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Tuberculosis (TB) remains one of the leading infectious killers in the world, infecting
approximately a quarter of the world’s population with the causative organism
Mycobacterium tuberculosis (M. tb). Central nervous system tuberculosis (CNS-TB) is
the most severe form of TB, with high mortality and residual neurological sequelae even
with effective TB treatment. In CNS-TB, recruited neutrophils infiltrate into the brain to
carry out its antimicrobial functions of degranulation, phagocytosis and NETosis.
However, neutrophi ls also mediate inflammation, t issue destruction and
immunopathology in the CNS. Neutrophils release key mediators including matrix
metalloproteinase (MMPs) which degrade brain extracellular matrix (ECM), tumor
necrosis factor (TNF)-a which may drive inflammation, reactive oxygen species (ROS)
that drive cellular necrosis and neutrophil extracellular traps (NETs), interacting with
platelets to form thrombi that may lead to ischemic stroke. Host-directed therapies
(HDTs) targeting these key mediators are potentially exciting, but currently remain of
unproven effectiveness. This article reviews the key role of neutrophils and neutrophil-
derived mediators in driving CNS-TB immunopathology.

Keywords: tuberculosis, central nervous system tuberculosis, neutrophils, matrix metalloproteinases, stroke, host-
directed therapy
INTRODUCTION

The global tuberculosis (TB) incidence remains in epidemic proportions, with an estimated 10
million new TB cases and 1.4 million TB deaths in 2019 (1). Central nervous system tuberculosis
(CNS-TB), which accounts for a minimum 1-2% of all TB disease and 5-10% of all extra-pulmonary
TB disease, is the most devastating manifestation of TB with high mortality and neurological
morbidity (2). CNS-TB is almost certainly under-diagnosed and under-reported. CNS-TB
encompasses three clinical-pathological forms: tuberculous meningitis (TBM), tuberculomas, and
tuberculous brain abscess (3). TBM is the most severe manifestation of CNS-TB, with most
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untreated TBM patients dying within 5-8 weeks of disease onset
(4). The pathogenesis of CNS-TB, is believed to originate from
the lung, where M. tb primarily infects, followed by lympho-
hematogenous dissemination and crossing the blood-brain
barrier (BBB) to the brain, causing CNS-TB (5). During M. tb
infection, a complex interplay between host immune cells andM.
tb virulence factors determines whether the mycobacteria can be
contained or progress to clinical TB disease. However, the
underlying mechanisms of CNS-TB immunopathology are not
fully understood.

Neutrophils are increasingly recognized as key mediators of
TB immunopathology. Necrotizing granulomas containing
neutrophils and neutrophil influx at the site of infection
are hallmarks of active TB disease in humans (6–8). The
presence of neutrophils in human CNS tuberculomas further
highlight their role in this disease (9). There is accumulating
evidence that neutrophil-derived mediators including matrix
metalloproteinase-9 (MMP-9) and tumor necrosis factor-a
(TNF-a) result in immunopathology in CNS-TB (10–13).
Neutrophils may also crosstalk with other immune cells such
as macrophages to upregulate cytokine secretion (14), while their
interactions with activated platelets may result in thrombosis,
leading to the occurrence of ischemic stroke (15, 16). In this
review, we discuss the diverse roles of neutrophils in driving
CNS-TB immunopathology, highlighting key neutrophil
mediators including matrix metalloproteinases. We summarize
the current research on adjunctive therapies in CNS-TB, such as
steroids, aspirin and anti-TNF-a and discuss future potential
therapies to improve outcomes of this disease.

EPIDEMIOLOGY OF CNS-TB

The incidence of extra-pulmonary TB has increased in recent
years since the onset of human immunodeficiency virus (HIV)
infection and increased immigration from TB endemic regions
(17). The exact global incidence of CNS-TB is unknown, given
the diagnostic challenges and lack of microbiological
confirmation in many suspected CNS-TB cases, which results
in under-reporting (18). Regional studies have documented
prevalence rates of TBM between 0.9-2.2% of all TB cases (19–
22), and affluent countries like Canada and the United States of
America are similarly afflicted (23, 24). The risk factors for CNS-
TB include young age (25) and immunocompromised
individuals such as patients living with HIV/AIDS (PLHA)
(26–28). PLHA are five times more likely than HIV-negative
individuals to develop neurological manifestations of TB, with up
to 40% of CNS-TB-HIV co-infected patients succumbing while
on anti-retroviral therapy (18, 29–31). Not only are children at
greater risk of developing CNS-TB than adults, they are also
significantly more likely than adults to suffer long-term
neurological sequelae (32, 33). While younger age and HIV co-
infection were associated with microbiologically proven CNS-
TB, older age was associated with increased mortality (34).
Diabetes mellitus, chronic kidney failure, presence of
hydrocephalus and microbiologically-confirmed CNS-TB were
independent risk factors for increased mortality (19, 32, 34–37).
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PATHOGENESIS AND PATHOLOGY
OF CNS-TB

In the lung microenvironment, infection of alveolar
macrophages by M. tb activates an innate inflammatory
immune response rapidly (38) followed by a predominantly T-
helper 1 (Th1) immune response which eventually leads to
granuloma formation (39). Early in this process before the
infection is contained, M. tb filter into draining lymph nodes,
and most likely enter the circulatory system through the thoracic
duct into the subclavian vein (40). A low level of M. tb may
subsequently disseminate to distant organs such as the brain.
Once M. tb crosses the BBB and enters the immune-privileged
CNS, the limited local innate immune response may facilitate
survival and replication of the pathogen (41). A complex
interplay of host immune factors and M. tb virulence factors
determines if the infection is successfully contained or to what
extent the infection progresses to clinical TB disease.

The understanding of TBM pathogenesis originated from
guinea pig and rabbit studies conducted by Rich and
McCordock in 1933 (42). These authors first demonstrated
that the meninges could not be directly infected by the
hematogenous spread of M. tb in these animals, but rather
required the direct inoculation of M. tb into the CNS to
produce TBM (42). From human post-mortem examinations,
Rich and McCordock showed that in almost every TBM patient,
there was a meningeal focus from which M. tb could enter the
subarachnoid space and cause meningitis (42). Subsequent
studies corroborated their findings, and it became accepted
that a caseating vascular focus, termed the “Rich focus”,
located in the meninges or adjacent to the ventricles is the key
pathway for M. tb to gain access to the subarachnoid space and
cause a granulomatous infection of the meninges (43–46). The
location of these foci and the ability or inability of the host
immune response to control the infection determines the form of
CNS-TB that develops (5). When a Rich focus in the meninges
ruptures, M. tb is released from the granulomatous lesions into
the CSF, resulting in extensive inflammation and TBM (39).
Separately, the enlargement of Rich foci in the brain parenchyma
without rupturing gives rise to tuberculomas, thus they often
occur in the absence of TBM (39). While it is widely accepted
that the rupture of Rich foci causes M. tb dissemination leading
to TBM, the foci may not present in all CNS-TB manifestations.
In rare cases, M. tb infection spreads to the CNS from a site of
tuberculous otitis or calvarial osteitis (3). Furthermore,
histological examination of TBM brain specimens showed that
most of the intraparenchymal granulomas are an extension of
leptomeningeal lesions, which opposes the Rich focus hypothesis
(47). We suspect that alternative M. tb entry routes exist to
spread to the CNS may not be well characterized.

CNS-TB presents as several forms of intracranial and spinal
TB manifestations, with the most common being TBM,
tuberculomas, and tuberculous brain abscess. TBM is the most
severe manifestation of CNS-TB with highest mortality and
neurological morbidity (48, 49). Majority of TBM patients
experience non-specific symptoms such as fatigue, fever,
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malaise, anorexia, and myalgia for 2-8 weeks before the
meningitic state ensues, where patients present with headache,
fever, vomiting, photophobia and neck stiffness in 75% of cases
(50–52). Left untreated, most TBM patients die within 5-8 weeks
of disease onset (4). Common radiological features seen in TBM
include basal meningeal enhancement, tuberculomas,
hydrocephalus, and infarctions (29, 53). Although a combination
of these imaging features ishighly specific forTBM(95-100%),most
radiological findings by themselves lack adequate sensitivity as they
maynot be detected radiographically until advanced stages (18, 54–
56). Hydrocephalus, which is the most frequent cause of raised
intracranial pressure in TBM patients, was also found to be
associated with advanced stage of infection, with high morbidity
andmortality (18, 57).Cerebral vasculitis and inflammationbothof
which are regulated by platelet activation result in infarcts and are
the primary cause of permanent brain tissue damage in TBM
(58–60).

