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Abstract

Neutrophils are innate immune cells implicated in the process of killing Mycobacterium tuberculosis early during infection.
Once the mycobacteria enter the human system, neutrophils sense and engulf them. By secreting bactericidal enzymes
and o-defensins like human neutrophil peptides loaded in their granule armory, neutrophils kill the pathogen. Peripheral
blood neutrophils secrete a wide range of cytokines like IL-8, IL-1- and IFN-y in response to mycobacterial infection.
Thus they signal and activate distant immune cells thereby informing them of prevailing infection. The activated mono-
cytes, dendritic cells and T cells further continue the immune response. As a final call, neutrophils release neutrophil
extracellular traps in circulation which can trap mycobacteria in patients with active pulmonary tuberculosis. Extensive
neutrophilic response is associated with inflammation, pulmonary destruction, and pathology. For example, inappropri-
ate phagocytosis of mycobacteria-infected neutrophils can damage host cells due to necrosis of neutrophils, leading to
chronic inflammation and tissue damage. This dual nature of neutrophils makes them double-edged swords during
tuberculosis, and hence data available on neutrophil functions against mycobacterium are controversial and non-
uniform. This article reviews the role of neutrophils in tuberculosis infection and highlights research gaps that need
to be addressed. We focus on our understanding of new research ideologies targeting neutrophils (a) in the early stages
of infection for boosting specific immune functions or (b) in the later stages of infection to prevent inflammatory
conditions mediated by activated neutrophils. This would plausibly lead to the development of better tuberculosis
vaccines and therapeutics in the future.
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Introduction . :
effective and balanced inflammatory responses.’

The World Health Organization reported that 1.3 mil-
lion tuberculosis (TB) deaths and 10 million new TB
infections occurred in 2017." Though Mycobacterium
tuberculosis (MTB) was discovered as the causative
agent for tuberculosis way back in 1882, Bacillus
Calmette-Guérin (BCG) is the most widely used vac-
cine against TB.? But this vaccine has higher efficacy in
the absence of prior MTB infection or sensitization
with environmental mycobacteria.* Hence, TB treat-
ment continues to be a difficult challenge for people
worldwide. Rather than trying to understand the com-
plexity and factors causing the virulence of MTB, it is
high time we look into the host immunological
responses that play an exceptionally significant role in
both protection and pathology, since the outcome of
MTB infection depends on the host’s ability to mount

Exposure to MTB may result in asymptomatic clear-
ance of the pathogen or latent infection or clinical dis-
ease of varying severity. Discovering the reasons for
these different outcomes will result in development of
improved vaccines and therapeutic interventions.®
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The outcome of any infection is dependent on the
immune status of the host. A strong immune and
inflammatory response nullifies the infecting organism.
Discovery of the various functions of neutrophils such
as neutrophil extracellular trap (NET) formation,
phagocytosis, heterogeneity and plasticity has
increased and opened new avenues in recent neutrophil
research. As a key component of the inflammatory
response, neutrophils make important contributions
to the recruitment, activation and programming of
Ag-presenting cells which initially recognize the patho-
gen. For example, neutrophils generate chemotactic
signals that attract immune cells such as monocytes
and dendritic cells (DCs) to the site of infection.”® In
this way neutrophils act as decision shapers by recruit-
ing and activating the other immune responders against
an infectious agent, and MTB is no exception. The
importance of neutrophil response in TB is evidenced
by the identification of a neutrophil-driven transcrip-
tional signature prominent in the blood of patients
with TB.”

Neutrophils: The indispensable cells

Neutrophils are key mediators of the innate immune
response, providing protection from invading myco-
bacteria. The inverse association observed between
the risk of tuberculosis infection and peripheral blood
neutrophil count in household contacts of patients with
TB'® emphasizes the importance of neutrophils in TB.
Being innate cells, neutrophils are expected to generate
generic immune responses, but they are putative targets
for host-directed therapies in TB."!

