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The immunologic mechanisms that contribute to the response to Mycobacterium
tuberculosis infection still represent a challenge in the clinical management and
scientific understanding of tuberculosis disease. In this scenario, the role of the different
cells involved in the host response, either in terms of innate or adaptive immunity, remains
key for defeating this disease. Among this coordinated cell response, mast cells remain
key for defeating tuberculosis infection and disease. Together with its effector’s molecules,
membrane receptors as well as its anatomical locations, mast cells play a crucial role in the
establishment and perpetuation of the inflammatory response that leads to the generation
of the granuloma during tuberculosis. This review highlights the current evidences that
support the notion of mast cells as key link to reinforce the advancements in tuberculosis
diagnosis, disease progression, and novel therapeutic strategies. Special focus on mast
cells capacity for the modulation of the inflammatory response among patients suffering
multidrug resistant tuberculosis or in co-infections such as current COVID-19 pandemic.

Keywords: tuberculosis, mast cells, disease control, histamine, co-infection, biomarker, anti-TB therapy,
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MINI REVIEW

Mycobacterium tuberculosis (MTB) is the bacterium that causes tuberculosis (TB), which surpasses
Human Immunodeficiency Virus (HIV) as the leading cause of death by an infectious agent.
According to the World Health Organization (WHO), in 2019, approximately 10 million people
became ill with active tuberculosis, and 1.2 million died from this disease (1). It is estimated that one
third of the world population is infected with this bacterium but remains asymptomatic. Before the
coronavirus (COVID-19) pandemic, TB was the leading cause of death from a single infectious
agent (1).

Despite advances made over the past 20 years in understanding the mechanisms that contribute
to protective immunity against MTB, there are still major gaps in scientific and clinical knowledge
regarding TB. One of these gaps is TB latency, specifically the mechanisms that allow MTB to
remain clinically latent and how the infection is reactivated, and disease development occurs.
Another crucial point that remains unclear is the individual roles of the different immune cells
participating in the host response to the bacilli. The existence of multi-drug resistant strains adds yet
another layer of complexity to understanding interactions between the bacilli and genetically
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distinct hosts. These represent the main obstacles to developing
treatments directed at latent infections as a means to prevent
disease (2).

Under the current COVID-19 pandemic conditions, another
cause for concern is possible co-infection with MTB and SARS-
CoV-2 virus. In addition to co-infected patients presenting more
severe respiratory symptoms, the cellular mediators released
during acute COVID-19 infection increase the risk of latent
tuberculosis reactivation (3). Mast cells are among these cellular
mediators and play a role in mast cell activation syndrome
(MCAS) (4). While MCAS could be exacerbated with multiple
pathogen infections, no major MCAS among patients with triple
infections of TB, HIV, and SARS-CoV-2 has been noticed (5, 6).
Rivas et al. reported two unusual cases of patients with triple
infections of SARS-CoV-2, MTB, and HIV. Following treatment
with supplemental oxygen and initiation of antituberculosis and
antiretroviral therapies, both patients demonstrated clinical
improvement and recovery from COVID-19. Thus, the effect
of multiple infection on mast cell response requires a deeper
revision to denote differences between clinical observations and
the cellular and molecular level of MCAS.

Host resistance to MTB infection requires a coordinated effort
between cells of the innate and adaptive immune systems (7). Various
lung immune cell populations respond to MTB, and while their
functions offer host protection, they can also result in potentially
damaging inflammation. For example, although CD4+ T cells are
mainly responsible for containing the infection through specific
antigen recognition, these T cells are also major contributors to
disease at different stages of infection (8). Macrophages, neutrophils,
dendritic cells, NK, and B lymphocytes have also been shown to play
an important role in the MTB infection response (9). Thus, the
participation of both adaptative and innate immune branches
remains key for defense against tuberculosis.

While the roles of these immune cells have been determined,
the role of mast cells (MC) remains unclear. This minireview
aims to consolidate the knowledge available on the host’s MC
response to MTB. Special focus will be directed to the cellular
and clinical aspects related to this interaction.
MCs FUNCTION

MCs’ versatility results from several elements that characterize
their immune protection skills. First, MCs store a variety of
mediators in their granules and express a diverse population of
receptors on the cell membrane. Second, MCs are strategically
distributed throughout the body in sites whose function
complements the immune system. Specifically, MCs are found
in skin and gastrointestinal and respiratory tissues and mucous
membranes (10). The diversity of MC receptors, their signaling
pathways and products make MCs central effector cells in the
pathogenesis of many respiratory diseases, particularly diseases
with underlying inflammatory and allergic pathologies (11).

In addition to the role mast cells play in allergenic processes,
increasing evidence points to the participation of these cells in
other pathologies ranging from autoimmune disorders,
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infectious diseases to cancer. In these processes, MCs have
deleterious effects. Understanding how MCs cause damage as
well as finding strategies to limit these effects is an important area
of research (10).

MCs are further classified into two subtypes according to
their protease content. Those found in skin are mostly chymase-
tryptase positive (MCTC), while those located in mucosa, such as
bronchial epithelium, are tryptase positive (MCT). In addition to
the MC subtype, the increase in the number of MCs is also
important in inflammatory processes (12). The major activation
pathway is through the FcϵRI and its interaction with IgE. Other
MC receptors have a sentinel response to lipopolysaccharides or
peptidoglycans generated by bacteria. For example, upon
activation, Toll-Like Receptors (TLRs) induce the synthesis
and up-regulation of cytokines including GM-CSF, IL-6, IL-8,
and IL-10 (13). The precise cytokine profile depends on the
activation route within the mast cell. To facilitate this interaction,
MCs are located at the host-environment interface, proximal to
both blood and lymphatic vessels. In addition, MCs are present
along nerve fibers and close to tissue-resident immune cells (i.e.
dendritic cells) (14).

Advancements in our understanding of MC biology have
identified an abundance of checkpoints for potential therapeutic
intervention. For example, the introduction of antihistamines
more than 80 years ago led to the discovery of the different
histamine receptors, one of the major inflammatory mediators
stored in MCs (15). H1-antihistamines represent the cornerstone
of treatment in patients with pruritus, allergic rhinitis, or allergic
conjunctivitis, and this receptor is abundantly expressed on
MCs (15).
MC ANTIMICROBIAL ACTIVITY

MCs demonstrate antimicrobial activity against bacteria, fungi,
and viruses (14). These functions are executed following
pathogen recognition via pattern recognition receptors (PRRs),
and Fc receptors. At the beginning of an infection, MCs signal
the pathogen’s presence to innate and adaptive immune cells
present near the infection site or distally in the draining lymph
nodes (14). Mouse models of infectious pathogens have
demonstrated increased pathogen clearance in animals with
sufficient MCs compared to MC-deficient mice (16).