Cranial nerve palsies occur in 25-50%of patients and can lead to
vision loss if the optic nerve is involved (2). Although seizures occur
in 10-15%of patients, it ismore common inpediatric TBMpatients
(18). The severity of TBM disease can be classified into 3 grades
based on modifications of the Medical Research Council staging
system (Table 1) (65), which has been shown by numerous reports
to have considerable prognostic value (61, 62, 66). InHIV-negative
TBM patients, mortality has been documented to be 20% at stage I,
30% at stage II, and 55% at stage III (62).

The tuberculoma is the pathological hallmark of M. tb
infection, and may occur with or without TBM development
(39). Macroscopically, they appear as spherical, encapsulated
space-occupying lesions on neuroradiology (67). While a solitary
lesion is more common in CNS-TB patients, multiple
tuberculomas or even up to >100 tuberculomas have been seen
in exceptional cases (68). Most tuberculomas are up to 1 cm in
diameter, with approximately 10% between 1-3 cm, but may
reach sizes of up to 8 cm (69). Microscopically, a tuberculoma is
characterized by a granulomatous region, comprising of
epithelioid cells, Langerhans giant cells and lymphocytes, and
often a central area of caseating necrosis (29).

Tuberculous brain abscess is a rare manifestation of CNS-TB.
Its appearance is more similar to pyogenic brain abscess than to
tuberculomas and generally larger in size than tuberculomas.
These brain abscesses may be unilocular or multilocular, and is
characterized by cavity formation with central area of pus
containing viable bacteria (70, 71).

Analysis of the pathology in TBM patients reveal three types
of granulomas found mainly in the leptomeninges. Non-
Frontiers in Immunology | www.frontiersin.org 3
necrotizing granuloma comprises of activated macrophages,
lymphocytes and plasma cells, while necrotizing gummatous
granuloma containing reticulin fibers are present in the
necrosis central area with intact neutrophils (47). The other
necrotizing abscess-type of granuloma has similar presentation
to tuberculous brain abscess, which consists of pus with high
concentration of neutrophils (71, 72). The abundance of
neutrophils indicates their important role in CNS-TB.
CELLULAR RESPONSES IN CNS-TB

The brain is protected from blood-borne pathogens by the BBB,
which consists of brain microvascular endothelial cells joined by
tight junctions, astrocyte end-feet ensheathing the capillary, and
pericytes embedded in the basement membrane (Figure 1) (73).
Two mechanisms by whichM. tb crosses the protective BBB have
been proposed (74–76). In vitro and animal models have
demonstrated that M. tb is capable of invading and traversing
brain endothelial cells directly by modulating their actin
rearrangement (75, 76). The M. tb gene pknD (Rv0931c) was
recently identified as a critical virulence factor that facilitates
bacterial adhesion to laminin-1 and -2 on brain endothelial cells
(77). Another potential route of CNS entry is the “Trojan horse”
mechanism, whereby M. tb is trafficked across the BBB in
infected macrophages and neutrophils (74). Following the
breach of the BBB, resident CNS-specific cells such as
microglia are activated and leukocytes will infiltrate into the
CNS to induce the inflammatory response.
Crosstalk Between Neutrophils and Other
Immune Cells
Leukocytes such as neutrophils and monocytes interact with
endothelial adhesion molecules to transmigrate across the BBB.
We have shown that conditioned media from monocytes
infected with M. tb (CoMtb)-stimulation of a BBB cellular
model significantly upregulated endothelial adhesion molecules
intercellular adhesion molecule 1 (ICAM-1), vascular cell
adhesion molecule 1 (VCAM-1), P-Selectin and E-Selectin,
which resulted in increased transmigration of monocytes and
neutrophils across a BBB model (78).

TNF-a plays an immune-regulatory role in the infiltration of
leukocytes in CNS-TB. M. tb-infected TNF-knockout (TNF-/-)
mice showed acute ventriculitis characterized by neutrophil
infiltrates extending into the periventricular tissue of the brain,
TABLE 1 | British medical research council clinical criteria for staging TBM.

Stage/
grade

Classic criterion Contemporary criterion

I Fully conscious and no focal deficits Alert and oriented without focal neurological deficits
II Conscious but with inattention, confusion, lethargy, and focal neurological signs Glasgow coma score of 14-11 or 15 with focal neurological deficits
III Stuporous or comatose, multiple cranial nerve palsies, or complete hemiparesis or

paralysis
Glasgow coma score of 10 or less, with or without focal neurological
deficits
Adapted from (61–64).
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while a mixture of lymphocytes and neutrophils were observed at
the choroid plexus (79). Compared to wild type mice, M. tb-
infected TNF-/- mice showed increased macrophages and
dendritic cell (DC) recruitment, with upregulation of
chemokines macrophage inflammatory protein-1a (MIP-1a),
monocyte chemoattractant protein-1 (MCP-1) and Regulated
upon Activation Normal T Cell Expressed and Presumably
Secreted (RANTES) (79). In CNS-TB, neutrophils may engage
in complex multi-directional interactions with other immune
cells such as monocytes, macrophages, dendritic cells and T
lymphocytes. Several studies have evaluated the interaction of
neutrophils and monocytes in CNS-TB. Monocyte-neutrophil
networks resulted in MMP-9 upregulation which may be further
upregulated by hypoxia (80), and lead to type IV collagen and
tight junction protein (TJP) breakdown with an associated
increase in neutrophil and monocyte transmigration across the
BBB (78, 79). Using an in vitro BBB model, we elucidated the
molecular mechanisms by which monocyte-neutrophil networks
drive MMP-9 secretion, and found mitogen activated protein
kinase (MAPK) and phosphatidylinositide-3 kinase (PI3K)-Akt
pathways and the transcription factor nuclear factor kappa B
(NF-kB) to regulate neutrophil MMP-9 secretion (9).

As part of the innate host immune response in CNS-TB,
neutrophils interact with CNS resident microglia and infiltrated
macrophages. In early CNS-TB, both neutrophils and
macrophages infiltrate across the BBB into the CNS (78, 79).
They are rapidly activated, proliferate and secrete cytokines,
which further drive the accumulation and activation of other
immune cells (81). M. tb-infected neutrophils showed
upregulation of MCP-1, which is essential for recruiting
macrophages (82, 83). Moreover, Braian et al. demonstrated
that macrophages produced significantly higher concentrations
of cytokines IL-6, TNF-a, IL-1b and IL-10 in response to NETs
from M. tb-activated neutrophils but not phorbol myristate
acetate-activated neutrophils (14), further highlighting the
importance of neutrophil-macrophage interaction in TB
Frontiers in Immunology | www.frontiersin.org 4
infections. Conversely, M. tb-infected murine microglia secrete
granulocyte-macrophage colony-stimulating factor (GM-CSF)
(84), a chemoattractant that may facilitate M. tb containment
by promoting neutrophil phagocytosis (85).

Neutrophils promote activation of CD4+ T cells in TB by
facilitating DC migration and antigen presentation (86). Direct
M. tb-infected DCs showed poor migration, whereas DCs that
acquired M. tb through uptake of infected neutrophils exhibited
unimpaired migration to prime naive CD4+ T cells and
subsequently activate adaptive immunity (86), implicating the
key role of neutrophils in priming the T cells. In CNS-TB, the
presence of DCs was reported (79), but no study has investigated
whether a similar neutrophil-DC interaction occurs. Further
evidence from animal studies demonstrated direct crosstalk
between neutrophils and T cells. For instance, in vivo depletion
of Gr1+ neutrophils decreased accumulation of Th1 cells in the
lungs of M. tb-infected mice (87). Furthermore, Blomgran et al.
demonstrated that an inhibition of neutrophil apoptosis inM. tb-
infected mice delayed the activation of naive CD4+ T cells (88).
These studies highlight the importance of neutrophils as a bridge
between the innate and adaptive immune response.
NEUTROPHILS IN CNS-TB

