago-
some-lysosome fusion and consequently limiting exposure to hydrolytic
enzymes [34,43]. Therefore, these GPLs serve as a protective barrier
against the host cell-mediated immune response in the phagosome
[37,43,44].

This ability of GPLs to support the survival of mycobacteria in
macrophages occurs through the interaction of these GPLs with man-
nose receptors that are present on the surface of macrophages. The
importance of this receptor/oligosaccharide interaction has been shown
by experiments in which the elimination of the variable oligosaccharide
resulted in consequent abrogation of phagosome-lysosome inhibition
[45,46].

Therefore, GPLs are key molecules for the survival of M. avium in
macrophages and the regulation of the host innate immunity response,
and are thus considered a major M. avium pathogenicity factor. In this
sense, Bhatnagar and Schorey [43], considering the knowledge that the
GPLs accumulates within the cell and has a long half-life within a
phagosome, determined whether GPLs can enter the endocytic pathway
and follow trafficking within infected cells. Their results showed that
exosomes released from macrophages infected with M. avium contained
GPLs that is able to interact with uninfected macrophages, leading to
the retention of GPLs in these uninfected cells and inducing an ampli-
fication of the proinflammatory response. In the infected host, the
production of pro- and anti-inflammatory cytokines can be induced
through the interaction of GPLs with Toll-like receptors (TLRs), in-
itiating an inflammatory response [39,47,48]. This is a very important
phenomenon because the effects of infection are therefore amplified
without the necessary presence of the microorganism.

Moreover, another important role of M. avium GPLs is its relation-
ship with biofilm formation. The synthesis of GPLs is important for
adhesion and initial establishment of biofilms [49]. It is known that
mycobacteria can translocate on the surface of solid growth medium by
a sliding motility mechanism and can also form biofilms [50,51]; in
these two processes, the surface of the mycobacterial cell is in direct
contact with an abiotic surface, and the cells slide or stick to it, re-
spectively. It has been shown that inactivation of the genes involved in
GPLs biosynthesis in M. avium results in a significant impairment of the
ability of the bacteria to form a biofilm on a polyvinyl chloride (PVC)
surface [52]. Thus, it is suggested that there exists a close relationship
between sliding mobility, biofilm formation and the amount of GPLs
[50,53]. Additionally, it has been shown that M. avium biofilm forma-
tion may play a role in the survival of virulent strains both in the en-
vironment and the host. In this sense, biofilms may play an important
role in the maintenance of pulmonary mucosal infection, increasing the
difficulty of treatment [53].
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4. Laboratory identification

Although M. avium infections are not considered a public health
problem, this microorganism represents an important challenge in
clinical practice because it is difficult to diagnose and treat. In fact, the
clinical manifestations of infectious diseases caused by M. avium and
the radiographic findings are very similar to diseases caused by other
species of mycobacteria, including M. tuberculosis [34].

4.1. Serology and lipid analysis

In the 1960s, Schaefer et al. observed that opportunistic myco-
bacteria could be classified by agglutination reactions, which are based
on differences in the oligosaccharide compositions of GPLs; at that time,
it was the preferred method of identifying MAC members [54]. How-
ever, interlaboratory reproducibility was poor, and problems with au-
toagglutination, failure to react with any serum or agglutination with
two or more antisera were common. Although these tests were useful in
the past, their limitation in the accurate identification of MAC species
caused them to be discontinued in laboratory practice [55].

Later, it was shown that thin-layer chromatography (TLC) could be
used to characterize the different lipid profiles of MAC species and to
complement the use of serum agglutination for classifying M. avium.
This provided a link between serotype specificity and lipid surface
composition [56]. Several chromatography techniques were tested by
mycolic acid analysis, which were adequate with 95.7% specificity and
100% sensitivity for MAC species [57]. However, the patterns gener-
ated by chromatography for M. avium and M. intracellulare were very
similar. In addition, with this method, M. avium subsp. paratuberculosis
could not be differentiated from the other subspecies of M. avium
[58,59].