MCs have unique features that make their functions crucial
for host defense. First, they are preponderant in the skin and
mucosal sites, which is where most pathogens initiate infection,
and they are among the first cells to encounter pathogens along
with other innate immune cells, such as dendritic cells and
macrophages. Second, MCs can recognize three targets: the
pathogens directly, host molecules that opsonize pathogens,
and/or signals released by infected cells in the vicinity. Third,
after activation, MCs release inflammatory mediators and
antimicrobial peptides that contribute to immune cell
recruitment and the clearance of the invading pathogen (14).

Moreover, MCs can both initiate and sustain the inflammatory
response due to de novo synthesis of mediators and their ability to
June 2022 | Volume 13 | Article 886044
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undergo multiple regranulation-degranulation cycles. One
remarkable feature that distinguishes MCs from all other
granulated cell types (e.g. neutrophils) is that cellular
degranulation is not automatically associated with cell death.
Instead, early studies suggest that MCs not only survive this
process but possess the ability to recover, replenish their granules
and participate in another round of degranulation (17). This special
ability of regranulation makes sense considering the longevity and
high time and energy investment in terms of weeklong development
and maturation of MCs (18). On the other hand the ability of MCs
to independently phagocytize and kill bacteria has also been
discussed and remains controversial (19). In recent years, an
additional antimicrobial mechanism, known as mast extracellular
traps (MECT), has been proposed (20).
MICROBIAL SIGNALS THAT ACTIVATE
MCs: PAMPS AND DAMPS

MCs activation mechanisms differ according to the pathogen.
Depending on the stimuli perceived by MCs, they release a panel
of inflammatory mediators for the type of pathogen detected
(21). For example, in one study, MCs secreted proinflammatory
cytokines when challenged by respiratory syncytial virus, they
secreted anti-viral type 1 IFN (22). This differential response
results from the characteristics of the MC surface receptors that
are engaged and the signals released by those receptors.

MCs express a wide array of pattern recognition receptors
(PRRs). The PRRs are a class of germ line-encoded receptors that
recognize both extra- and intracellular pathogens as well as
pathogen-derived products and pathogen-associated molecular
patterns (PAMPS) (23). Among these PRRs, TLR expression in
MCs from various origins has been well documented. Human
MCs have been shown to express TLR1, TLR2, TLR3, TLR4,
TLR5, TLR6, TLR7, TLR8, and TLR9 at different levels
depending on the literature consulted (24–26).

The best-characterized receptors are TLR2, TLR4, and TLR5,
which recognize the following bacterial products: peptidoglycan,
lipopolysaccharide (LPS), and Flagelin, respectively (14).
Cytokine and chemokine production and secretion are the
common functional outcomes of TLR signaling in MCs, but
this signaling can also induce calcium influx and degranulation
(e.g. peptidoglycan stimulation through TLR2) (27).

MTB can be recognized by MC PRRs, as is the case with TLR2
(28). In addition, MCs can respond to danger signals (DAMPS),
such as IL-33, released by neighboring infected host cells, which
activates proinflammatory cytokine secretion by MCs to resolve
infection (29). Previous exposure to pathogens/TLR-ligands
enhances IgE-dependent release of several inflammatory
mediators in MCs, which suggests that infections might magnify
the severity of allergic reactions (30). In addition to the PPRs,
other molecules, such as the glycosylphosphatidylinositol-
anchored proteins (GPI) receptor CD48, can bind pathogens
and trigger MC degranulation and microbe uptake (31).
Complement receptors (CR3, CR4, C3aR, and C5aR) and
immunoglobulin receptors (FcϵRI, FcgRI, FcgRII, and Fcg RIII)
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have also been reported to mediate the MC response to other
pathogens, including bacteria and parasites (32).
MCs INNATE RESPONSE TO
PATHOGENS: RELEASE OF PREFORMED
AND DE NOVO MEDIATORS

The MC response to invading pathogens includes the release of
mediators that regulate vascular flow, permeability, and cell
chemotaxis. MCs can upregulate adhesion molecules on
vascular endothelium, facilitating cellular recruitment from
circulation into infection sites. MC-derived TNF recruits
neutrophils to sites of bacterial infection (33). MC-derived
eotaxin (CCL11) or IL-8 recruits eosinophils or cytotoxic cells
after parasitic or viral infection, respectively (34). Eicosanoid
pathways are also activated by pathogens. Leukotrienes and
prostaglandins contribute to permeability, neutrophil
chemotaxis and mucus production (14).

In addition, MCs can clear pathogens by releasing compounds
with bactericidal activity, such as cathelicidins or b-defensins (35).
Cathelicidins are host antimicrobial peptides that can be
constitutively produced or induced by TLR2 signals in MCs;
these peptides act in two ways: by killing pathogens and
inducing MCs to migrate to the infection site (36).
MICROBE UPTAKE AND INTRACELLULAR
AND EXTRACELLULAR KILLING

The precise role of the phagocytic capability of MCs in the host
defense against bacteria remains under debate. Available
evidence suggest that this role probably has a minor impact
compared with the bacterial killing mediated by professional
phagocytes. Recently, a review updated the knowledge about
MCs phagocytic capabilities of (37). These authors compiled
evidences to support the notion that several MCs membrane
receptors bind free and/or opsonized pathogens. We believe that
such capabilities highlight the enormous MCs versatility in
controlling infectious disease during the early innate
immune responses.

MCs have several mechanisms available to kill microbes they
come in contact with. One of these mechanisms results from the
recognition of opsonized microbes by the complement or IgG
receptors. Following their binding, pathogens are internalized via
a route involving the endosome-lysosome pathway, similar to
that of phagocytes (19). However, microbe uptake can proceed
without cytosolic degradation, leading to the formation of
pathogen reservoirs. For most pathogens, these reservoirs have
adverse effects on the host (19, 31), but other pathogens undergo
intracellular degradation within MCs.

The other mechanism MCs use to kill microbes is Mast
Extracellular Traps (MECT). These are antimicrobial structures
that support extracellular killing of bacteria that have not been
efficiently phagocytized. MECTs act through a combination of
June 2022 | Volume 13 | Article 886044
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direct killing of entrapped pathogens and/or physical retention
so that phagocytic cells recruited to the infection site can then
eliminate the pathogen (38). These structures were first described
in other cell types, including neutrophils (39).

This antimicrobial strategy implies a disruption of the nuclear
membrane and a release of nuclear and granular components,
which cause cell death. Some studies suggest that this process is
an active and regulated event where the presence of microbes
induces MECT, and the production of reactive oxygen species
(ROS) leads to cell death (40).