Following activation by mycobacteria, neutrophils
execute several specialized functions that include che-
motaxis, phagocytosis, generation of reactive oxygen
metabolites and activation of other immune cells. All
of these processes are important for elimination of the
invading microbe. These multifaceted functions of neu-
trophils are represented pictorially in Figure 1. When
such an immune niche is disturbed, there occurs a dra-
matic increase in susceptibility to infection and/or
tissue damage.'? In spite of their importance in MTB
infection, neutrophils are less considered as crucial res-
ponders compared with the other components of the
human immune system. Among the available data
there are controversies, probably because of the implic-
it difficulties in working with neutrophils. Neutrophils
are fragile, short-lived cells and cannot be cryopre-
served, making their study in vitro prone to difficulty.
Also, isolated or depleted granulocytes are rarely
characterized with accuracy in studies examining
neutrophil-mycobacteria  interactions, including
neutrophil-mediated killing. Even so, as a result of
advances in recent research, various insights into the

role of neutrophils during TB in both animals and
humans are available, which are detailed below.

Neutrophils: Early responders to
mycobacterial infection

The contribution of neutrophils to early defence
against mycobacteria is well proved in animal models.
For example, in rats recruitment of neutrophils to the
lungs through the use of LPS at the time of airborne
infection with 200 bacteria decreased downstream CFU
in the lung.'? Neutrophils also serve as the most abun-
dant inflammatory cell type during early murine pul-
monary TB, and participate in the clearance of lung
bacilli and prevention of dissemination.'* There are
many other studies which show that abrogating neutro-
phils at the time of infection results in either a negative
or neutral host outcome, and that recruiting neutro-
phils to the site of infection improves outcome.'>'¢
But this is believed to happen only when neutrophils
are recruited early during infection, affirming their role
in early immunity. However, the literature is not always
consistent. For example, one study presented that neu-
trophils ultimately do not play an important role in the
initial control of mycobacteria. This is because it was
observed that neutrophil depletion had no effect on the
bacterial load of intravenously infected mice with 10°
CFU of MTB, BCG or Mycobacterium fortuitum."’

Mechanisms of action

Phagocytosis and oxidative burst

Phagocytosis, being a basic function of neutrophils,
decides the immediate response to MTB infection and
is immediately followed by oxidative burst. Compared
with macrophages, neutrophils showed higher levels
and intensity of phagocytosis and oxidative respiratory
response.'® During phagocytosis, microbes are
engulfed into phagosomes, which rapidly fuse with
intracellular granules to form phago-lysosomes."”
Then, neutrophils, through the generation of reactive
oxygen species (ROS)? followed by the release of these
preformed oxidants and proteolytic enzymes from
granules,”’ contribute to the control of pathogens
such as MTB.!'® Oxidative burst/killing by ROS
includes superoxide and hydrogen peroxide, involving
the assembly of the NOX2-containing NADPH-
Oxidase complex at the phago-lysosomal membranes.*
Hypochlorous acid and other additional toxic inter-
mediates are generated through myeloperoxidase.?
Thus, ROS are considered essential bactericides of neu-
trophils.>* Contradictory reports prevail about the
phagocytic potential and oxidative burst capacity of
neutrophils in TB infection. Our group observed a
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Figure 1. Once M. tuberculosis enters the human system, neutrophils recognize the pathogen and phagocytose it. A cascade of events
then starts: in direct killing, neutrophils release lysosomal enzymes, human neutrophil peptides, reactive oxygen species, etc, which
directly lyse the mycobacterium. Another mechanism is also activated during the apoptotic phase of neutrophils, wherein they release
neutrophil extracellular traps, which can trap the microbe and prevent its further action on the host. In indirect killing, neutrophils

secrete cytokines that signal other innate and adaptive immune cel
elimination of the prevailing infection.

decline in phagocytic potential of neutrophils in those
with TB,? supporting an early report that granulocytes
from patients with pulmonary TB have an impaired
ability to phagocytose and undergo oxidative burst.?®
In line with this observation, mycobacteria were shown
to retain Rab5a and Syntaxin-4 on the phagosome
membrane for blocking the fusion of granules in
human neutrophils.”” Nevertheless, another report
details that the phagocytic activity of blood neutrophils
was significantly increased in patients with active pul-
monary TB prior to treatment.?® While phagocytosis is
believed to be a defence mechanism of the host, in vitro
experiments have also shown that human neutrophils
quickly phagocytose vast numbers of MTB.
Sometimes, depending on mycobacterial virulence,
neutrophils fail to destroy them by oxidative killing.
Instead, the engulfed MTB is shown to induce ROS
in neutrophils, driving them into necrosis.”® This