Neutrophils Influx
The normal brain is devoid of neutrophils, and the recruitment
of circulating neutrophils into the CNS during infection is
dependent on neutrophil chemoattractants. The contribution
of neutrophil mediators to CNS-TB immunopathology is
summarized in Figure 2. Small bioactive lipid mediators such
as prostaglandin E2 (PGE2) and leukotriene B4 (LTB4)
generated from arachidonic acid (AA) by cyclooxygenase 2
(COX-2) and 5-lipoxygenase (5-LO) respectively exhibit pro-
inflammatory properties and are potent neutrophil
chemoattractants (89–93). LTB4 secreted by early-recruited
FIGURE 1 | The blood-brain-barrier structure and cellular composition. The BBB is a highly complex structure, made up of brain microvascular endothelial cells,
pericytes, astrocytes and a non-cellular component – the basal lamina. Tight junctions between brain endothelial cells maintain the integrity and permeability of brain
microvessels. Both the endothelial cells and pericytes are enclosed by, and contribute to the perivascular extracellular matrix (basal lamina 1, BL1), which is different
in composition from the extracellular matrix of the glial end feet (BL2) bounding the brain parenchyma. Figure created with Biorender.com.
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neutrophils function in an autocrine response to induce an
exponential neutrophil influx, an effect known as “neutrophil
swarming” (94, 95). In addition, LTB4 was demonstrated to
induce ICAM-1 expression by vascular endothelial cells to
facilitate neutrophil transmigration into the tissue (96).
Treatment of M. tb-infected C3HeB/FeJ mice with Ibuprofen,
an anti-inflammatory drug that inhibits COX-2, strongly
suppressed neutrophil recruitment, ameliorated tissue
pathology and improved survival, thereby providing further
evidence of neutrophils contributing to immunopathology in
TB disease (97).

Neutrophil Cell Death – Protection
Versus Pathology
Neutrophils are the first cells to arrive at the site of M. tb
infection by migrating along a chemokine gradient formed by
IL-8 (also known as CXCL-8) or keratinocyte chemoattractant
Frontiers in Immunology | www.frontiersin.org 5
(KC) in humans or mice respectively (98). Being professional
phagocytes, neutrophils rapidly engulf M. tb, but the fate of the
infected neutrophils and whether they mediate protection or
pathology in TB depends onM. tb virulence. Human neutrophils
fail to kill virulent M. tb in vitro due to M. tb-induced necrotic
cell death, a process that was recently found to be dependent on a
functional ESAT-6 secretion system 1 (ESX-1) in M. tb and the
neutrophil’s own reactive oxygen species (ROS) production
(Figure 3) (99, 100). Neutrophil necrosis is detrimental to the
host as the release of granule proteases and antimicrobial
effectors cause damage to neighboring cells and exacerbate
tissue damage. In addition, subsequent removal of necrotic
neutrophils and virulent M. tb by macrophages promote
mycobacterial growth, ultimately driving these infected
macrophages into necrotic cell death (99). It is likely that the
consecutive cycles of infection and host cell necrosis result in TB-
associated immunopathology and host tissue damage (101).
FIGURE 2 | Neutrophil mediators in CNS-TB immunopathology. Neutrophils secrete cytokines including IL-1b to enhance neutrophil swarming and recruitment, and
TNF-a to promote neutrophil necrosis, granuloma formation and thrombosis leading to ischemia stroke and brain tissue damage. Neutrophils also form NETs
containing destructive enzymes which can damage the brain tissue. The release of MMP-9 degrades the extracellular matrix (ECM) resulting in BBB breakdown,
leukocytes influx and eventually chronic cerebral inflammation. The ROS production also mediates BBB breakdown and drives neutrophil necrosis. 5-LO: 5-
lipoxygenase; AA, arachidonic acid; COX-2, cyclooxygenase-2; CtG, cathepsin G; DC, dendritic cell; LTB4, leukotriene B4; MMP, matrix metalloproteinase; MPO,
myeloperoxidase; M. tb, Mycobacterium tuberculosis; NE, neutrophil elastase; NETs, neutrophil extracellular traps; PGE2, prostaglandin E2; PR3, proteinase 3; ROS,
reactive oxygen species; TNF-a, tumor necrosis factor-a. Illustration created with Biorender.com.
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In contrast, when neutrophil ROS production is inhibited by
pharmacological inhibition of myeloperoxidase (MPO), or when
the ESX-1 secretion system is not functional in the attenuatedM.
tb strain, neutrophils undergo apoptosis instead (99). Removal of
apoptotic cells, also known as efferocytosis, contributes to host
defense in TB. A study has shown efferocytosis of apoptotic
neutrophils by macrophages to restore growth control of M. tb,
as the attenuated M. tb ended up in double- or triple-membrane
compartment that they could not escape from without a
functional ESX-1 secretion system (99). Moreover, efferocytosis
of M. tb-induced apoptotic neutrophils markedly increased the
production of TNF-a by human macrophages (102, 103) and
resulted in a decreased viability of intracellular M. tb (104). In
addition, neutrophils promote the onset of adaptive immunity by
delivering M. tb to dendritic cells (DCs) in a manner that makes
Frontiers in Immunology | www.frontiersin.org 6
DCs more effective in naïve CD4 T cell activation (86). Upon
activation, naïve T cells differentiate into protective Th1 cells that
secrete IFN-g and TNF-a, two cytokines important in the
maintenance of granuloma architecture to contain M. tb (105–
109). Protective immunity during TB requires the host to restrict
bacterial growth while limiting inflammation to prevent host
tissue damage, and IFN-g is a key cytokine that serves both
functions (110). IFN-g activates macrophages to kill intracellular
mycobacteria and controls inflammation via direct and indirect
inhibition of neutrophils (110–113). A study has shown IFN-g to
directly inhibit neutrophil accumulation in M. tb-infected lung,
thereby limiting lung inflammation (110). While IFN-g-induced
nitric oxide (NO) production by murine macrophages have
direct anti-mycobacterial activity, NO also limits inflammation
by inhibiting IL-1b-dependent neutrophil recruitment (113).
FIGURE 3 | Cell fate of M. tb-infected neutrophils determine protection or pathology in TB. Left: Virulent M. tb induces neutrophil necrosis in a reactive oxygen
species (ROS)- and ESAT-6 secretion system 1 (ESX-1)-dependent manner, resulting in the release of bioactive molecules that damage surrounding host tissue.
Removal of necrotic neutrophils by macrophages drive them into necrosis with subsequent release of virulent M. tb to infect more host cells, thus resulting in a
vicious cycle. Right: When the M.tb lacks a functional ESX-1 type 7 secretion system, or the production of ROS by neutrophils is inhibited, neutrophils undergo the
default apoptosis instead. Cross-presentation of mycobacterial antigens to dendritic cells result in naïve T cell activation and differentiation into protective Th1 cells
that produce interferon-g (IFN-g) and tumor necrosis factor-a (TNF-a). IFN-g-induced nitric oxide (NO) production limits inflammation by inhibiting neutrophil
recruitment, thereby reducing immunopathology. IL-1b, interleukin-1b; M. tb, Mycobacterium tuberculosis; NOS2, nitric oxide synthase 2. Illustration created with
Biorender.com.
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These studies highlight the complexity of host-pathogen
interactions as well as the crucial role neutrophils play in
determining host protection versus pathology in TB disease.

Neutrophil Extracellular Traps
Neutrophil extracellular traps (NETs) are a meshwork of chromatin
fibres coated with cytoplasmic and granule-derived neutrophil
antimicrobial peptides and proteases, and NETosis, as the name
suggests, refers to the process of NETs release (114). While
degranulation and phagocytosis are two long-established
antimicrobial functions of neutrophils, NETosis as the third
antimicrobial strategy was first described in 2004 (114). NETs allow
neutrophils to eliminate pathogens more efficiently by immobilizing
the pathogen to prevent its dissemination, and ensuring a high
concentration of antimicrobial agents to degrade virulence factors
and kill the pathogen (114). Ramos-Kichik et al. demonstrated thatM.
tb-infectedneutrophils releaseNETswhichtrapmycobacteriabutwere
unable to kill them, suggesting NETs preventM. tb from spreading to
other organs while enhancing the local concentrations of released
antimicrobial agents againstM. tb (115).