The major components of MECTs are DNA, histones,
granule proteins, such as tryptase, and antimicrobial peptides.
The role of MECTs still requires further investigation; however, a
possible explanation of its physiological relevance in MCs can be
derived from the fact that this action is restricted to the same
physical space that demonstrates MC activity. The antimicrobial
action is observed locally, avoiding uncontrolled MC activation
and the undesirable spread of proinflammatory mediators after
an overwhelming infection to the tissue, which could lead to
vascular leakage and further enhance inflammation and tissue
damage (20).
MCs IN LUNG DISEASES

MC activity is involved in the maintenance of healthy lungs,
contributing to defense against several respiratory pathogens,
including Mycobacterium tuberculosis, Staphylococcus aureus,
Francisella tularensis, Streptococcus pyogenes, Klebsiella
pneumoniae, Listeria monocytogenes, Pseudomona aeruginosa,
and Streptococcus pneumoniae (41). However, inappropriate or
chronic activation of MCs by IL-9 may lead to pathologic
inflammation and remodeling of tissue structures, including
fibrosis during uncontrolled infections (42). There is strong
evidence of MC number increase and activation in lung
diseases, such as atopic and nonatopic asthma (43), while
changes in the phenotypes of the MCs present in the airway
(44) have been observed for pulmonary fibrosis (45) and
pulmonary hypertension, which is characterized by increased
pulmonary vascular resistance and remodeling (46). Mast cell
activation may also play a role in acute respiratory distress
syndrome (ARDS) (47) and chronic obstructive pulmonary
disease (COPD) (48). Associations between MC infiltration
and lung cancer prognosis give contradictory results; the
differential contributions of MCs to tumor angiogenesis and
tumor cytotoxicity according to the microenvironment may
explain the lack of consistent conclusions (49).

SARS-CoV-2 infection in mice model have revealed the effects
MCs humoral mediators. The histamine from MCs granules
increases the expression of cytokines, such as IL-6, and
chemokines, such as IL-8; which favor the hyperinflammatory
state observed at severe stages of viral infection. The cytokines and
chemokines also degrade the extracellular matrix and the hyaline
membrane of the intra-alveolar space, which can lead to
thrombosis (50). On the other hand, the lungs of COVID-19
patients show a diffuse alveolar damage (DAD) with suppression
Frontiers in Immunology | www.frontiersin.org 4
of MCs proliferation (51). A plausible explanation is that the high
interferon levels in the early phase of COVID-19 might cause this
suppression observed in DAD (51). DAD is also observed in lungs
of patients ADRS, acute hypersensitivity pneumonitis, idiopathic
acute interstitial pneumonia, drug abuse, toxic inhalants,
ingestants, connective tissue disease, viral and bacterial
infections including some acute forms of tuberculosis (52, 53).
In addition, the levels of serum anti-SARS-CoV-2–spike S1
protein-specific IgE (SP-IgE) and anti-SARS-CoV-2
nucleocapsid protein-specific IgE (NP-IgE) appear to be
significantly higher in patients suffering severe COVID-19; and
SP-IgE levels correlated with the total lung severity scores and the
ratio of arterial oxygen partial pressure to fractional inspired
oxygen (PaO2/FiO2) (54). Post-acute sequalae COVID-19 patients
report significantly higher expression in serum of IL-6 and
CXCL1; whereas no difference was observed on serum levels of
IL-8, TNF, CCL2, CCL3, IL-17A, IL-33, and VEGF (55). Taken all
together these initial evidences warrant separate review to
accurately compile the natural history of MCs during SARS-
CoV-2 infection, disease and resolution.
TUBERCULOSIS

Members of the Mycobacterium tuberculosis complex, which
include MTB, M. caprae, M. microti, M. pinnipedii, M.
africanum, and M. canettii (the latter two are responsible for a
small number of cases in Africa), are responsible for TB. The first
three species mainly affect humans, while M. bovis, which is also
part of the MTB complex group, is involved primarily in cattle
infections. Mycobacteria other than tuberculosis (MOTT) can
cause pulmonary TB in humans. These are also known as
non-tuberculous mycobacteria (NTM) and affect mainly
immunocompromised patients as well as the elderly.

The first contact between the bacilli and the patient occurs
when the patient inhales microdroplets containing the bacilli,
which constitutes the pulmonary transmission of TB. After this
primary contact, the infection can go unnoticed for several weeks,
and at this point, there are three possible outcomes. First, the
infection may be controlled by the human immune cells; second,
the bacilli can remain in a latent state and third, the patient may
present with symptoms. Once the infection is established,
granulomas, which are aggregates of infected macrophages
surrounded by different immune cells, begin to form (56).

The initial MTB infection is asymptomatic. Despite symptoms
initiation is variable, after approximately 4 to 6 weeks, the patient
starts to present hypersensitivity to tuberculin (57). Symptoms
that a patient with pulmonary TB may present include cough,
fever, night sweats, weight loss, and hemoptysis.

MTB can establish either an acute infection of the lung tissue or
a chronic infection where it remains inside the immune system
cells. The bacteria can reside inside alveolar macrophages after
entering through a phagocytotic process with the help of the
complement fraction (8). However, there are other cells involved
in recognizing MTB after it enters the body, as well as modulating
the immune response. For example, previous studies have
June 2022 | Volume 13 | Article 886044
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demonstrated that in addition to residing in macrophages, MTB
infects different cell types in the lungs, including dendritic cells
and neutrophils; moreover, the dominant infected cell population
varies at the different stages of infection (58, 59). Pahari et al.
reviewed MTB interactions using a mononuclear phagocyte
system and highlighted the mechanisms involved in reversing
the immune suppression induced by MTB infection (60).

TB is diagnosed by isolating and identifying MTB on sputum
samples from ill patients. This can be completed by observing the
bacilli under a microscope, culturing the bacilli, or by PCR (61).
Other laboratory tests can also be performed, such as the
tuberculin test (TST) and the Interferon Gamma test (IGRA).

For example, the TST is not completely specific, because
patients that have been vaccinated with the Bacillus Calmette
Guerin (BCG) vaccine will show a positive result (62). On the
other hand, the IGRA tests have yielded high rates of conversions
between positive and negative latent tuberculosis infection
(LTBI), mainly due to the cutoff values (63). Although these
tests are highly accepted, they are not foolproof and represent a
challenge when trying to correctly diagnose patients. For these
reasons, it is important to evaluate other methods for diagnosing
patients with TB, especially patients with LTBI.

MCs AND TUBERCULOSIS

The first evidence of MCs’ role in TB came from various studies
performed over previous decades. First, Ratnam et al. studied
rodent lungs after MTB infection and reported the presence of
“cells containing many electron-dense intracytoplasmic
granules” which were determined to be from MCs (64, 65).
Later, Muñoz et al. demonstrated that MTB could activate MCs
in vitro, resulting in MCs degranulation and production of the
inflammatory cytokines TNFa and IL-6 (66). In vivo
experimentation showed an increase in MCs after MTB
infection in rodent lungs (65). Also, MC-derived TNFa may
play a role in the early steps of infection since it is stored in
granules and can be immediately released after infection. TNFa
has an initial impact in neutrophil recruitment and leads to the
differentiation of circulant monocytes to macrophages in
addition to playing an important role in granuloma
maintenance. An experimental animal TB model that excluded
TNFa showed an increase in IL-6 production (67).