Is, which in turn become activated and start functioning towards the

implies that even if phagocytosis occurs, MTB can
still escape the immune response depending on bacte-
rial virulence and immune status of the host. One pos-
sible explanation comes from a recent study by Mishra
et al., where the authors suggest that MTB exploits
neutrophilic inflammation to preferentially replicate
at sites of tissue damage that promote contagion.
They also report that nitric oxide primarily affects
this neutrophilc influx by repressing an IL-1 and 12/
15-lipoxygenase-dependent neutrophil recruit-
ment cascade.*

Neutrophil enzymes

Neutrophils employ an arsenal of proteolytic enzymes
present within their granules for the process of bacte-
rial killing. When neutrophils phagocytose pathogens,
rapid degranulation occurs as cytoplasmic granules
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fuse with the phagocytic vacuole and discharge their
hydrolases and bactericidal proteins. Given their
importance, tailoring the neutrophil enzyme activation
and secretion mechanisms would possibly result in
shaping the immune response during MTB infection.
Some of the important facts about these enzymes are
explained here. Neutrophil elastase, proteinase 3, and
cathepsin G are three of the important hematopoietic
serine proteases stored in large quantities in neutrophil
cytoplasmic azurophilic granules. They are synthesized
as inactive pre-pro-proteins containing a signal peptide
and an amino-terminal pro dipeptide.*! The controlled
activation and release of these enzymes are crucial for
any host, as these enzymes have the potential to be
highly destructive to normal tissues. Once activated,
they act in combination with ROS to help degrade
engulfed microorganisms inside phagolysosomes.*?
For example, neutrophil-derived cathepsin G and elas-
tase are said to critically contribute to the deceleration
of mycobacterial replication during the early phase of
the antimycobacterial response.®® Accordingly treat-
ment of human neutrophils with elastase has shown
to result in the cleavage of caspase 3 and 9,** which
are major proteins in the apoptotic pathway. In
humans, it is evident from our previous work that
MTB strains influence neutrophil enzyme secretion.>”
In mice, serine protease activity has been shown to play
a protective role within hypoxic regions of lung gran-
ulomas, the hallmark of MTB infection.’® Granuloma
was once believed to be an uniquely host-driven
response, set to constrain MTB and prevent dissemina-
tion of bacilli. But now granulomas are proved to play
central role in TB pathophysiology. They form a path-
ological immunogical niche where neutrophils play a
major role. Hypoxia and neutrophils are crucial to
the development of lung lesions during TB disease.®’
Yet, the role of hypoxia and hypoxia-induced factors
inside granulomas on neutrophil function and TB path-
ophysiology needs to be addressed.

Apoptosis of neutrophils: Self destruction for the
better good

Apoptosis is crucial for the resolution of inflamma-
tion,® and its failure may lead to tissue damage and
pathophysiology. The mycobacteria are destroyed by
the process of oxidative burst following enzyme
action and phagocytosis, but the by-products of oxida-
tive burst are deleterious to the host. Thus, once phago-
cytosis and oxidative burst is complete, the infected
neutrophils undergo apoptosis and become susceptible
to phagocytosis by macrophages, and are finally disin-
tegrated from the system. In this scenario, mycobacte-
ria are proven to induce rapid cell death in neutrophils
displaying the characteristic features of apoptosis such

as morphologic changes, phosphatidylserine exposure
and DNA fragmentation.>* Experiments prove that
activation of oxidative burst in neutrophils by MTB
regulates the inflammatory response by induction of
apoptosis.*’ More importantly, the potent proinflam-
matory response activated in human macrophages
during MTB infection is augmented by apoptotic neu-
trophils,*’ establishing neutrophil-mediated macro-
phage activation.

Human neutrophil peptides

Besides phagocytosis and oxidative burst, several
mechanisms prevail that account for the antimycobac-
terial activity of neutrophils. One such important ele-
ment is the human neutrophil peptide (HNP) that has
mycobactericidal and cytotoxic activity. Neutrophils
produce HNPs, also known as a-defensins, constitu-
tively and/or in response to microbial products or
pro-inflammatory cytokines. They potentially influence
the inflammatory or immune responses by modulating
cytokine production or acting like opsonins or chemo-
tactic factors.*” In TB their role is well documented. An
earlier study showed that higher concentrations of
HNPs are found at sites of active TB infection. This
finding suggests that plasma HNP concentration might
be used as marker of disease severity and deterioration
of pulmonary function.*> HNPs are known for their
ability to control MTB in vitro and when administered
exogenously to animals.** In vitro, macrophages take
up free HNPs, which ultimately enhances their ability
to kill MTB and impair its macromolecular biosynthe-
sis.* It has been reported that enhanced restriction of
mycobacterial growth is attributed to mononuclear
cells that phagocytose the granules or entire apoptotic
neutrophils after trafficking their contents (which could
contain HNP) to the endosomes.*® Further research on
neutrophil HNPs may lead to the identification of
important tools for TB prevention and treatment.