Years later, an enzyme immunoassay (EIA) was developed to diag-
nose disease caused by the MAC using the specific GPLs core as the
antigen. This technique confirmed that the GPLs core antibody was in
the sera of immunocompetent patients with MAC disease [60,61]. Thus,
quantification of the GPLs core antibody was evaluated as a clinical tool
for serodiagnosis, and it was observed that the levels of antibodies (IgG,
IgA and IgM) were elevated in the serum of patients with lung disease
due to MAC species but not in patients with lung disease caused by M.
tuberculosis, M. kansasii or in healthy subjects. Among the im-
munoglobulin classes, the best sensitivity (84%) and specificity (100%)
were obtained with IgA [62,63]. Recently, it has also been suggested
that high levels of anti-GPLs IgA may reflect disease activity and help to
predict the response to treatment in patients with MAC disease. This is
very relevant because it is still a challenge to differentiate between
infection and colonization when the laboratory identifies NTM in
clinical samples [64].

4.2. Microscopy and culture

In many countries, especially in areas with a high incidence of tu-
berculosis and poor resources, the diagnosis of MAC infection is mainly
based on the detection of acid-fast bacilli (AFB) by smear microscopy.
This characterizes the first bacteriological evidence of the presence of
mycobacteria in a clinical sample. Although this method is widely used
due to its low cost and rapid results, it has low sensitivity and does not
identify the mycobacterial species [65].

The gold standard method for detection and characterization of
mycobacteria is culture in solid or liquid medium. Although semi-
automated liquid culture can detect growth around ten days, the time
necessary for performing identification and susceptibility testing is still
considerable, lasting days or weeks [66,67]. Although the identification
of mycobacterial isolates can be based on growth rates, colony pig-
mentation and biochemical tests such as niacin production and nitrate
reduction in addition to serology, these tests may result in errors in the
identification of the Mycobacterium species. For example, MAC species
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present a wide range of colony variability, from smooth to rough and
from not pigmented to cream-colored to bright yellow, resembling
many other mycobacterial species. In this sense, molecular methods
have been demonstrated to be superior to the phenotypic and ser-
ological tests for M. avium identification [14,67].

5. Molecular methods

Molecular methods can be used for identification either from the
DNA extracted from isolates or directly from the clinical sample.

5.1. Identification

Among the molecular methods, the amplification of DNA by poly-
merase chain reaction (PCR) has been the technique of first choice. M.
avium has different mobile genomic elements called insertion sequences
(IS) that can be used as targets for PCR. Thus, there are four IS de-
scribed: 1S1311, IS900, 1S901 and 1S1245, which are present in high
copy numbers in the genome of M. avium strains isolated from humans.
They can also be used to differentiate subspecies because IS900 is
specific for M. avium subsp. paratuberculosis and I1S1245 is not present in
M. avium subsp. paratuberculosis [68,69]. Another option available in
reference laboratories, which may be adaptable in clinical practice for
the detection of M. avium, is PCR restriction fragment analysis (PRA) of
a 441-bp portion of the 65-kDa heat shock protein gene (hsp65) se-
quence. Additionally, there is (partial) gene sequencing, such as for
hsp65 (heat shock protein), rpoB (encodes the B subunit of RNA poly-
merase) and the 16S rRNA-23S rRNA internal transcribed spacer (ITS),
which offers high discriminatory power and can identify up to the
subspecies level. The sequencing of these genes allows discrimination at
the species level but is only feasible for laboratories with access to se-
quencing facilities. As with all gene sequencing methods, the integrity
and continuous updating of the gene sequence databases remains major
limitation [70-72].

To facilitate the identification process, commercially available tests
based on reverse hybridization of DNA have been developed. The main
advantage is that, from specific oligonucleotide probes fixed in mem-
brane strips, it is possible to detect M. avium and a wide variety of
mycobacterial species. Some examples of these tests are AccuProbe
(Gen-Probe, San Diego, Calif.), INNO-LiPA mycobacteria v2
(Innogenetics, Ghent, Belgium), GenoType® Mycobacterium CM (Hain
LifeScience, Reutlingen, Germany), BluePoint MycoID (Bio Concept
Corporation, Taiwan), and Speed-oligo Mycobacterium assay (Vircell SL,
Santa Fe, Granada, Spain) [73-76].

The most recent breakthrough in the field of molecular biology is
whole-genome sequencing (WGS). This technique can potentially
identify genetic determinants that characterize species diversity and
strain specificity. WGS enables the study of multiple genetic regions
that may be associated with antibiotic resistance, virulence, and/or host
relationships to NTM. Although WGS is not widely available in clinical
or reference laboratories, it is undoubtedly emerging as an important
tool for the genetic characterization of NTM, specifically M. avium [72].

In summary, the lack of tools with an affordable cost for a rapid and
accurate diagnosis remains critical. Thus, a low-cost method for iden-
tification at the species level is still necessary because infections with
different species of mycobacteria require different management ap-
proaches [4].