Muñoz and colleagues showed CD48 recognizes and mediates
MTB uptake into MCs (66). The same authors found that MTB
can also enter theMCs through lipid rafts (68). TLR2 has also been
proposed to play a role in MCs after MTB infection. Transfer of
TLR2+/+ MCs into TLR-/-MTB-infected mice showed diminished
lung bacterial growth and an increase in proinflammatory
cytokine release that contributes to granuloma maintenance
(69). More recently, a study by Naqvi et al. demonstrated a
massive increase in MC numbers in the infected lung of BCG
infected animals (70). They also showed that in vitro co-culture of
BCG and rodent Rat Basophilic Leukaemia (RBL-2H3) MCs led to
significant killing of BCG, phagocytosis of BCG, take up BCG-
derived antigens by macropinocytosis, generation of Reactive
Oxygen Species (ROS) and degranulation. All together these
Frontiers in Immunology | www.frontiersin.org 5
evidences suggest that MCs play a significant protective role
during tuberculosis infection and disease.

MC-mediated innate immunity usually promotes timely
resolution of acute infection; however, paradoxically, this same
response can also promote chronic infections and exacerbate
pathologies. In the TB context, MTB uptake through raft
membrane domains might also allow the bacteria to bypass the
lysosome degradation route, thereby resulting in intracellular
MTB survival (68). During lung mycobacterial infection, MCs
are involved in the development of granulomas, which may also
protect bacteria from total clearance (71). On the other hand,
MTB can use additional strategies to evade the immune
response; for example, MTB can produce catalase, which
degrades hydrogen peroxide, thereby preventing the release of
mast cells’ extracellular traps (MCETS) (72).

Experiments using recombinant MTB antigens provide
further insights into the MC response triggered by MTB. These
antigens are present in a group of proteins actively produced by
MTB during its growth. The recombinant MTB antigens MTSA-
10, MPT-63, and ESAT-6 were found to induce the release of
inflammatory mediators (66). MCs also respond specifically to
MTB lipids increasing calcium influx and degranulation (73). In
contrast, such immune response have been tested as therapeutic
strategy for chronic diseases such as chronic spontaneous
urticaria (CSU) (74). Yan and colleagues demonstrated that the
use of BCG polysaccharide nucleic acid (BCG-PSN) significantly
reduced the recovery time of patients suffering CSU (74). They
supported this finding by showing in-vitro data that revealed
BCG-PSN also inhibited the hexosaminidase release rates in IgE-
sensitized RBL-2H3 cells. Taken all together, the modulating role
of Mycobacteria promises a novel therapeutic strategy for
targeting chronic autoimmune diseases. Molecular mechanisms
of MCs and MTB interaction now warrant a multidisciplinary
effort to generate new fundamental basis that depict the MC´s
microbial intake (Figure 1).

The precise lipids involved and the exact MC receptors that
are triggered remain unknown. Determining this is further
complicated by the fact that MTB’s lipid composition varies
throughout the infection process. There is a lipid profile that
dampens or enhances immune responses resulting in bacterial
persistence or clearance (75). This differential expression may be
key in determining the clinical fate of infection. It would be key
to assess MCs activation mechanisms in those scenarios. A better
understanding of lipid interactions with MCs could lead to the
development of immunomodulators distinct from the traditional
protein antigen-based vaccines. Moreover, it would be useful to
determine if MCs play a role in the establishment and
perpetuation of the granuloma, as well as identify a molecule
that can be used as a biomarker to classify patients in the
different stages of infection.

There are also clinical evidences that support the role of MC´s in
the MTB clearance during TB. An earlier study investigated the MC
density on tissue sections of 45 people suffering tuberculous
lymphadenitis. They found lymph node to have a significant
increase of MC´s with greater granuloma involvement and
multinucleated giant cell formation (76). In contrast, during
June 2022 | Volume 13 | Article 886044
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tuberculous pleurisy, there is no significant increase in MC´s when
compared to individuals with nonspecific pleuritis (77). When
studying more severe pulmonary TB among patients admitted to
the intensive care units, it was observed that these patients have an
increased MCs in lung tissue (78). In fact, a recent study analyzed
fibrotic tissue from post-mortem lung tissue microarrays from
individuals with pulmonary TB and healthy control subjects (79).
They demonstrated that MCs were localized at pneumonic areas, in
the granuloma periphery and particularly abundant. Similarly, non-
tuberculosis mycobacteria trigger MCs response. Emerging
evidences show MCs within leprosy lesions, including collagen
increase and tryptase-rich mast cell density (80, 81). Taken all
together, these early clinical evidences support the notion of MCs
playing a role during MTB infection and disease.
CONCLUSION

The role of MCs in infectious processes, including TB infection,
supports their potential use as biomarkers to predict disease
severity. MCs should also be considered a therapeutic target for
treating patients that do not respond as expected to anti-TB
therapies. These therapies usually result in the modulation of
immune cell populations, including mast cells. Without this
modulation, the mycobacteria evade the immune response
through the decomposition of hydrogen peroxide, which is an
essential trigger for MCET induction. There is emerging in vivo
and clinical evidences that highlight some other roles of MCs
during TB. Further studies are warranted to fully characterize the
complete MCs contribution not only during disease, but also
Frontiers in Immunology | www.frontiersin.org 6
during latent TB infection stage as well as clearance after anti-
TB therapy.
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grant No. 22-2020. IT-A is funded by Vicerrectoría de
Investigación y Postgrada, Universidad de Panamá.
ACKNOWLEDGMENTS

The authors thank Maria Joao Amorim and Colleen Goodridge
for their critical review of the manuscript. Figures were done
using https://app.biorender.com/biorender-templates.
REFERENCES
1. WHO. Global Tuberculosis Report. Geneve, Switzerland: W.H. Organization

(2021).
2. Keshavjee S, Amanullah F, Cattamanchi A, Chaisson R, Dobos KM, Fox GJ,

et al. Moving Toward Tuberculosis Elimination. Critical Issues for Research
in Diagnostics and Therapeutics for Tuberculosis Infection. Am J Respir Crit
Care Med (2019) 199(5):564–71. doi: 10.1164/rccm.201806-1053PP

3. Crisan-Dabija R, Grigorescu C, Pavel CA, Artene B, Popa IV, Cernomaz A,
et al. Tuberculosis and COVID-19: Lessons From the Past Viral Outbreaks
and Possible Future Outcomes. Can Respir J (2020) p:1401053. doi: 10.1155/
2020/1401053
FIGURE 1 | Effector inflammatory response after mast cells interaction with Mycobacterium tuberculosis.
June 2022 | Volume 13 | Article 886044

https://app.biorender.com/biorender-templates
https://doi.org/10.1164/rccm.201806-1053PP
https://doi.org/10.1155/2020/1401053
https://doi.org/10.1155/2020/1401053
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Torres-Atencio et al. Mast Cells Respond to Mycobacterium
4. Afrin LB, Weinstock LB, Molderings GJ. Covid-19 Hyperinflammation and
Post-Covid-19 Illness may be Rooted in Mast Cell Activation Syndrome. Int J
Infect Dis (2020) 100:327–32. doi: 10.1016/j.ijid.2020.09.016