NETosis

Besides destroying extracellular pathogens through
phagocytosis and production of lytic enzymes, neutro-
phils release structures called NETs that can trap and
kill microbes.*” NETs are structures composed of chro-
matin and granule proteins that are capable of binding
and killing extracellular pathogens such as bacteria and
fungi. When neutrophils die in vitro they release these
NETs, representing an extracellular mechanism of neu-
trophils to kill microbes. This way of infection contain-
ment minimizes injury to the surrounding tissue.
Diverse microorganisms, including M. tuberculosis,
are NET inducers in vitro.*® Supporting this fact, stud-
ies have observed that plasma NET levels in patients
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with TB at baseline correlated with disease severity and
decreased with antibiotic therapy.* Ramos-Kichik
et al. demonstrated that although NETs trap mycobac-
teria, they cannot destroy or kill them. Thus, they sug-
gest that NETs might help in localization of the
infectious pathogen, thus preventing mycobacterial
spread to other organs. In addition, NETs contain
high local concentrations of antimicrobial agents
which could make MTB susceptible to the available
antimicrobial immune responses.* Although NET for-
mation and release benefit the host in most infections,
its exact role in the host response during TB is still
controversial, demanding further research.

Neutrophils and comrades

Neutrophils can destroy MTB by their own immune
machinery as discussed above. Besides this, their anti
mycobacterial activity is extended by virtue of their co
operation with other immune cells. Some of their well-
characterized interactions are briefed here.

Neutrophil-macrophage cooperation

Neutrophil-macrophage cooperation during TB is well
established. Neutrophils are the initial cells to arrive at
sites of mycobacterial infection and they immediately
and profusely engulf bacilli. However, neutrophils are
short-lived, and their cellular contents are highly toxic.
Therefore, instant removal of these cells from tissues
after apoptosis/necrosis is a crucial process that
depends usually on monocytes/macrophages. Necrotic
neutrophils containing MTB within them are reported
to promote mycobacterial survival and proliferation in
human monocyte-derived macrophages, but apoptotic
neutrophils control mycobacterial growth.>" This sup-
ports an early study that has shown that phagocytosis
of apoptotic neutrophils by macrophages is related to
decreased viability of intracellular MTB.*® Apoptotic
neutrophils are phagocytosed by macrophages through
the process of efferocytosis, leading to several conse-
quences such as removal of neutrophils and prevention
of tissue injury, allowing macrophages to utilize neu-
trophil granule proteins for antimicrobial defence, and
altering cytokine production by macrophages.*>

In addition, inflammatory monocytes are attracted
towards neutrophils by their secretory products.
Monocyte recruitment from blood has been proved to
be driven by neutrophil-derived chemokines, cytokines
and their granule products.” After monocyte recruit-
ment and maturation, cytokines secreted by both neu-
trophils and macrophages further drive the
accumulation and activation of both cell types.** For
example, Braian et al. reported that there exists close
interaction between macrophages and MTB-activated

neutrophils. They also found significant secretion of
cytokines such as IL-6, TNF-a, IL-1B and IL-10 by
macrophages co-cultured with NETs only from
MTB-activated neutrophils but not phorbol myristate
acetate-activated neutrophils.”> Our group also
reported that during TB, neutrophils show increased
secretion of macrophage-attracting chemokines.>®>’
From these observations, it is evident that neutro-
phil-macrophage cooperation is essential for a good
downstream immune response in TB.

Neutrophil-DC—T-cell cooperation

During TB infection, in mice and humans, neutrophils
help DCs to cross-present MTB Ags to T cells. This
“ménage a trois” involving neutrophils, DCs and T
cells has been shown to play a major role in the
immune response to BCG.>® Specifically, neutrophils
increase the capacity of DCs to activate CD4 cells by
presenting MTB to DCs in a more effective form.*” The
neutrophil-DC crosstalk is expected to have a direct
impact on the immune response to any infection
through the development of an Ag-specific immune
response.®’ Regarding T cells alone, depletion of neu-
trophils during BCG vaccination has been shown to
abolish the induction of Thl-specific responses, and
eventually resulted in a prohibition of reduction in bac-
terial load which was otherwise observed in vaccinated
animals.®' It has also been showed that NETs released
by human neutrophils can directly prime T cells by
reducing their activation threshold.®> These findings
provide evidence for the influential role of neutrophils
on T cells during TB.