Since its discovery in 1996 (116), two types of NETosis have
been characterized - late suicidal NETosis and early vital
NETosis (Figure 4). Late suicidal NETosis, as the name
suggests, occurs after several hours of stimulation and is
Frontiers in Immunology | www.frontiersin.org 7
dependent on NADPH oxidase (NOX) production of ROS,
whereas early vital NETosis occurs within minutes of
stimulation independent of oxidants (117). When NETosis is
induced, protein arginine deiminase 4 (PAD4) is activated which
converts arginine to citrulline in core histones, resulting in
chromatin decondensation necessary for NET formation (118).
In suicidal NETosis, NETs are expelled into the extracellular
space upon plasma membrane disruption and the neutrophil dies
(119), whereas in vital NETosis, NETs are released via nuclear
envelope blebbing and vesicular export, and the plasma
membrane remains intact (120–123). This explains why vital
NETosis is mostly associated with bacterial infection, as it
prevents the release of phagocytosed bacteria and the
neutrophils stay alive to perform other immune functions,
such as chemotaxis, phagocytosis, and killing of bacteria (124).
NETs induction has been demonstrated in M. tb-infected
neutrophils (115), but whether the neutrophils undergo vital or
suicidal NETosis remains to be investigated. More recently, the
finding of a novel form of NOX-independent NETosis that
involves both apoptosis and NETosis in the same neutrophil,
also known as apoNETosis (125), shows that much investigation
remains to elucidate the mechanisms of NETs formation and to
better understand the role of neutrophils in physiological and
pathological processes.
A B C

FIGURE 4 | Three types of NETosis induced by different stimuli. (A) Stimuli such as phorbol 12-myristate 13-acetate (PMA) induce suicidal NETosis after activating
NADPH oxidase (NOX) to produce ROS. (B) Vital NETosis is induced within minutes by pathogens such as Staphylococcus aureus and Escherichia coli, through
complement receptors (CR) and Toll-like receptors 2 and 4 (TLR2 and TLR4). This induces protein arginine deiminase 4 (PAD4) activation without the need for
oxidants. Citrullination of histones allow chromatin to undergo decondensation and be dispersed in the form of NETs. NE and MPO translocate into the nucleus to
promote further unfolding of chromatin. (C) ApoNETosis is induced by high-dose ultraviolet (UV) irradiation. This induces large amounts of mitochondrial ROS
(mROS), caspase cascade activation, p38 activation, transcriptional firing and NETosis. Under apoNETosis conditions, although both apoptosis and NOX-
independent NETosis occur simultaneously, NETotic events predominate apoptotic events. Unlike the other two types of NETosis, PAD4 is not activated and
histones are not citrullinated. In addition, nuclear blebbing does not occur unlike classical apoptosis. Casp-3, caspase 3; CitH3, citrullinated H3; Cyt c, cytochrome c;
MPO, myeloperoxidase; NE, neutrophil elastase; NETs, neutrophil extracellular traps; ROS, reactive oxygen species. Illustration created with Biorender.com.
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Transcriptional studies of human TB have been instrumental
in unveiling the importance of neutrophils in TB disease (126),
but the factors determining disease progression and the
molecular mechanisms by which neutrophils drive TB
pathogenesis remain poorly understood. A recent mechanistic
study by Moreira-Teixeira et al. demonstrated that type I IFN
exacerbated disease severity in TB-infected mice by inducing
neutrophilic inflammation and NETs formation (127). The
presence of NETs in necrotic lung lesions of patients with
non-resolving pulmonary TB further supports the clinical
relevance of NETs in TB pathogenesis (127). However, the
description of NETs in TB is limited to pulmonary TB, and its
role remains to be explored in CNS-TB.

Nonetheless, with increasing experimental and clinical evidence
ofNETs in TB pathogenesis, drugs thatmanipulateNETs structure
or NETosis represent an attractive target for the development of
therapeutics. DNase that digests NETs backbone is the oldest and
one of the most attractive therapeutic interventions in NETs
research (128), but a major limitation with this approach is that
NETs-associated histones, proteases and other pro-inflammatory
mediators become liberated upon DNA digestion, which can then
cause local host tissue damage or systemic inflammation if this
happens in thecirculation(129, 130).Thus,NETssuppressivedrugs
that control NETs release without impacting the neutrophils’
antimicrobial activities should be the focus of research moving
forward. Screening of 126 compounds by the Palaniyar group to
investigate their regulatory effects on NETosis has identified
anthracyclines as a class of potent NETosis suppressive drugs
(131). Notably, anthracyclines suppress both NOX–dependent
and –independent NETs release by inhibiting chromatin
decondensation and transcription, while maintaining the
neutrophils’ capacity to produce ROS that are crucial for their
antimicrobial functions (131). In addition to this, Sollberger et al.
also identified a molecule (LDC7559) that inhibits Gasdermin D, a
pore-forming protein that punctures granules to release NE, and
selectively suppress NETs formation without interfering with
neutrophil phagocytosis (132). These selective pharmacological
inhibitors of NETs formation present a promising avenue of
research to be further explored.

M. tb-activated neutrophils also release heat shock protein 72
(Hsp72), a stress-induced protein that binds to NETs to trigger
the secretion of pro-inflammatory cytokines TNF-a and IL-1b
from adjacent macrophages (14). Apart from their pro-
inflammatory and antimicrobial functions, NETs also provide
a stimulus and scaffold for thrombus formation which leads to
ischemic strokes and permanent brain damage, although the role
of NETs in thrombosis have not been demonstrated in the
context of TB (7, 15, 16).

Neutrophil Pathogenic Enzymes and ROS
During M. tb infection, neutrophils release NETs containing
histones, MPO, MMPs and serine proteases such as neutrophil
elastase (NE), proteinase 3 (PR3), and Cathepsin G (CtG) that
may result in tissue damage (114, 115, 118, 133). Using a gene-
targeted approach, Guyot et al. demonstrated that neutrophil
serine proteases (NSPs) CtG, PR3 and NE synergistically caused
more tissue destruction than NE alone (133). Additionally, these
Frontiers in Immunology | www.frontiersin.org 8
NSPs increased the activity of other tissue-destructive proteases
such as macrophage elastase (MMP-12) and gelatinase B (MMP-
9) (133). MMPs, in particular MMP-9, play important roles in
brain ECM degradation, resulting in BBB breakdown and brain
tissue damage. In the analysis of human brain biopsy specimens,
high concentration of neutrophils expressing MPO were present
in the necrotic zone of the granuloma and within areas of brain
infarction of TBM patients (47). The staining of NE and MMP-9
were also observed in CNS-TB human brain biopsies (9).
Moreover, the whole-blood transcriptomic data of TBM-
immune reconstitution inflammatory syndrome (IRIS) patients
revealed an increase in neutrophil-dependent inflammatory
response with significantly more neutrophil-associated
transcripts including MPO, MMP-8 and -9, CtG, lipocalin 2
(LCN2) and a-defensin (DEFA1/3/4) compared to TBM non-
IRIS (134). All these studies implicate neutrophils in driving
immunopathology in CNS-TB.

M. tb-induced ROS production by neutrophil MPO has been
shown to drive human neutrophils into necrotic cell death and
directly damage the vascular endothelium and brain parenchyma
(100, 135). ROS causes loss of endothelial barrier integrity by
downregulating the expression of tight junction proteins, as well
as inducing a shift in the membrane localization of tight junction
proteins to the cytoplasm, thus increasing BBB permeability
(136). A compromised BBB facilitates leukocyte transmigration
into the CNS as well as influx of plasma resulting in edema. In
addition, ROS disrupts the cadherin-b-catenin complex, which
results in adherens junction disassembly at cell-cell contact,
further contributing to BBB disruption (137).

Neutrophil Cytokines and Chemokines in
CNS-TB Immunopathology
Activated neutrophils secrete a range of cytokines and chemokines
to signal other innate and adaptive immune cells. For example,
CCL-2, -3 and -20 recruit monocytes, CCL-17 recruits dendritic
cells (DCs), and IL-6, TNF-a and IL-23attractT lymphocytes to the
site of infection (138). The concentration of CXCL-8, a
predominant neutrophil stimulatory and chemotactic chemokine,
was found to be increased in the CSF of TBM patients (139).
Immunohistochemical staining showed that IL-2 and IL-17A,
cytokines that enhance the recruitment of neutrophils and which
have a role in pulmonary TB (140), were distributed intracellularly
in the granulomas of TBM patients, contributing to a pathological
inflammatory response (47). The finding of significantly increased
CSF IL-17A concentrations in TBM-IRIS patients associated with
severeCNS inflammation further supports adetrimental role for IL-
17A in CNS-TB (141).