5. Rivas N, Espinoza M, Loban A, Luque O, Jurado J, Henry-Hurtado N, et al.
Case Report: COVID-19 Recovery From Triple Infection With
Mycobacterium Tuberculosis, HIV, and SARS-CoV-2. Am J Trop Med Hyg
(2020) 103(4):1597–9. doi: 10.4269/ajtmh.20-0756

6. Piliponsky AM, Acharya M, Shubin NJ. Mast Cells in Viral, Bacterial, and
Fungal Infection Immunity. Int J Mol Sci (2019) 20(12):1–15. doi: 10.3390/
ijms20122851

7. Garcia-Rodriguez KM, Goenka A, Alonso-Rasgado MT, Hernandez-Pando R,
Bulfone-Paus S. The Role of Mast Cells in Tuberculosis: Orchestrating Innate
Immune Crosstalk? Front Immunol (2017) 8:1290. doi: 10.3389/
fimmu.2017.01290

8. Scriba TJ, Carpenter C, Pro SC, Sidney J, Musvosvi M, Rozot V, et al.
Differential Recognition of Mycobacterium Tuberculosis-Specific Epitopes as
a Function of Tuberculosis Disease History. Am J Respir Crit Care Med (2017)
196(6):772–81. doi: 10.1164/rccm.201706-1208OC

9. Bozzano F, Marras F, De Maria A. Immunology of Tuberculosis. Mediterr J
Hematol Infect Dis (2014) 6(1):e2014027. doi: 10.4084/mjhid.2014.027

10. Paivandy A, Pejler G. Novel Strategies to Target Mast Cells in Disease. J Innate
Immun (2021) 13(3):131–47. doi: 10.1159/000513582

11. Thangam EB, Jemima EA, Singh H, Baig MS, Khan M, Mathias CB, et al. The
Role of Histamine and Histamine Receptors in Mast Cell-Mediated Allergy
and Inflammation: The Hunt for New Therapeutic Targets. Front Immunol
(2018) 9:1873. doi: 10.3389/fimmu.2018.01873

12. Mendez-Enriquez E, Hallgren J. Mast Cells and Their Progenitors in Allergic
Asthma. Front Immunol (2019) 10:821. doi: 10.3389/fimmu.2019.00821

13. Komi DEA, Khomtchouk K, Santa Maria PL. A Review of the Contribution of
Mast Cells in Wound Healing: Involved Molecular and Cellular Mechanisms.
Clin Rev Allergy Immunol (2020) 58(3):298–312. doi: 10.1007/s12016-019-
08729-w

14. Abraham SN, St John AL. Mast Cell-Orchestrated Immunity to Pathogens.
Nat Rev Immunol (2010) 10(6):440–52. doi: 10.1038/nri2782

15. Simons FE, Simons KJ. Histamine and H1-Antihistamines: Celebrating a
Century of Progress. J Allergy Clin Immunol (2011) 128(6):1139–50:e4. doi:
10.1016/j.jaci.2011.09.005

16. Dawicki W, Marshall JS. New and Emerging Roles for Mast Cells in Host
Defence. Curr Opin Immunol (2007) 19(1):31–8. doi: 10.1016/
j.coi.2006.11.006

17. Wernersson S, Pejler G. Mast Cell Secretory Granules: Armed for Battle. Nat
Rev Immunol (2014) 14(7):478–94. doi: 10.1038/nri3690

18. Gurish MF, Austen KF. Developmental Origin and Functional Specialization
of Mast Cell Subsets. Immunity (2012) 37(1):25–33. doi: 10.1016/
j.immuni.2012.07.003

19. Feger F, Varadaradjalou S, Gao Z, Abraham SN, Arock M. The Role of Mast
Cells in Host Defense and Their Subversion by Bacterial Pathogens. Trends
Immunol (2002) 23(3):151–8. doi: 10.1016/S1471-4906(01)02156-1

20. Mollerherm H, von Kockritz-Blickwede M, Branitzki-Heinemann K.
Antimicrobial Activity of Mast Cells: Role and Relevance of Extracellular
DNA Traps. Front Immunol (2016) 7:265. doi: 10.3389/fimmu.2016.00265

21. St John AL, Abraham SN. Innate Immunity and its Regulation by Mast Cells.
J Immunol (2013) 190(9):4458–63. doi: 10.4049/jimmunol.1203420

22. Al-Afif A, Alyazidi R, Oldford SA, Huang YY, King CA, Marr N, et al.
Respiratory Syncytial Virus Infection of Primary Human Mast Cells Induces
the Selective Production of Type I Interferons, CXCL10, and CCL4. J Allergy
Clin Immunol (2015) 136(5):1346–54 e1. doi: 10.1016/j.jaci.2015.01.042

23. Kawai T, Akira S. The Role of Pattern-Recognition Receptors in Innate
Immunity: Update on Toll-Like Receptors. Nat Immunol (2010) 11(5):373–
84. doi: 10.1038/ni.1863

24. Kulka M, Alexopoulou L, Flavell RA, Metcalfe DD. Activation of Mast Cells by
Double-Stranded RNA: Evidence for Activation Through Toll-Like Receptor
3. J Allergy Clin Immunol (2004) 114(1):174–82. doi: 10.1016/
j.jaci.2004.03.049

25. McCurdy JD, Olynych TJ, Maher LH, Marshall JS. Cutting Edge: Distinct
Toll-Like Receptor 2 Activators Selectively Induce Different Classes of
Mediator Production From Human Mast Cells. J Immunol (2003) 170
(4):1625–9. doi: 10.4049/jimmunol.170.4.1625
Frontiers in Immunology | www.frontiersin.org 7
26. Tancowny BP, Karpov V, Schleimer RP, Kulka M. Substance P Primes
Lipoteichoic Acid- and Pam3CysSerLys4-Mediated Activation of Human
Mast Cells by Up-Regulating Toll-Like Receptor 2. Immunology (2010) 131
(2):220–30. doi: 10.1111/j.1365-2567.2010.03296.x

27. Supajatura V, Ushio H, Nakao A, Akira S, Okumura K, Ra C, et al. Differential
Responses of Mast Cell Toll-Like Receptors 2 and 4 in Allergy and Innate
Immunity. J Clin Invest (2002) 109(10):1351–9. doi: 10.1172/JCI0214704

28. Tang X, Hu F, Xia X, Zhang H, Zhou F, Huang Y, et al. Mannose-Capped
Lipoarabinomannan (ManLAM) Binding TLR2 Activates Mast Cells to
Release Exosomes and Induces M2 Polarization of Macrophages. Xi Bao Yu
Fen Zi Mian Yi Xue Za Zhi (2021) 37(6):481–6.