Neutrophils: The double crosser

Given the multifaceted response of neutrophils in either
direct killing of MTB or influencing other immune cells
against MTB, howbeit at later stages of TB neutro-
philia becomes largely detrimental to the host.®
Neutrophilia in TB has been shown to be independent-
ly associated with increased risk of mortality.®*
Neutrophils which remain crucial immune responders
during the initial stages of TB infection become detri-
mental drivers later. This is because infected/necrotic
neutrophils harbour highly toxic contents. Removal of
these dead cells is essential to resolve immunopatholo-
gy, failure of which causes tissue damage. Also, recent
studies have revealed that neutrophils play a major role
in certain TB-related pathologies. For example in TB-
IRIS (immune reconstitution inflammatory syndrome)
neutrophils are shown to release granule contents,
thereby contributing to pathology.®®> On performing
longitudinal whole-blood microarray analysis it was
further found that patients with TB Meningitis-IRIS
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show significantly more abundant neutrophil-
associated transcripts from before development of TB
Meningitis-IRIS through IRIS symptom onset.®®
Another study reported that during MTB infection,
neutrophils recruited by 12 lipoxygenase harbour
MTB and lead to disease pathogenesis. The authors
suggest that in future, TB therapies aimed at reducing
neutrophil recruitment to the lung might be an option
to reduce lung pathology.®’ Supporting this fact, a
recent report on immune mediators involved in inflam-
matory granuloma formation during TB demonstrated
a major pathologic role for S100A8/A9 proteins in
mediating neutrophil accumulation and inflammation
associated with TB.®® The crucial point where neutro-
phils shift from host protector to perpetrator of
damage is of paramount importance both in research
and intervention. Future research addressing this con-
cept will help to effectively modify therapy according
to the status of host and stage of discase. Also, future
host-directed therapies in TB targeting neutrophils will
be critical, as early neutrophil responses contain and
limit infection, whereas later in disease sustained neu-
trophil responses damage the host and contribute to
spreading the infection.®’

Concluding remarks

To solve this puzzle of neutrophils turning from active
adversary of the pathogen to invaders of the host itself,
it is high time to intensify neutrophil research to eluci-
date the intricate mechanisms involved in order to turn
them into clinically beneficial tools. Progressive
research in this line holds promise for such an under-
standing of neutrophils and their role in TB.

Acknowledgement

The authors thank the Indian Council of Medical Research
for its support.

Author contributions

NH drafted the manuscript. LH corrected the manuscript.
SD and ST reviewed the manuscript.

Declaration of conflicting interests

The author(s) declare that there is no conflict of interest
regarding the publication of this paper.

Funding

The author(s) received no financial support for the research,
authorship and/or publication of this article.

ORCID iD
J Nancy Hilda @ https://orcid.org/0000-0002-6256-937X

References

1.

10.

11.

13.

14.

15.

16.

World Health Organization. Global Tuberculosis Report
2018. WHO.

. Koch RT. The etiology of tuberculosis. Physiol Soc

Berlin 1882; 15: 221-230.

. Dockrell HM, Smith SG. What Have We Learnt

about BCG Vaccination in the Last 20 Years? Front
Immunol 2017; 8: 1134.

. Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L,

Fine PE, Rodrigues LC, Smith PG, Lipman M, Whiting
PF, Sterne JA. Protection by BCG vaccine against tuber-
culosis: a systematic review of randomized controlled
trials. Clin Infect Dis 2014; 58: 470-480.

. Lyadova IV. Neutrophils in tuberculosis: Heterogeneity

shapes the way? Mediators Inflamm 2017; 2017: 8619307.

. Lowe DM, Redford PS, Wilkinson RJ, et al. Neutrophils

in tuberculosis: Friend or foe? Trends Immunol 2102;
33: 14-25.

. Chertov O, Ueda H, Xu LL, et al. Identification of

human neutrophil-derived cathepsin G and zurocidin/
CAP37 as chemoattractants for mononuclear cells and
neutrophils. J Exp Med 1997; 186: 739-747.