6. Genotyping

In addition to the identification of the species involved in the in-
fectious process, molecular biology tools have allowed for genotyping
and differentiation of the multiple isolates of the same species. These
genotyping methods have played an important role in the differentia-
tion of microbial isolates, and among other possibilities, they can es-
tablish epidemiological links and identify outbreaks [77,78].
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The main techniques are PCR based on commercial repetitive se-
quence (rep-PCR), amplified fragment length polymorphism (ALFP),
multispacer sequence typing (MST) and pulsed-field gel electrophoresis
(PFGE) [79-82]. Restriction fragment length polymorphism (RFLP)
using IS1245 as a probe is the standard method for the genotyping of M.
avium strains. This insertion element was not identified in M. in-
tracellulare or any of 18 other species of mycobacteria tested [68,83].

However, the utility of these methods is limited because they vary in
terms of quantity and purity of DNA required for analysis and port-
ability or the ease with which results can be compared through different
analysis among laboratories. In the case of RFLP using IS1245, it has a
reduced resolution when M. avium strains have few or no 1S1245 se-
quences. These methods are applicable only to cultivable strains (large
quantities of high-quality DNA required) and require complex band
pattern analysis [68,83,84].

In contrast, a molecular typing method called mycobacterial inter-
spersed repetitive unit-variable number tandem repeats (MIRU-VNTR)
has been used for genotyping different mycobacterial species, including
M. avium isolates. The MIRU-VNTR, eight loci have been mores used;
however, seven, 16 and 20 loci tests are also available [84-86]. The
main advantages are that this technique is easy to perform, produces
rapid results, and displays reproducibility and high discriminatory
power [78,84].

7. Antimicrobial therapy

Isolation of M. avium from patients with NTM disease symptoms
does not mean that the microorganism is the cause of the disease.
Indeed, many mycobacteria can only colonize patients without con-
tributing to the progression of the disease. The clinician, therefore,
must always know the context in which the isolate was obtained to
accurately assess the clinical significance of its isolation. Thus, the ATS
(American Thoracic Society) issued diagnostic criteria to assist in di-
agnosis of NTM disease cases and distinguish them from simple colo-
nization. Clinical, radiographic and microbiological evidence are re-
quired. Once the decision to start treatment of M. avium infection has
been made, treatment regimens should be formulated according to es-
tablished guidelines and/or drug susceptibility testing (DST) [2,4,87].

The recommended standard therapy for infections caused by M.
avium consists of combination therapy with one macrolide such as
azithromycin or clarithromycin in combination with ethambutol and
rifamycin. The dose and duration of therapy are described in Table 2.
Aminoglycosides such as streptomycin and amikacin are also used as
second-line antimicrobials. Patients should be treated until culture-ne-
gative on therapy for at least one year [4,88].

The second-line antimicrobials for M. avium are usually reserved for
cases that showed failure, intolerance or adverse effects for one or more
of the first-line agents. In view of emerging resistance to macrolides, a
more aggressive therapy, usually including the use of an injectable
aminoglycoside and possibly lung resection should be considered. The
treatment success rate reported for M. avium infections is only 50-55%
[88,89].

The therapy represents a great challenge due to its duration, toxicity
and high cost. In addition, it is prone to fail due to the intrinsic re-
sistance of M. avium and its predisposition to develop acquired re-
sistance during treatment [4,88].

Recently, other antimicrobials have been proposed as an alternative
for treating M. avium infections, from repurposed antimicrobials such as
clofazimine [90] to new ones such as bedaquiline. Recently, a study
with several NTM showed the high activity of bedaquiline against M.
avium [91,92]. Another option available is liposomal amikacin for in-
halation (LAI) for which it was observed that, when added to a multiple
drug regimen, it produced improvements in culture conversion and was
possibly associated with improvements in functional capacity, resulting
in greater efficacy and lower systemic toxicity [93].
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Table 2
Recommended treatment in accordance with the American Thoracic Society.
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Local of infection Treatment

Notes

Lung Clarithromycin (1000 mg) or
Azithromycin (500 mg)

+

Rifampicin (600 mg)

+

Ethambutol (25 mg/kg)

Surgical excision (or surgical
debridement) and chemotherapy

Extrapulmonary (skin, tissues,
tendons and joints)

Lymphadenitis Surgical excision of the lymph nodes

involved (cure rate of 90%)

Clarithromycin (1000 mg/day) or

Azithromycin (500 mg/day)

+

Ethambutol (15 mg/kg/day)

Disseminated infection

Three times a week, addition of Amikacin or Streptomycin at the beginning of treatment (3
months) in patients with severe pulmonary disease

Whether the three-drug regimen in this setting would be adequate, it is not known. The
optimal duration of treatment is also unknown, but drug treatment usually lasts from 6 to 12
months.