29. Aoki R, Kawamura T, Goshima F, Ogawa Y, Nakae S, Moriishi K, et al. The
Alarmin IL-33 Derived From HSV-2-Infected Keratinocytes Triggers Mast
Cell-Mediated Antiviral Innate Immunity. J Invest Dermatol (2016) 136
(6):1290–2. doi: 10.1016/j.jid.2016.01.030

30. Saluja R, Delin I, Nilsson GP, Adner M. FcepsilonR1-Mediated Mast Cell
Reactivity is Amplified Through Prolonged Toll-Like Receptor-Ligand
Treatment. PloS One (2012) 7(8):e43547. doi: 10.1371/journal.pone.0043547

31. Shin JS, Abraham SN. Glycosylphosphatidylinositol-Anchored Receptor-
Mediated Bacterial Endocytosis. FEMS Microbiol Lett (2001) 197(2):131–8.
doi: 10.1111/j.1574-6968.2001.tb10594.x

32. Marshall JS, Jawdat DM. Mast Cells in Innate Immunity. J Allergy Clin
Immunol (2004) 114(1):21–7. doi: 10.1016/j.jaci.2004.04.045

33. Malaviya R, Ikeda T, Ross E, Abraham SN. Mast Cell Modulation of
Neutrophil Influx and Bacterial Clearance at Sites of Infection Through
TNF-Alpha. Nature (1996) 381(6577):77–80. doi: 10.1038/381077a0

34. Shin K, Watts GF, Oettgen HC, Friend DS, Pemberton AD, Gurish MF, et al.
Mouse Mast Cell Tryptase mMCP-6 is a Critical Link Between Adaptive and
Innate Immunity in the Chronic Phase of Trichinella Spiralis Infection.
J Immunol (2008) 180(7):4885–91. doi: 10.4049/jimmunol.180.7.4885

35. Yang D, Chertov O, Oppenheim JJ. Participation of Mammalian Defensins
and Cathelicidins in Anti-Microbial Immunity: Receptors and Activities of
Human Defensins and Cathelicidin (LL-37). J Leukoc Biol (2001) 69(5):691–7.
doi: 10.1189/jlb.69.5.691

36. Wang Z, MacLeod DT, Di Nardo A. Commensal Bacteria Lipoteichoic Acid
Increases Skin Mast Cell Antimicrobial Activity Against Vaccinia Viruses.
J Immunol (2012) 189(4):1551–8. doi: 10.4049/jimmunol.1200471

37. Jimenez M, Cervantes-Garcia D, Cordova-Davalos LE, Perez-Rodriguez MJ,
Gonzalez-Espinosa C, Salinas E. Responses of Mast Cells to Pathogens:
Beneficial and Detrimental Roles. Front Immunol (2021) 12:685865. doi:
10.3389/fimmu.2021.685865

38. Elieh Ali Komi D, Kuebler WM. Significance of Mast Cell Formed
Extracellular Traps in Microbial Defense. Clin Rev Allergy Immunol (2022)
62(1):160–79. doi: 10.1007/s12016-021-08861-6

39. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil Extracellular Traps Kill Bacteria. Science (2004) 303
(5663):1532–5. doi: 10.1126/science.1092385

40. von Kockritz-Blickwede M, Goldmann O, Thulin P, Heinemann K, Norrby-
Teglund A, Rohde M, et al. Phagocytosis-Independent Antimicrobial Activity
of Mast Cells by Means of Extracellular Trap Formation. Blood (2008) 111
(6):3070–80. doi: 10.1182/blood-2007-07-104018

41. Trivedi NH, Guentzel MN, Rodriguez AR, Yu JJ, Forsthuber TG,
Arulanandam BP. Mast Cells: Multitalented Facilitators of Protection
Against Bacterial Pathogens. Expert Rev Clin Immunol (2013) 9(2):129–38.
doi: 10.1586/eci.12.95

42. Kearley J, Erjefalt JS, Andersson C, Benjamin E, Jones CP, Robichaud A, et al.
IL-9 Governs Allergen-Induced Mast Cell Numbers in the Lung and Chronic
Remodeling of the Airways. Am J Respir Crit Care Med (2011) 183(7):865–75.
doi: 10.1164/rccm.200909-1462OC

43. Bradding P, Arthur G. Mast Cells in Asthma–State of the Art. Clin Exp Allergy
(2016) 46(2):194–263. doi: 10.1111/cea.12675

44. Pejler G. The Emerging Role of Mast Cell Proteases in Asthma. Eur Respir J
(2019) 54(4):1–17. doi: 10.1183/13993003.00685-2019

45. Pesci A, Bertorelli G, Gabrielli M, Olivieri D. Mast Cells in Fibrotic Lung
Disorders. Chest (1993) 103(4):989–96. doi: 10.1378/chest.103.4.989

46. Hoffmann J, Yin J, Kukucka M, Yin N, Saarikko I, Sterner-Kock A, et al. Mast
Cells Promote Lung Vascular Remodelling in Pulmonary Hypertension. Eur
Respir J (2011) 37(6):1400–10. doi: 10.1183/09031936.00043310
June 2022 | Volume 13 | Article 886044

https://doi.org/10.1016/j.ijid.2020.09.016
https://doi.org/10.4269/ajtmh.20-0756
https://doi.org/10.3390/ijms20122851
https://doi.org/10.3390/ijms20122851
https://doi.org/10.3389/fimmu.2017.01290
https://doi.org/10.3389/fimmu.2017.01290
https://doi.org/10.1164/rccm.201706-1208OC
https://doi.org/10.4084/mjhid.2014.027
https://doi.org/10.1159/000513582
https://doi.org/10.3389/fimmu.2018.01873
https://doi.org/10.3389/fimmu.2019.00821
https://doi.org/10.1007/s12016-019-08729-w
https://doi.org/10.1007/s12016-019-08729-w
https://doi.org/10.1038/nri2782
https://doi.org/10.1016/j.jaci.2011.09.005
https://doi.org/10.1016/j.coi.2006.11.006
https://doi.org/10.1016/j.coi.2006.11.006
https://doi.org/10.1038/nri3690
https://doi.org/10.1016/j.immuni.2012.07.003
https://doi.org/10.1016/j.immuni.2012.07.003
https://doi.org/10.1016/S1471-4906(01)02156-1
https://doi.org/10.3389/fimmu.2016.00265
https://doi.org/10.4049/jimmunol.1203420
https://doi.org/10.1016/j.jaci.2015.01.042
https://doi.org/10.1038/ni.1863
https://doi.org/10.1016/j.jaci.2004.03.049
https://doi.org/10.1016/j.jaci.2004.03.049
https://doi.org/10.4049/jimmunol.170.4.1625
https://doi.org/10.1111/j.1365-2567.2010.03296.x
https://doi.org/10.1172/JCI0214704
https://doi.org/10.1016/j.jid.2016.01.030
https://doi.org/10.1371/journal.pone.0043547
https://doi.org/10.1111/j.1574-6968.2001.tb10594.x
https://doi.org/10.1016/j.jaci.2004.04.045
https://doi.org/10.1038/381077a0
https://doi.org/10.4049/jimmunol.180.7.4885
https://doi.org/10.1189/jlb.69.5.691
https://doi.org/10.4049/jimmunol.1200471
https://doi.org/10.3389/fimmu.2021.685865
https://doi.org/10.1007/s12016-021-08861-6
https://doi.org/10.1126/science.1092385
https://doi.org/10.1182/blood-2007-07-104018
https://doi.org/10.1586/eci.12.95
https://doi.org/10.1164/rccm.200909-1462OC
https://doi.org/10.1111/cea.12675
https://doi.org/10.1183/13993003.00685-2019
https://doi.org/10.1378/chest.103.4.989
https://doi.org/10.1183/09031936.00043310
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Torres-Atencio et al. Mast Cells Respond to Mycobacterium
47. Liebler JM, Qu Z, Buckner B, Powers MR, Rosenbaum JT. Fibroproliferation
and Mast Cells in the Acute Respiratory Distress Syndrome. Thorax (1998) 53
(10):823–9. doi: 10.1136/thx.53.10.823