. Bennouna S, Bliss SK, Curiel TJ, et al. Cross-talk in the

innate immune system: Neutrophils instruct recruitment
and activation of dendritic cells during microbial infec-
tion. J Immunol 2003; 171: 6052-6058.

. Berry MP, Graham CM, McNab FW, et al. An

interferon-inducible neutrophil-driven blood transcrip-
tional signature in human tuberculosis. Nature 2010;
466: 973-9717.

Martineau AR, Newton SM, Wilkinson KA, et al.
Neutrophil-mediated innate immune resistance to myco-
bacteria. J Clin Invest 2010; 117: 1988-1994.

Dallenga T, Linnemann L, Paudyal B, et al. Targeting
neutrophils for host-directed therapy to treat tuberculo-
sis. Int J Med Microbiol 2017; pii: S1438-S1422. 30329-6.

. Kruger P, Saffarzadeh M, Weber AN, et al. Neutrophils:

Between host defence, immune modulation, and tissue
injury. PLoS Pathog 2015; 11: e1004651.

Sugawara I, Udagawa T and Yamada H. Rat neutrophils
prevent the development of tuberculosis. Infect Immun
2004; 72: 1804—-1806.

Barrios-Payan J, Aguilar-Ledn D, Lascurain-Ledezma R,
et al. Neutrophil participation in early control and
immune activation during experimental pulmonary
tuberculosis. Gac Med Mex 2006; 142: 273-281.
Pedrosa J, Saunders BM, Appelberg R, et al. Neutrophils
play a protective nonphagocytic role in systemic
Mycobacterium tuberculosis infection of mice. Infect
Immun 2000; 68: 577-583.

Petrofsky and Bermudez LE. Neutrophils from
Mycobacterium avium infected mice produce TNF-
alpha, IL-12, and IL-1 beta and have a putative role in
early host response. Clin Immunol 1999; 91: 354-358.

. Seiler P, Aichele P, Raupach B, et al. Rapid neutrophil

response controls fast-replicating intracellular bacteria
but not slow-replicating Mycobacterium tuberculosis.
J Infect Dis 2000; 181: 671-680.


https://orcid.org/0000-0002-6256-937X
https://orcid.org/0000-0002-6256-937X

246

Innate Immunity 26(4)

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Nordenfelt P and Tapper H. Phagosome dynamics
during phagocytosis by neutrophils. J Leukoc Biol 2011,
90: 271-284.

Allen LA. Mechanisms of pathogenesis: Evasion of kill-
ing by polymorphonuclear leukocytes. Microbes Infect
2003; 5: 1329-1335.

May ME and Spagnuolo PJ. Evidence for activation of a
respiratory burst in the interaction of human neutrophils
with Mycobacterium tuberculosis. Infect Immun 1987;
55:2304-2307.

Kasahara K, Sato I, Ogura K, et al. Expression of che-
mokines and induction of rapid cell death in human
blood neutrophils by Mycobacterium tuberculosis.
J Infect Dis 1998; 178: 127-137.

Bylund J, Brown KL, Movitz C, et al. Intracellular gen-
eration of superoxide by the phagocyte NADPH oxidase:
How, where, and what for? Free Radic Biol Med 2010;
49: 1834-1845.

Klebanoff SJ. Myeloperoxidase:
J Leukoc Biol 2005; 77: 598-625.
Segal AW. How neutrophils kill microbes. Annu Rev
Immunol 2005; 23: 197-223.

Nancy Hilda J and Das S. Neutrophil CD64, TLR2 and
TLR4 expression increases but phagocytic potential
decreases during tuberculosis. Tuberculosis (Edinb)
2018; 111: 135-142.

Shalekoff S, Tiemessen CT, Gray CM, et al. Depressed
phagocytosis and oxidative burst in polymorphonuclear
leukocytes from individuals with pulmonary tuberculosis
with or without human immunodeficiency virus type 1
infection. Clin Diagn Lab Immunol 1998; 5: 41-44.
Perskvist N, Roberg K, Kulyte, A, et al. Rab5a GTPase
regulates fusion between pathogen-containing phago-
somes and cytoplasmic organelles in human neutrophils.
J Cell Sci 2002; 115: 1321-1330.

Rieger M, Trnka L, Skvor J, et al. Immunoprofile studies
in patients with pulmonary tuberculosis. III. Study of
haemolytic complement in serum and phagocytic activity
of blood neutrophils. Scand J Respir Dis 1979;
60: 172-175.