It may be carried out a scheme based on macrolides in patients who present an extensive
lymphadenitis or a negative response to surgical treatment.

Patients with HIV infection: addition of rifabutin, especially in patients with advanced
immunosuppression and high loads of mycobacteria in blood or in the absence of anti-
retroviral therapy.

Patients without HIV infection: streptomycin and amikacin

Reference: Griffith 2007 (modified).
8. Antimicrobial resistance

The intrinsic resistance of mycobacteria to antimicrobials can be
mainly attributed to the structure of a cell wall, which is surrounded by
a capsule of noncovalently attached polysaccharides, proteins and a
small amount of lipids, which include GPLs and phenolic glycolipids.
The cell wall gives mycobacteria remarkable impermeability to external
substances, a critical determinant of virulence for these organisms.
However, clinically significant levels of resistance generally require
participation of additional resistance mechanisms [33,50].

In addition to the cell wall, the intrinsic antimicrobial resistance can
be due to the production of enzymes that degrade or inactivate anti-
microbials and by the extrusion of antimicrobials through transporter
proteins, also called efflux pumps [94].

Another mechanism of resistance observed in M. avium is the de-
velopment of biofilms in the environment, such as in water distribution
systems, in medical devices and possibly in human airways [95]. Cell
surface hydrophobicity allows M. avium cells to adhere to a wide variety
of surface materials, thus reducing the interaction with charged ions in
suspension. The biofilm allows M. avium survival of traditional disin-
fection procedures and resistance to chlorine and acidic pH. Studies
have shown that in patients with pulmonary infections, such as those
occurring frequently in bronchiectasis and CF, the inefficiency of anti-
microbials used in the infection treatment is related to the micro-
organism's ability to form biofilms in human airways [53,96]. The re-
duction in antimicrobial susceptibility observed in biofilms may be
caused by a lack of physical penetration of the antimicrobial in the
biofilm, by the limitation of nutrients that leads to slow growth, or by
the existence of a stationary phase for many of the cells in a biofilm
[971.

Acquired resistance in M. avium could be mediated by mutations in
genes involved in the mechanism of action of the antimicrobial.
Mutations in the rrl gene, which encodes 23S rRNA, confer resistance to
macrolides and were mainly described at positions 2058 and 2059
(Escherichia coli numbering). Furthermore, mutations in the rrs gene,
which encodes 16S rRNA, are responsible for aminoglycoside re-
sistance, and these mutations occur mainly at position 1408 (E. coli
numbering) [98-100].

Regarding rifamycins (e.g., rifampicin and rifabutin), resistance is
conferred by mutations in the rpoB gene. Mutations in codons 426-452
and 544 (E. coli numbering), associated with rifamycin resistance in M.
tuberculosis, have also been demonstrated in M. avium [98,101]. Ac-
quisition of ethambutol resistance appears to be a multistep process
involving an increase in the expression level of the emb operon and a
selection of mutations. Resistance to ethambutol is attributed to a
mutation in the embB gene, which encodes a target enzyme involved in

arabinogalactan biosynthesis [98].

Efflux, in addition to being involved in intrinsic resistance, was also
described as associated with acquired resistance in M. avium. Two efflux
pumps of M. avium, MAV_1406 and MAV_3306, orthologs of the pumps
Rv1258c and Rv1473 coded in M. tuberculosis, were induced by ex-
posure to azithromycin and were related to the appearance of resistant
phenotypes. Due to the important role of the efflux mechanism in M.
avium, efflux inhibition has been widely studied, aiming at restoring
antimicrobial activity [102,103].

As many traditional and well-tolerated antimicrobials are not ef-
fective against M. avium, antimicrobial susceptibility testing is re-
commended. The antimicrobials tested are those that demonstrated
activity on a given species and must be evaluated when acquired re-
sistance is suspected, i.e., in the case of recurrent infection or a previous
treatment. Although the gold standard method for DST in M. avium, as
well as NTM, is broth microdilution, other methods with a molecular
approach to detect drug resistance have been employed, such as the
sequencing and line probe hybridization assay [104,105].