Neutrophils produce TNF-a, the key cytokine involved in the
initiation of immune response toM. tb and in the long-term control
of infection. Not only is TNF-a important for macrophage
activation and recruitment to the site of infection, TNF-a is also
critical for granuloma formation and architecture to containM. tb
(142). In keeping with the protective role of TNF-a against M. tb
infection, intracerebralM. tb-infectedTNF-/-micedemonstratedan
increased infiltration of leukocytes into the brain (79, 143, 144),
whichmay be explained by the inability ofTNF-/-mice to effectively
controlM. tb, thereby resulting in an uncontrolled recruitment of
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immune cells into the CNS. While TNF-a confers protective
immunity against M. tb, it also causes immunopathology by
increasing BBB permeability (73). In addition, TNF-a and IL-17
have demonstrated synergistic pro-coagulant and pro-thrombotic
effects on vessels (145), potentially contributing to ischemia stroke.
Given the potential protective and pathological roles of TNF-a in
CNS-TB, a “Goldilocks phenomenon” may exist where a certain
amount of TNFa is required for the human host but excess
is deleterious.
MATRIX METALLOPROTEINASES AND
THEIR ROLE IN CNS-TB

MMPs are zinc-containing enzymes that degrade extracellular
matrix at a neutral pH. The MMP family comprises 25 related
but distinct proteases of which 24 are found in mammals. In
Frontiers in Immunology | www.frontiersin.org 9
addition to ECM degradation, they have key functions in wound
healing, angiogenesis, inflammation and host defense (146).
MMPs can be broadly classified into several sub-families on
the basis of substrate specificity, namely gelatinases, collagenases,
stromelysins, matrilysin, metalloelastase and the membrane-type
metalloproteinases (Table 2). While the classical ECM substrates
include collagen, elastin and fibronectin, recent work has
identified a variety of non-matrix substrates including
adhesion proteins (157, 158), receptors (159), cytokines and
chemokines (160–163). There is considerable overlap in MMP
substrates, especially among the ECM proteins (164). Although
the shared substrate potential may appear as a form of
biochemical redundancy, the selectivity of MMP catalysis is
regulated by enzyme affinity and compartmentalization (146).
Kinetic studies have demonstrated that specific MMPs
degrade some substrates more efficiently than others do. For
example, MMP-2 and -9 degrade gelatin more efficiently
TABLE 2 | Matrix metalloproteinases, substrates and their activating capacity.

Enzyme Common name Proposed substrate Activator
of

Gelatinases
MMP-2 Gelatinase A (72-

kDa gelatinase)
Gelatin, collagen I, IV, V, VII, X, XI, XIV, gelatin, aggrecan, versican, proteoglycan link protein, tenascin, fibronectin, laminin,
laminin-5, fibrillin, elastin, vitronectin, a2-M, latent TNF, MBP, a1-AT, neurocan, IL-1b precursor, CXCL-12, CCL-7, occludin,
claudin-5

MMP-9,
-13

MMP-9 Gelatinase B (92-
kDa gelatinase)

Gelatin, collagen IV, V, VII, X, XIV, aggrecan, versican, proteoglycan link protein, fibronectin, nidogen, elastin, vitronectin,
a2-M, latent TNF, latent TGF-b, latent VEGF, fibrin, NG2 proteoglycan, MBP, a1-AT, IL-1b precursor, occludin, claudin-5,
ZO-1

ND

Collagenases
MMP-1 Collagenase-1

(fibroblast
collagenase)

Collagen I, II, III (III>I), VII, VIII, X, gelatin, aggrecan, versican, proteoglycan link protein, L-selectin, nidogen, tenascin, serpins,
a2-M, latent TNF, MBP, a1-AT

MMP-2,
-9

MMP-8 Collagenase-2
(neutrophil
collagenase)

Collagen I, II, III (I>III), V, VII, VIII, X, gelatin, aggrecan, fibronectin, serpins, a2-M, a1-AT ND

MMP-
13

Collagenase-3 Collagen I, II, III (II>I or III), IV, IX, X, XIV, gelatin, aggrecan, perlecan, fibronectin, laminin, tenascin, fibrillin, serpins MMP-2,
-9

Stromelysins
MMP-3 Stromelysin-1 Collagen III, IV, V, IX, X, gelatin, versican, aggrecan, proteoglycan link protein, perlecan, fibronectin, laminin, tenascin,

elastin, fibrillin, latent TNF, latent TGF-b, MBP, a1-AT, antithrombin-III, IL-1b precursor, occludin, claudin-5, VE cadherin
MMP-1,
-8, -9, -13

MMP-
10

Stromelysin-2 Collagen III, IV, V, gelatin, nidogen, aggrecan, proteoglycan link protein, fibronectin, elastin MMP-1,
-7, -8, -9

MMP-
11

Stromelysin-3 a1-AT, fibronectin, laminin ND

Membrane-type (MT) MMPs
MMP-
14

MT1-MMP Collagen I, II, III, gelatin, aggrecan, fibronectin, laminin, tenascin, vitronectin, fibrillin MMP-2,
-13

MMP-
15

MT2-MMP Aggrecan, fibronectin, laminin, fibrin MMP-2,
-13

MMP-
16

MT3-MMP Gelatin, casein, fibrin, syndecan-1 MMP-2

MMP-
17

MT4-MMP Gelatin, latent TNF MMP-2

Other MMPs
MMP-7 Matrilysin Collagen IV, X, gelatin, aggrecan, proteoglycan link protein, fibronectin, laminin, nidogen, vitronectin, pro-a defensins,

FAS ligand, latent TNF, syndecan-1, E-cadherin, elastin, MBP, a1-AT
MMP-2,
-9

MMP-
12

Metalloelastase
(macrophage
elastase)

Collagen IV, gelatin, aggrecan, fibronectin, laminin, fibrillin, elastin, vitronectin, latent TNF, MBP, a1-AT ND
January 2022 | Volume 12 | Arti
Substrates in the brain vascular basement membrane are in bold, while substrates in the brain parenchymal ECM are underlined. a1-AT, a1-antitrypsin/a1-proteinase inhibitor; a2-M, a2-
macroglobulin; MBP, myelin basic protein; ND, not determined; TGF, transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor; ZO-1, zona
occludens 1. Adapted from (146–156).
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than other MMPs (165). Compartmentalization, which is the
pericellular accumulation of MMPs, allow MMPs to target
specific substrates in the pericellular space for catalysis (146).
Cells do not indiscriminately release MMPs as that would result
in non-specific proteolysis and tissue injury. Several reports have
demonstrated specific interactions between MMPs and cell
membrane anchors such as MMP-2 binding to avb3-integrin
(166), MMP-9 to CD44 (159) and MMP-7 to surface
proteoglycans (167, 168). This enables MMPs to accumulate to
high concentrations locally and thus increase substrate specificity
and catalysis efficiency.

The catalytic activity of MMPs are regulated by pro-enzyme
activation and endogenous inhibitors such as a2-macroglobulin
in the plasma and tissue inhibitors of metalloproteinases
(TIMPs) in the tissue (169). While there are 24 mammalian
MMPs, only four TIMPs (TIMP-1 – 4) have been identified that
inhibit MMP activity by binding to their catalytic site in a 1:1
molar stoichiometry (170, 171). Similar to MMPs having variable
substrate affinities, TIMPs also differ in their affinities for specific
MMPs. Deciphering the activity of MMPs is made more
challenging by the fact that MMP-TIMP interaction does not
always lead to inhibition, as exemplified by the need for TIMP-2
to bind MMP-2 in a complex with membrane-bound MMP-14
to induce MMP-2 activation (146).

Excessive MMPs degrade the brain ECM, leading to BBB
breakdown, plasma leakage and brain tissue destruction in CNS-
TB (Figure 5). The major MMPs that disrupt the BBB basement
membrane are gelatinases MMP-2 and -9, due to their ability to
degrade type IV collagen, the main extracellular matrix of the
BBB. Under normal brain physiological conditions, MMP-2 is
constitutively expressed in large amounts and can be found in the
CSF (172). Conversely, MMP-9 is normally absent or present at
low levels in the normal brain, and is upregulated during
inflammation (173) or infection (174, 175). Neutrophils may
be the main cellular source of MMP-8/9 (7, 9). Our work
demonstrated that MMP-9-expressing neutrophils were present
in tuberculous granulomas in CNS-TB and neutrophil-derived
MMP-9 secretion was upregulated byM. tb (9). Apart from type
IV collagen, the gelatinases are also capable of degrading
laminin, fibronectin, nidogen, versican, aggrecan, tenascin and
proteoglycan link protein found within the cerebral vascular
basement membrane and parenchymal ECM (147). Additionally,
MMP-2 and -9 have been demonstrated to degrade TJPs
occludin and claudin-5, thereby further increasing BBB
permeability (148). Thus, gelatinases MMP-2 and -9 likely play
key roles in mediating BBB breakdown and tissue destruction in
the brain. A compromised BBB results in plasma leakage into the
CNS, causing vasogenic edema and further facilitates the influx
of circulatory inflammatory cells into the brain.