Corleis B, Korbel D, Wilson R, et al. Escape of
Mycobacterium tuberculosis from oxidative killing by
neutrophils. Cell Microbiol 2012; 14: 1109-1121.

Mishra BB, Lovewell RR, Olive AJ, et al. Nitric oxide
prevents a pathogen-permissive granulocytic inflamma-
tion during tuberculosis. Nat Microbiol 2017: 17072.
Gullberg U, Andersson E, Garwicz D, et al. Biosynthesis,
processing and sorting of neutrophil proteins: Insight
into neutrophil granule development. Eur J Haematol
1997; 58: 137-153.

Korkmaz B, Horwitz MS, Jenne DE, et al. Neutrophil
elastase, proteinase 3, and cathepsin G as therapeutic tar-
gets in human diseases. Pharmacol Rev 2010; 62: 726-759.
Steinwede K, Maus R, Bohling J, et al. Cathepsin G and
neutrophil elastase contribute to lung-protective immuni-
ty against mycobacterial infections in mice. J Immunol
2012; 188: 4476-4487.

Ginzberg HH, Shannon PT, Suzuki T, et al. Leukocyte
elastase induces epithelial apoptosis: Role of

Friend and foe.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

mitochondrial permeability changes and Akt. Am J
Physiol Gastrointest Liver Physiol 2004; 287: G286-G298.
Hilda JN, Narasimhan M and Das SD. Mycobacterium
tuberculosis strains modify granular enzyme secretion
and apoptosis of human neutrophils. Mol Immunol
2015; 68(2 Pt A): 325-332.

Reece ST, Loddenkemper C, Askew DIJ, et al. Serine
protease  activity  contributes to  control  of
Mycobacterium tuberculosis in hypoxic lung granulomas
in mice. J Clin Invest 2010; 120: 3365-3376.

Remot A, Doz E and Winter N. Neutrophils and close
relatives in the hypoxic environment of the tuberculous
granuloma: New avenues for host-directed therapies?
Front Immunol 2019; 10: 417.

Fox S, Leitch AE, Duffin R, et al. Neutrophil apoptosis:
relevance to the innate immune response and inflamma-
tory disease. J Innate Immun 2010; 2: 216-227.

Perskvist N, Long M, Stendahl O, et al. Mycobacterium
tuberculosis promotes apoptosis in human neutrophils by
activating caspase-3 and altering expression of Bax/Bcl-
xL via an oxygen-dependent pathway. J Immunol 2002;
168: 6358-6365.

Perskvist N, Zheng L and Stendahl O. Activation of
human neutrophils by Mycobacterium tuberculosis
H37Ra involves phospholipase Cy2, Shc adapter protein,
and p38 mitogen-activated protein kinase. J Immunol
2000; 164: 959-965.

Andersson H, Andersson B, Eklund D, et al. Apoptotic
neutrophils augment the inflammatory response to
Mycobacterium tuberculosis infection in human macro-
phages. PLoS One 2014; 9: e101514.

Fu LM. The potential of human neutrophil peptides in
tuberculosis therapy. Int J Tuberc Lung Dis 2003;
7: 1027-1032.

Ashitani J, Mukae H, Hiratsuka T, et al. Elevated levels
of alpha-defensins in plasma and BAL fluid of patients
with active pulmonary tuberculosis. Chest 2002;
121: 519-526.

Martineau AR, Newton SM, Wilkinson KA, et al.
Neutrophil-mediated innate immune resistance to myco-
bacteria. J Clin Invest 2007; 117: 1988-1994.

Sharma S, Verma I and Khuller GK. Antibacterial activ-
ity of human neutrophil peptide-1 against Mycobacterium
tuberculosis H37Rv: In vitro and ex vivo study. Eur
Respir J 2000; 16: 112-117.

Tan BH, Meinken C, Bastian M, et al. Macrophages
acquire neutrophil granules for antimicrobial activity

against intracellular pathogens. J Immunol 2006;
177: 1864-1871.
Brinkmann V, Reichard U, Goosmann C, et al.

Neutrophil extracellular traps kill bacteria. Science
2004; 303: 1532—-1535.

Filio-Rodriguez G, Estrada-Garcia I, Arce-Paredes P,
et al. In vivo induction of neutrophil extracellular traps
by Mycobacterium tuberculosis in a guinea pig model.
Innate Immun 2017; 23: 625-637.