9. Mycobacterium avium and comorbidities
9.1. Human immunodeficiency virus (HIV)

HIV infection predisposes patients to the development of opportu-
nistic infections by mycobacteria. Since the beginning of the AIDS
epidemic, the incidence of infections by M. avium, especially dis-
seminated infections, has increased dramatically. In Brazil, a recent
study found a 55% rate of coinfection with M. avium among NTM iso-
lates from HIV patients [106]. The M. avium infection may remain la-
tent until the immune system of the individuals has been seriously
compromised. In this sense, it is important to consider the stage of
immunosuppression, which is defined through the count of T CD4 cells
in HIV-positive patients [107,108].

According to a prospective cohort study conducted in Africa, the T
CD4 cell count in HIV patients can predict the patient's odds of devel-
oping opportunistic infectious diseases. In 721 HIV-positive patients
evaluated, the incidence of NTM infection was 9.7-fold higher in pa-
tients with CD4 cell counts below 100 cells/mm?® compared to patients
with CD4 cell counts above 100 cells/mm?®. Moreover, the development
of disseminated disease due to M. avium in patients infected by HIV
usually occurs when they have a CD4 cell count less than 50 cells/mm?
[109-111], and mycobacterial infections accelerate HIV disease pro-
gression. Although it is still not clear whether mycobacterial factors or
processes are directly or indirectly involved in increasing HIV titers
during coinfection, it is suggested that mycobacterial stimulation of
macrophages may promote the spread of HIV. This is an extremely
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important observation because these infections can remain asympto-
matic while silently promoting viral proliferation in HIV patients [112].

9.2. Pulmonary disease

The prevalence of pulmonary diseases caused by NTM is increasing
throughout the world. In a study conducted in Taiwan, pulmonary NTM
infection was the most common type of infection in 93.6% of cancer
patients, with lung cancer being the most common type [113].
Bronchiectasis, lung cancer and chronic obstructive pulmonary disease
(COPD), associated with immunosuppression, increase the risk of co-
lonization and infection by M. avium [7].

Studies have reported that M. avium is the most common isolate of
NTM in patients with bronchiectasis and lung cancer [113,114]. In
addition, the presence of underlying pulmonary diseases and/or im-
munosuppression may be a possible factor for the development of
chronic lung disease by M. avium [4,87].

M. avium also has a high prevalence in CF, a genetic disorder that
generates defects in the CF transmembrane conductance regulator gene
product, resulting in abnormally thickened airway secretions, chronic
bacterial infection of the airways and early death [115,116].

One of the main problems associated with M. avium chronic lung
infection is the limited response to therapy. Patients infected with M.
avium in the lung tend to respond to therapy initially, but recurrence of
infection shortly after the end of treatment is common [4]. The clinical
course of pulmonary infection by M. avium is suggestive of the presence
of a biofilm, which would explain the chronic nature of the infection
and the poor response to treatment. Interestingly, Yamazaki et al. [49]
showed that M. avium can form biofilms in the bronchiolar and bron-
chial mucosa, protecting itself from the immune response, and subse-
quently cross the mucosal barrier of the bronchiolar or bronchial air-
ways.

In addition, serotyping of MAC isolates was shown to be important
for assessing both the chemotherapy outcome and the prognosis of lung
disease due to MAC species. Serotype 4 was associated with a poor
prognosis of lung disease due to MAC species because most patients
with pulmonary disease caused by this serotype had worsening chest
radiographic findings and did not respond to multiple drug che-
motherapy [42,64].

10. Final considerations

M. avium has been one of the most frequent species of NTM isolated
worldwide. Some issues related to this mycobacteria such as the success
of treatment and the evolution of resistance remain poorly elucidated.
Additionally, clinical and laboratory diagnosis of M. avium continues to
be a challenge in clinical practice.

Another important dilemma is the difficulty in recognition of pa-
tients with an increased risk for infection with M. avium. Although some
predisposing conditions are very clear (e.g., HIV), many others remain
weakly understood. Although preexisting lung diseases, including
COPD and CF, are clear risk factors, it remains impossible to predict
which patient will develop a disease caused by M. avium. Finally, we
emphasize the need for investigations regarding the survival of M.
avium in the environment, its sources and routes of infection, and the
development of effective elimination methods. In addition, accessible,
highly sensitive and specific methods for screening potential M. avium
infection cases and an effective medical treatment aimed at controlling
M. avium infections should be considered public health priorities.
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