In organs like the brain, interactions between different cellular
networks influence the eventual MMP expression, which in turn
define the final pathophysiological consequence. We have
previously demonstrated that astrocytes and microglia secrete
MMP-9, -1 and -3 respectively in response to M. tb-infected
monocytes but not upon direct M. tb infection (176, 177). This
network-dependent secretion of MMPs is driven by pro-
Frontiers in Immunology | www.frontiersin.org 10
inflammatory mediators TNF-a and IL-1b. In addition to its
role as an activator of MMP-9, a recent study has shown the
importance of MMP-3 in BBB breakdown by reducing tight
junction and VE-cadherin proteins in brain microvascular
endothelial cells (149). LPS-activated microglia have
significantly reduced TNF-a in the presence of a broad
spectrum MMP inhibitor BB94 (178), while a separate study
similarly reported that inhibition of MMP-3 or -9 resulted in a
suppression of iNOS, IL-1b, IL-1Ra and IL-6 gene expression,
and TNF-a at the post-transcriptional level in activated
microglia (179). Thus, MMPs may influence cytokine secretion
in microglia, suggesting a potential effect of neutrophil-derived
MMPs in mediating microglia’s cytokine responses during
CNS-TB.

Although many studies have focused on the contribution of
MMPs to host immunopathology, there is increasing evidence to
show that these proteases also play a crucial role in granuloma
formation (180). Several MMPs have been shown to cleave and
modulate the functions of cytokines and chemokines such as
IFN-g, IL-1b, TNF-a, CXCL-8 and CCL-7, thereby regulating
chemokine gradients and leukocyte recruitment to the site of
infection (146). Treatment of pulmonary TB mouse models with
batimastat, a broad-spectrum MMP inhibitor, resulted in a
delayed induction of granuloma or the formation of smaller
granulomas with increased collagen content (181, 182), but the
same has not been shown for CNS-TB. Consistent with these
findings, MMP-9-deficient mice demonstrated a reduced
recruitment of macrophages leading to the development of
smaller granulomas (183). Thus, while MMPs are believed to
degrade ECM substrates as their primary function, some MMPs,
such as MMP-9, may also have dual roles in tissue remodeling
and ECM deposition (180).

MMP Studies in Human CNS-TB and the
Gaps in Knowledge
Research into BBB disruption in human CNS-TB is limited, but
several studies have lent evidence on the pathogenic role of
MMPs in CNS-TB (10, 184–187), and that MMPs may drive BBB
breakdown and CNS-TB immunopathology. Specific MMPs and
TIMPs in the CSF and systemic circulation of TBM patients may
provide an indication of the overall MMP activity in vivo (184,
186) and may be a surrogate of BBB breakdown. However, the
current gap is the lack of direct association of MMP
concentrations and an accepted index of BBB breakdown (10,
188, 189).

Numerous studies have found CSF MMP-9 concentrations in
TBM patients to be upregulated, with MMP-9 upregulation
associated with disease severity (190), neurological
complications (184, 186), and brain tissue damage (185, 186).
Another member of the gelatinase sub-family MMP-2 was also
implicated in TBM pathogenesis. Patients with subacute
meningitis, including fungal meningitis and TBM, had higher
CSF MMP-2 and -9 as well as TIMP-1 (but not TIMP-2) than
patients with non-inflammatory neurological diseases. Increased
MMP-9 correlated with CNS complications including depressed
consciousness and psychiatric symptoms (185). Furthermore,
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the upregulated MMP-2 and -9 concentrations in CSF persisted
late into the course of TBM (187), indicating that anti-
tuberculous treatment (ATT) is ineffective in reducing
gelatinase MMP-2 and -9 concentrations. The inability of
standard ATT to mitigate the increased MMP-2 and -9
concentrations in TBM patients indicates that there is an
urgent need to explore adjunctive treatment to suppress these
pathogenic MMPs. A study conducted by Green et al. found that
adjunctive dexamethasone, the standard of care in CNS-TB,
Frontiers in Immunology | www.frontiersin.org 11
significantly decreased CSF MMP-9 concentrations in TBM
patients, but the decline in MMP-9 concentrations was not
associated with improved outcome (10). The concentration of
MMPs should be considered in relation to their specific
endogenous TIMPs, as the balance between MMP and TIMP
concentrations determine the overall MMP activity, thereby
influencing TBM pathogenesis and patient outcome. 20 years
ago, our group showed for the first time a significant increase in
MMP-9 but not TIMP-1 in the CSF of TBM patients, suggesting
FIGURE 5 | Gelatinases MMP-2 and -9, collagenase MMP-1 and stromelysin MMP-3 contribute to BBB breakdown and brain tissue damage in CNS-TB. M. tb-
infected monocytes interact with astrocytes and microglia in the brain to induce their secretion of MMP-9, -1 and -3 respectively, a process that is driven by pro-
inflammatory mediators TNF-a and IL-1b. ① These MMPs degrade TJPs occludin and claudin-5 and ECM proteins of the basement membrane including type IV
collagen, laminin, nidogen, perlecan and fibronectin. ② This BBB breakdown drives influx of plasma resulting in vasogenic edema and facilitates further influx of
circulating inflammatory cells such as monocytes and neutrophils into the brain. ③ MMPs also degrade proteoglycans (aggrecan, versican, brevican), proteoglycan
link proteins and tenascins found within the ECM of the brain parenchyma, thus resulting in ④ brain tissue destruction adding to the cerebral inflammatory response.
MMP-9 secreted from neutrophils further compromise the BBB and exacerbate tissue damage. Illustration created with Biorender.com.
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a matrix-degrading phenotype in TBM where MMP-9 activity
was relatively unopposed by TIMP-1 (186). In addition, the
imbalance of MMP-9:TIMP-1 ratio correlated with mortality
and neurological morbidity (such as unconsciousness, confusion
and neurological deficits) in TBM patients (186).

However, the association between increased MMP-2 and -9
concentrations and poor patient outcome is not consistent, and
several studies have demonstrated no association between MMP
concentrations and outcome (188, 189, 191, 192). This is
unsurprising as MMPs, specifically MMP-2, -3, and -9, also
play important roles in normal brain development. There is
increasing evidence that MMPs perform diverse functions, both
protective and pathological, at different concentrations, in
different age groups and at different time points of infection
(193), which may explain these differing observations. In a recent
study of 40 TBM patients by Mailankody et al., CSF-serum
albumin index was used as an indicator of BBB permeability, but
there was no association between CSF MMP-9 and the CSF-
serum albumin index. Both MMP-9 and TIMP-1 were also not
Frontiers in Immunology | www.frontiersin.org 12
associated with treatment outcome. In contrast, a significant
positive correlation between MMP-9 levels and Glasgow coma
scale (GCS) was found, indicating that higher MMP-9
concentrations were associated with a favourable outcome
(188). In a study of pediatric TBM infections, higher MMP-9
concentrations were found to be associated with a good outcome,
possibly due to the role of MMP-9 in recovery and ongoing
neurodevelopment, including angio- and myelino-genesis,
synaptic plasticity and the growth of axons (189). Thus, there
is conflicting literature on whether MMP-9 is protective or
pathogenic which is likely to reflect diverse patient populations.