Schechter MC, Buac K, Adekambi T, et al. Neutrophil
extracellular trap (NET) levels in human plasma are asso-
ciated with active TB. PLoS One 2017; 12: e0182587.



Nancy Hilda et al.

247

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

Ramos-Kichik V, Mondragén-Flores R, Mondragdn-
Castelan M, et al. Neutrophil extracellular traps are
induced by Mycobacterium tuberculosis. Tuberculosis
2009; 89: 29-37.

Dallenga T, Repnik U, Corleis B, et al. M. tuberculosis-
induced necrosis of infected neutrophils promotes bacte-
rial growth following phagocytosis by macrophages. Cell
Host Microbe 2017; 22: 519-530.¢e3.

Greenlee-Wacker MC. Clearance of apoptotic neutro-
phils and resolution of inflammation. Immunol Rev
2016; 273: 357-370.

Mantovani A, Cassatella MA, Costantini C, et al.
Neutrophils in the activation and regulation of innate and
adaptive immunity. Nat Rev Immunol 2011; 11: 519-531.
Sawant KV and McMurray DN. Guinea pig neutrophils
infected with Mycobacterium tuberculosis produce cyto-
kines which activate alveolar macrophages in noncontact
cultures. Infect Immun 2007; 75: 1870-1877.

Braian C, Hogea V and Stendahl O. Mycobacterium tuber-
culosis-induced neutrophil extracellular traps activate
human macrophages. J Innate Immun 2013; 5: 591-602.
Hilda JN, Narasimhan M and Das SD. Neutrophils from
pulmonary tuberculosis patients show augmented levels
of chemokines MIP-1a, IL-8 and MCP-1 which further
increase upon in vitro infection with mycobacterial
strains. Hum Immunol 2014; 75: 914-922.

Hilda JN and Das SD. TLR stimulation of human neu-
trophils lead to increased release of MCP-1, MIP-1aq,
IL-1B, IL-8 and TNF during tuberculosis. Hum
Immunol 2016; 77: 63-67.

Morel C, Badell E, Abadie V, et al. Mycobacterium bovis
BCG-infected neutrophils and dendritic cells cooperate to
induce specific T cell responses in humans and mice. Eur
J Immunol 2008; 38: 437-447.

Blomgran R and Ernst JD. Lung neutrophils facilitate
activation of naive antigen-specific CD4+ T cells during

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Mycobacterium tuberculosis infection. J Immunol 2011;
186: 7110-7119.

Schuster S, Hurrell B and Tacchini-Cottier F. Crosstalk
between neutrophils and dendritic cells: A context-
dependent process. J Leukoc Biol 2013; 94: 671-675.
Trentini MM, de Oliveira FM, Kipnis A, et al. The role
of neutrophils in the induction of specific Th1 and Th17
during vaccination against tuberculosis. Front Microbiol
2016; 7: 898.

Tillack K, Breiden P, Martin R, et al. T lymphocyte
priming by neutrophil extracellular traps links innate
and adaptive immune responses. J Immunol 2012;
188: 3150-3159.

Nandi B and Behar SM. Regulation of neutrophils by
interferon-y limits lung inflammation during tuberculosis
infection. J Exp Med 2011, 208: 2251-2262.

Lowe DM, Bandara AK, Packe GE, et al. Neutrophilia
independently predicts death in tuberculosis. Eur Respir J
2013; 42: 1752-1757.

Nakiwala JK, Walker NF, Diedrich CR, et al.
Neutrophil activation and enhanced release of granule
products in HIV-TB immune reconstitution inflammato-
ry syndrome. J Acquir Immune Defic Syndr 2018;
77: 221-229.

Marais S, Lai RPJ, Wilkinson KA, et al. Inflammasome
activation underlying central nervous system deteriora-
tion in HIV-Associated tuberculosis. J Infect Dis 2017,
215: 677-686.

Philips JA. Neutrophils: Double agents for TB. Sci
Transl Med 2017; 9: 394.

Gopal R, Monin L, Torres D, et al., SI00A8/A9 proteins
mediate neutrophilic inflammation and lung pathology
during tuberculosis. Am J Respir Crit Care Med 2013;
188: 1137-1146.

Hawn TR, Matheson Al, Maley SN, et al. Host-directed
therapeutics for tuberculosis: Can we harness the host?
Microbiol Mol Biol Rev 2013; 77: 608—627.