48. Ballarin A, Bazzan E, Zenteno RH, Turato G, Baraldo S, Zanovello D, et al.
Mast Cell Infiltration Discriminates Between Histopathological Phenotypes of
Chronic Obstructive Pulmonary Disease. Am J Respir Crit Care Med (2012)
186(3):233–9. doi: 10.1164/rccm.201112-2142OC

49. Theoharides TC, Donelan JM, Papadopoulou N, Cao J, Kempuraj D, Conti P.
Mast Cells as Targets of Corticotropin-Releasing Factor and Related Peptides.
Trends Pharmacol Sci (2004) 25(11):563–8. doi: 10.1016/j.tips.2004.09.007

50. Murdaca G, Di Gioacchino M, Greco M, Borro M, Paladin F, Petrarca C, et al.
Basophils and Mast Cells in COVID-19 Pathogenesis. Cells (2021) 10(10):1–
13. doi: 10.3390/cells10102754

51. Schaller T, Markl B, Claus R, Sholl L, Hornick JL, Giannetti MP, et al. Mast
Cells in Lung Damage of COVID-19 Autopsies: A Descriptive Study. Allergy
(2022) 77(3). doi: 10.1111/all.15293

52. Cardinal-Fernandez P, Bajwa EK, Dominguez-Calvo A, Menendez JM,
Papazian L, Thompson BT. The Presence of Diffuse Alveolar Damage on
Open Lung Biopsy Is Associated With Mortality in Patients With Acute
Respiratory Distress Syndrome: A Systematic Review and Meta-Analysis.
Chest (2016) 149(5):1155–64. doi: 10.1016/j.chest.2016.02.635

53. Rios F, Iscar T, Cardinal-Fernandez P.What Every Intensivist Should KnowAbout
Acute Respiratory Distress Syndrome and Diffuse Alveolar Damage. Rev Bras Ter
Intensiva (2017) 29(3):354–63. doi: 10.5935/0103-507X.20170044

54. TanC, Zheng X, Sun F,He J, Shi H, ChenM, et al. Hypersensitivitymay be Involved
in Severe COVID-19. Clin Exp Allergy (2022) 52(2):324–33. doi: 10.1111/cea.14023

55. Wechsler JB, Butuci M, Wong A, Kamboj AP, Youngblood BA. Mast Cell
Activation is Associated With Post-Acute COVID-19 Syndrome. Allergy
(2022) 77(4):1288–91. doi: 10.1111/all.15188

56. Dheda K, Schwander SK, Zhu B, van Zyl-Smit RN, Zhang Y. The Immunology
of Tuberculosis: From Bench to Bedside. Respirology (2010) 15(3):433–50. doi:
10.1111/j.1440-1843.2010.01739.x

57. Lyon SM, Rossman MD. Pulmonary Tuberculosis. Microbiol Spectr (2017) 5
(1):1–10. doi: 10.1128/9781555819866.ch16

58. Bussi C, Gutierrez MG. Mycobacterium Tuberculosis Infection of Host Cells
in Space and Time. FEMS Microbiol Rev (2019) 43(4):341–61. doi: 10.1093/
femsre/fuz006

59. Ganbat D, Seehase S, Richter E, Vollmer E, Reiling N, Fellenberg K, et al.
Mycobacteria Infect Different Cell Types in the Human Lung and Cause
Species Dependent Cellular Changes in Infected Cells. BMC Pulm Med (2016)
16:19. doi: 10.1186/s12890-016-0185-5

60. Pahari S, Kaur G, Negi S, Aqdas M, Das DK, Bashir H, et al. Reinforcing the
Functionality of Mononuclear Phagocyte System to Control Tuberculosis.
Front Immunol (2018) 9:193. doi: 10.3389/fimmu.2018.00193

61. Heemskerk D, Caws M, Marais B, Farrar J. Tuberculosis in Adults and Children.
In: Tuberculosis in Adults and Children. London, UK: Springer (2015). doi:
10.1007/978-3-319-19132-4

62. van Leth F, van Crevel R, Brouwer M. Latent Tuberculosis Infection as a Target for
Tuberculosis Control. Future Microbiol (2015) 10(6):905–8. doi: 10.2217/fmb.15.30

63. Monarrez-Espino J, Enciso-Moreno JA, Laflamme L, Serrano CJ. Serial
QuantiFERON-TB Gold In-Tube Assay and Tuberculin Skin Test to
Diagnose Latent Tuberculosis in Household Mexican Contacts: Conversion
and Reversion Rates and Associated Factors Using Conventional and
Borderline Zone Definitions. Mem Inst Oswaldo Cruz (2014) 109(7):863–70.
doi: 10.1590/0074-0276140085

64. Ratnam S, Ratnam S, Puri BK, Chandrasekhar S. Mast Cell Response During
the Early Phase of Tuberculosis: An Electron-Microscopic Study. Can J
Microbiol (1977) 23(9):1245–51. doi: 10.1139/m77-186

65. Carlos D, de Souza Junior DA, de Paula L, Jamur MC, Oliver C, Ramos SG,
et al. Mast Cells Modulate Pulmonary Acute Inflammation and Host Defense
in a Murine Model of Tuberculosis. J Infect Dis (2007) 196(9):1361–8. doi:
10.1086/521830

66. Munoz S, Hernandez-Pando R, Abraham SN, Enciso JA. Mast Cell Activation
by Mycobacterium Tuberculosis: Mediator Release and Role of CD48.
J Immunol (2003) 170(11):5590–6. doi: 10.4049/jimmunol.170.11.5590