TB granulomas (tuberculomas), which occur frequently in
CNS-TB, demonstrate high expression of several MMPs
including MMP-1, -2, -3 and -9 (Figure 6) (9, 176, 184, 185).
Immunohistochemical analysis of brain biopsies from CNS-TB
patients demonstrated that MMP-2 and -9 exhibit distinct
localization within the brain granuloma (185). While
infiltrating mononuclear cells in the meninges demonstrated
immunoreactivity for both MMP-2 and -9, mononuclear cells
FIGURE 6 | MMP-1, -2, -3, and -9 are expressed in human CNS-TB granulomas. Infiltrated mononuclear cells (MNCs) in the meninges were immunoreactive for
MMP-2 and -9. In particular, MMP-9 was expressed in the perivascular leukocytes at necrotic vessel, contributing to BBB disruption (185). In the granuloma, MMP-9
was highly expressed around the area of caseous necrosis, unopposed by TIMP-1 (194). Astrocytes are the main CNS cellular source of MMP-9, compared with
other sources including MNCs, neutrophils and microglia (184). Microglia-derived MMP-1 and -3 were found decreasing towards fibrosis peri-granuloma region
(176). Illustration created with Biorender.com.
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that infiltrated into the brain parenchyma were immunoreactive
for MMP-9 but not MMP-2 (185). In meningeal vessels that
showed necrotic changes, MMP-9 was expressed in the
perivascular leukocytes, thereby providing evidence that MMP-
9 is associated with BBB disruption in TBM in vivo (185). The
role of MMP-9 in brain tissue damage was corroborated by the
high MMP-9 expression around the area of caseous necrosis in
TB granuloma, which was relatively unopposed by the presence
of few TIMP-1-positive stromal cells (194). Harris et al. also
demonstrated upregulated MMP-9 secretion in astrocytes near
CNS-TB granulomas and downregulated TIMP-1 expression in
the brain tissue of CNS-TB patients (184). Additionally, although
both astrocytes and tissue-resident macrophages and microglia
expressed high MMP-9 in the CNS-TB brain tissue, macrophages
and microglia were present as much lower numbers than the
astrocytes, indicating astrocytes as the major CNS cellular source
of MMP-9 in CNS-TB (184). By immunostaining for MMP-9 and
neutrophil elastase, we demonstrated the presence of MMP-9
secreting neutrophils in CNS-TB granulomas (9). In addition to
MMP-9, MMP-1 and -3 secretion were also found to be highly
expressed in the center of granuloma which decrease towards the
fibrotic, peri-granuloma region (176). This increased expression of
MMP-1and-3were associatedwithmicroglia in thegranulomaand
peri-granuloma region and p38-positive microglia infiltrating
necrotizing CNS-TB granulomas (176, 195). Collectively, these
results support a role for MMPs, in particular MMP-1, -3, and -9,
in brain tissue destruction in CNS-TB patients. However, the
contribution of MMP-2 to BBB breakdown and tissue damage in
CNS-TB remains further evaluation, as TNFa has been shown to
suppress microglial MMP-2 secretion byM. tb-infectedmonocyte-
dependent networks (195).

Stromelysin MMP-10 is functionally important in TB. It was
found upregulated in induced sputum and bronchoalveolar lavage
fluid from TB patients compared to respiratory symptomatic
controls (196). The inhibition of MMP-10 activity has shown to
decrease DQ collagen degradation byM. tb-infected macrophages,
and its upregulation in macrophages was induced by virulentM. tb
in Early Secretory Antigenic Target-6 (ESAT-6)-dependent
manner (196). Rohlwink et al. proposed that MMP-10 and IL-17-
augmented MMP-3 (140) may activate MMP-1 to propagate
collagenase activity in cellular networks (193). M. tb stimulation
of peripheral blood mononuclear cells (PBMCs) from TB-IRIS
patients also found with elevated MMP-1, -3, -7, and -10 protein
secretion compared to non-IRIS controls (197). Similarly, the
concentrations of CSF MMP-1, -7, and -10, together with
neutrophil-associated mediators were found higher in TBM-IRIS
than non-IRIS controls (141). However, the functional role of
MMP-10 in CNS-TB, and whether it is associated with MMP-3
and neutrophils and their mediators remains an open question.
NEUTROPHILS AND STROKES IN CNS-TB

Ischemic stroke is a devastating complication found in 15- 67%
of TBM patients, associated with poor outcome and higher
mortality compared to those without stroke (198, 199).
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A higher incidence of stroke was reported in younger children
and those with advanced stages of TBM (200). CSF white cell
count and basal meningeal enhancement were identified as
independent risk factors for stroke in young TBM patients
(201). Most of the strokes in TBM are multiple, bilateral and
located in the basal ganglia (198, 199). The extensive damage
of cerebral vessels or vasculitis contributed to widespread
infarctions in TBM patients (202), which was significantly
associated with hydrocephalus (203) . Dysregulated
inflammation is likely to contribute to TBM-related stroke.
The upregulated inflammatory cytokines TNF-a, MIP-1a, IL-
6, IL-8, IL-4 and IL-1b concentrations in CSF samples were
correlated with the presence of infarcts in TBM patients (204,
205). In another study, the concentrations of lipocalin-2, soluble
receptor for advanced glycation end products (sRAGE) and
CXCL10 were significantly higher in the CSF of children with
TBM-related stroke compared to TBM without stroke (206).
Moreover, Schoeman et al. reported a prothrombotic profile of
TBM children, with increased procoagulant factor (Factor VIII)
expression and decreased in both anticoagulant Protein S
expression and fibrinolytic activity (207). These findings also
indicated a hypercoagulable state in TBM which is more
pronounced in stage III of TBM with increased risk of
thrombosis and infarction (207). Platelets are likely to be key
in the inflammatory and thrombotic response to CNS-TB (60).

Since its first description in 2004, NETs have been implicated in
many non-infectious diseases associated with thrombosis,
including diabetes mellitus, autoimmune diseases, atherosclerosis,
vasculitis, and thrombosis (117). In vivo, NETs are degraded by
plasma deoxyribonucleases (DNases) to facilitate their subsequent
clearance by macrophages (208–210). Mice deficient in DNase-1
and -3 die within several days after neutrophil activation due to
blood vessel occlusion by intravascular NETs, suggesting a role for
NETs in clot formation (208). The presence of citrullinated histone
3 (CitH3), a NETosis marker, in the thrombi of mice and humans;
and the finding that mice form smaller thrombi when treated with
DNase, further support this hypothesis (211–214). The clinical
importance of NETs in thrombosis is highlighted in the study by
Ducroux et al., where they demonstrated, through histological
analysis, that NETs structures were concentrated in the outer
layers of patient-derived ischemic stroke thrombi, and that ex
vivo thrombolysis was accelerated when DNase-1 was added to
the standard tissue plasminogen activator (16). Another study that
analysed 86 thrombi from ischemic stroke patients undergoing
endovascular treatment supported this finding (215). The
mechanisms by which NETs stimulate thrombus formation and
NETs-induced coagulation remains to be fully dissected.

There may be synergistic interaction between NETs generated
in response to TB infection and platelets in thrombosis
(Figure 7) (216). While NETs promote thrombin generation
(217), activated platelets, in turn, trigger NETs formation (218).
During thrombosis, hypoxia-induced release of von Willebrand
factor (vWF) and p-selectin from the endothelium recruits and
activates neutrophils, initiating NETs production (219, 220).
Platelets interact with C3b and histones on NETs to stimulate
the secretion of polyP, a compound that activates the extrinsic
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coagulation pathway by activating factor XII (FXIIa) (221–224).
In addition, histone 4 (H4) on NETs activates platelets to secrete
high mobility group box 1 protein (HMGB1), a damage
associated molecular pattern (DAMP) that stimulates NETosis
by RAGE (Receptor for Advanced Glycation End products),
TLR2 and TLR4 receptors, thereby creating a positive feedback
loop (212). In general, NETs associated with platelets serve as a
scaffold on which thrombi can form, and several components of
NETs have been shown to induce fibrin generation. Tissue factor
(TF) induces thrombin cleavage directly (225), while the
negatively charged nucleic acids bind and activate FXII (213).
NETs-associated serine proteases NE and CtG also contribute to
fibrin formation on NETs by degrading tissue factor pathway
inhibitor (TFPI), the main extrinsic coagulation pathway
inhibitor (226). CtG has also been demonstrated to proteolytically
activate platelet receptors to enhance platelet accumulation (227). In
addition, NE cleaves prothrombin to generate small antibacterial
peptides that exert immunomodulatory effects, thereby providing a
logical rationale for the induction of coagulation by NETs: the
generation of antibacterial molecules as a by-product of coagulation
for host defense (15). The fibrin clots can also serve an antimicrobial
function by strengthening NETs structure to immobilize pathogens
and limit their spread.