67. Champsi J, Young LS, Bermudez LE. Production of TNF-Alpha, IL-6 and
TGF-Beta, and Expression of Receptors for TNF-Alpha and IL-6, During
Murine Mycobacterium Avium Infection. Immunology (1995) 84(4):549–54.
Frontiers in Immunology | www.frontiersin.org 8
68. Munoz S, Rivas-Santiago B, Enciso JA. Mycobacterium Tuberculosis Entry
Into Mast Cells Through Cholesterol-Rich Membrane Microdomains. Scand J
Immunol (2009) 70(3):256–63. doi: 10.1111/j.1365-3083.2009.02295.x

69. Carlos D, Frantz FG, Souza-Junior DA, Jamur MC, Oliver C, Ramos SG, et al.
TLR2-Dependent Mast Cell Activation Contributes to the Control of
Mycobacterium Tuberculosis Infection. Microbes Infect (2009) 11(8-9):770–
8. doi: 10.1016/j.micinf.2009.04.025

70. Naqvi N, Srivastava R, Naskar P, Puri N. Mast Cells Modulate Early Responses
to Mycobacterium Bovis Bacillus Calmette-Guerin by Phagocytosis and
Formation of Extracellular Traps. Cell Immunol (2021) 365:104380. doi:
10.1016/j.cellimm.2021.104380

71. Gengenbacher M, Kaufmann SH. Mycobacterium Tuberculosis: Success
Through Dormancy. FEMS Microbiol Rev (2012) 36(3):514–32. doi:
10.1111/j.1574-6976.2012.00331.x

72. Campillo-Navarro M, Leyva-Paredes K, Donis-Maturano L, Rodriguez-Lopez
GM, Soria-Castro R, Garcia-Perez BE, et al. Mycobacterium Tuberculosis
Catalase Inhibits the Formation of Mast Cell Extracellular Traps. Front
Immunol (2018) 9:1161. doi: 10.3389/fimmu.2018.01161

73. Torres-Atencio I, Rosero S, Ordonez C, Ruiz M, Goodridge A. Mycobacterial
Lipids Induce Calcium Mobilization and Degranulation of Mast Cells. Am J
Respir Crit Care Med (2018) 198(6):813–6. doi: 10.1164/rccm.201803-0436LE

74. Yan S, Liu R, Mao M, Liu Z, Zhang W, Zhang Y, et al. Therapeutic Effect of
Bacillus Calmette-Guerin Polysaccharide Nucleic Acid on Mast Cell at the
Transcriptional Level. PeerJ (2019) 7:e7404. doi: 10.7717/peerj.7404

75. Queiroz A, Riley LW. Bacterial Immunostat: Mycobacterium Tuberculosis
Lipids and Their Role in the Host Immune Response. Rev Soc Bras Med Trop
(2017) 50(1):9–18. doi: 10.1590/0037-8682-0230-2016

76. Taweevisit M, Poumsuk U. High Mast Cell Density Associated With
Granulomatous Formation in Tuberculous Lymphadenitis. Southeast Asian
J Trop Med Public Health (2007) 38(1):115–9.

77. Caramori G, Lasagna L, Casalini AG, Adcock IM, Casolari P, Contoli M, et al.
Immune Response to Mycobacterium Tuberculosis Infection in the Parietal
Pleura of Patients With Tuberculous Pleurisy. PloS One (2011) 6(7):e22637.
doi: 10.1371/journal.pone.0022637

78. Liu QY, Han F, Pan LP, Jia HY, Li Q, Zhang ZD. Inflammation Responses in
Patients With Pulmonary Tuberculosis in an Intensive Care Unit. Exp Ther
Med (2018) 15(3):2719–26. doi: 10.3892/etm.2018.5775

79. Garcia-Rodriguez KM, Bini EI, Gamboa-Dominguez A, Espitia-Pinzon CI,
Huerta-Yepez S, Bulfone-Paus S, et al. Differential Mast Cell Numbers and
Characteristics in Human Tuberculosis Pulmonary Lesions. Sci Rep (2021) 11
(1):10687. doi: 10.1038/s41598-021-89659-6

80. Magalhaes Gde O, Valentim Vda C, Pereira MJ, Nery JA, Illarramendi X,
Antunes SL. A Quantitative and Morphometric Study of Tryptase-Positive
Mast Cells in Cutaneous Leprosy Lesions. Acta Trop (2008) 105(1):62–6. doi:
10.1016/j.actatropica.2007.10.001

81. Montagna NA, de Oliveira ML, Mandarim-de-Lacerda CA, Chimelli L.
Leprosy: Contribution of Mast Cells to Epineurial Collagenization. Clin
Neuropathol (2005) 24(6):284–90.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer RMC declared a past co-authorship with the author MM to the
handling editor.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Torres-Atencio, Campble, Goodridge and Martin. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
June 2022 | Volume 13 | Article 886044

https://doi.org/10.1136/thx.53.10.823
https://doi.org/10.1164/rccm.201112-2142OC
https://doi.org/10.1016/j.tips.2004.09.007
https://doi.org/10.3390/cells10102754
https://doi.org/10.1111/all.15293
https://doi.org/10.1016/j.chest.2016.02.635
https://doi.org/10.5935/0103-507X.20170044
https://doi.org/10.1111/cea.14023
https://doi.org/10.1111/all.15188
https://doi.org/10.1111/j.1440-1843.2010.01739.x
https://doi.org/10.1128/9781555819866.ch16
https://doi.org/10.1093/femsre/fuz006
https://doi.org/10.1093/femsre/fuz006
https://doi.org/10.1186/s12890-016-0185-5
https://doi.org/10.3389/fimmu.2018.00193
https://doi.org/10.1007/978-3-319-19132-4
https://doi.org/10.2217/fmb.15.30
https://doi.org/10.1590/0074-0276140085
https://doi.org/10.1139/m77-186
https://doi.org/10.1086/521830
https://doi.org/10.4049/jimmunol.170.11.5590
https://doi.org/10.1111/j.1365-3083.2009.02295.x
https://doi.org/10.1016/j.micinf.2009.04.025
https://doi.org/10.1016/j.cellimm.2021.104380
https://doi.org/10.1111/j.1574-6976.2012.00331.x
https://doi.org/10.3389/fimmu.2018.01161
https://doi.org/10.1164/rccm.201803-0436LE
https://doi.org/10.7717/peerj.7404
https://doi.org/10.1590/0037-8682-0230-2016
https://doi.org/10.1371/journal.pone.0022637
https://doi.org/10.3892/etm.2018.5775
https://doi.org/10.1038/s41598-021-89659-6
https://doi.org/10.1016/j.actatropica.2007.10.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Uncovering the Mast Cell Response to Mycobacterium tuberculosis
	Mini Review
	MCs Function
	MC Antimicrobial Activity
	Microbial Signals That Activate MCs: PAMPS and DAMPS
	MCs Innate Response to Pathogens: Release of Preformed and De Novo Mediators
	Microbe Uptake and Intracellular and Extracellular Killing
	MCs in Lung Diseases
	Tuberculosis
	MCs and Tuberculosis
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