Correlative light and electron microscopy (CLEM) images of
NETs and fibrin fibrils in lung tissue sections of legionnaire’s
pneumonia provide evidence that both structures are interwoven
(228–230). However, interwoven NETs/fibrin structures form a
scaffold that entraps platelets and red blood cells (RBCs) (213, 231)
Frontiers in Immunology | www.frontiersin.org 14
and aremore resistant toplasmin-mediatedfibrinolysis, whichmay
contribute to pathology in several thrombosis-related diseases
(232), including strokes in CNS-TB, although this has not been
proven. Further investigation on the interaction betweenNETs and
platelets in the context of CNS-TB to uncover their potential
immunopathology mechanisms are warranted.
ADJUNCTIVE THERAPY FOR CNS-TB

The recommended anti-tuberculous treatment regime for CNS-TB
was largely extrapolated from the principles of treatment for
pulmonary TB, as no clinical trial has managed to establish the
optimal therapy for CNS-TB (39).While the drug composition and
dosing of treatment regime is the same as for pulmonary TB,
treatment duration for CNS-TB is extended to 10 to 12 months
(233). The first 2 months of intensive phase of treatment uses a 4-
drug combination of rifampin (RIF), isoniazid (INH),
pyrazinamide (PZA), and ethambutol (EMB), followed by a 2-
drug combination of RIF and INH in the continuation phase (234).
With respect to the efficacy of ATT drugs in crossing the blood-
brain barrier (BBB), INH and PZA showed excellent CSF
penetration, while RIF and ETH have limited CSF penetration
(233, 235). Although CSF concentration of RIF is only 10% of
plasma, which barely exceeds the minimum inhibitory
concentration (MIC) against M. tb, the high mortality associated
with RIF-resistant TBM affirms its key role in CNS-TB
treatment (236).
FIGURE 7 | Neutrophil extracellular traps (NETs) promote thrombosis in brain microvessels. (A) Platelets interact with C3b and histones on NETs to stimulate the
secretion of polyP which activates the extrinsic coagulation pathway. (B) Platelet-derived HMGB1 induces NETosis. (C) Multiple components of NETs induce
coagulation either directly or by inhibiting the extrinsic coagulation pathway inhibitor. (D) NE is able to generate thrombin-derived immune modulatory peptides.
(E) Fibrin fibres strengthened by NETs immobilize M. tb and are less prone to degradation by plasmin. Illustration created with Biorender.com.
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Several clinical trials have evaluated the efficacy of a high-
dose RIF as an intensified ATT regime for TBM, but have met
with contradicting results (237–239). The use of high-dose
intravenous (i.v.) RIF (13mg/kg) for the first 2 weeks
significantly reduced mortality at 6 month by about 50%
(237). In contrast, there was no association between high-
dose RIF treatment (15mg/kg) and improved survival at 9
months (238). Another study which increased the RIF dosage
to 30 mg/kg found no significant difference in 6-month
mortality between the 10-, 20- and 30 mg/kg oral RIF
treatment arms (239).

Nonetheless, clinical outcome of CNS-TB patients are often
poor even with ATT. Long-term neurological deficits occur in 5
to 40% of surviving TBM patients, and studies that performed
repeated MRI/CT scans in TBM patients on ATT reported
frequent worsening of radiological findings (66, 240–243). This
signifies a need to develop new interventions to improve
outcome, which led to an increased research interest in
repurposing existing drugs as adjunctive therapies.
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As the infection progresses, TB granulomas evolve from
a solid, non-necrotic structure that is capable of controlling
M. tb growth to a necrotic phenotype that leads to host tissue
damage and bacterial persistence (244). Host-directed therapies
(HDTs) are adjunctive treatment with ATT to mitigate the
TB immunopathology by reducing inflammation and
reprogramming granuloma structure (244). Treatment that
ameliorate the neutrophil-driven inflammatory responses
should be considered. To date, the three major HDTs being
investigated for CNS-TB management are steroids, aspirin and
anti-TNF-a agents (Figure 8). Clinical features of TBM such as
seizure and raised intracranial pressure may require drugs such
as anti-epileptics, diuretics acetazolamide and furosemide (249).

MMP Inhibition as Potential Developments
in the Field of Therapeutics
Given the pivotal role of MMPs in BBB breakdown and CNS
tissue destruction in CNS-TB, there is increasing evidence that
targeting MMPs or their upstream regulatory pathways may
FIGURE 8 | Host-directed therapy in CNS-TB. Pro-coagulant thromboxane A2 causes thrombosis and subsequent formation of brain infarcts. It also increases the
recruitment of neutrophils, which releases TNF-a and MMP-9, two major mediators contributing to brain immunopathology of TBM, including brain infarcts,
hydrocephalus and tuberculoma. Other clinical features of TBM are cerebral salt wasting, seizures and raised intracranial pressure. Severe complications of TBM are
stroke, neurological impairment and death. Aspirin is used to inhibit thromboxane A2, prevent brain infarcts and reduce stroke and mortality (245, 246). Thalidomide
is TNF-a antagonist functions to reduce thrombosis and brain immunopathology in TBM (11). Corticosteroid dexamethasone can inhibit MMP-9 secretion and further
reduce the consequent brain immunopathology (10, 247), while fludrocortisone can improve cerebral salt wasting (248). The use of steroid may therefore reduce
neurological impairment and death. The anti-seizure phenytoin is taken to control seizures in TBM, while the diuretics acetazolamide and furosemide can be used to
manage raised intracranial pressure in TBM (249). Illustration created with Biorender.com.
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improve treatment outcomes (250). Glucocorticoids such as
dexamethasone are established adjunctive therapies for CNS-
TB, and adjunct dexamethasone reduces mortality of TBM
patients by 30% (62). However, the mechanism for this effect is
not understood. In vitro CNS-TB studies have demonstrated
dexamethasone suppressed mRNA expression and secretion of
MMP-1 and -3, but not TIMP-1 and -2 (176). This suggests that
dexamethasone may tip the protease: anti-protease balance in
favor of reduced overall proteolytic activity, thereby reversing the
matrix degrading phenotype in CNS-TB, and may be the
mechanism by which corticosteroids improve outcome in TBM
patients. The specific mode of action of dexamethasone on MMP
expression is corroborated by a clinical study where adjunctive
dexamethasone s ign ificant ly reduced CSF MMP-9
concentrations in TBM patients, but had no effect on other
MMPs, TIMPs, cytokines or chemokines (10, 247). In addition,
CSF MMP-9 concentrations showed a strong correlation with
CSF neutrophil count, indicating a central role of neutrophils in
TBM pathogenesis (10). However, in vitro CNS-TB studies
found anti-TNF-a treatment, but not dexamethasone,
suppressed neutrophil MMP-9 secretion (9). The authors
postulated that other MMP-9-secreting CNS cells such as
astrocytes, microglia and neurons may contribute to the total
suppression of CSF MMP-9 observed in the adjunctive
dexamethasone-treated TBM patients.

Although MMP secretion may be affected by medications,
drugs that specifically target MMPs, in particular MMP-9, would
minimize off-target effects such as immunosuppression as in
the use of steroids. To date, there is only one study that
investigated the effect of specific MMP inhibition in an animal
model of CNS-TB. Adjunctive SB-3CT, which is an inhibitor
specific for MMP-2 and -9, appeared more effective than
dexamethasone in M. tb clearance and MMP-9 suppression in
a murine CNS-TB model (251). Nonetheless, further studies are
needed to determine the role of MMP inhibition in improving
CNS-TB treatment outcomes.

Steroids and Controversies on Its Use to
Decrease Neurological Sequelae
Corticosteroids, which include prednisolone, methylprednisolone
and dexamethasone, are anti-inflammatory drugs commonly used
to treat autoimmune diseases. They are known to decrease the
secretion of inflammatory mediators from neutrophils. The use of
corticosteroids as an adjunctive HDT for TBM is thought to
reduce mortality by decreasing inflammation in the brain and its
associated blood vessels, as well as reducing intracranial pressure
(252). However, corticosteroids can suppress the host immune
system, resulting in uncontrolled M. tb growth and reduced
meningeal inflammation, which then reduces the ability of
therapeutic drugs to cross the BBB (252). Thus, the benefit of
corticosteroids as an adjunct therapy for TBM remains
controversial. A review of 1,337 participants across 9 clinical
trials concluded that adjunctive corticosteroids improved the
short-term survival of TBM patients by approximately 25%, but
were ineffective in mitigating against neurological disabilities
(252). However, serial brain MRI conducted on dexamethasone-
treated TBM patients suggested a reduced incidence rate of
Frontiers in Immunology | www.frontiersin.org 16
hydrocephalus and infarction (253). An immunological study
that evaluated the effect of adjunctive dexamethasone on TBM
treatment reported prolonged inflammatory responses in all TBM
patients regardless of treatment group (247). Dexamethasone
slightly decreased CSF IFN-g concentrations, but did not alter
immunological and routine biochemical indices of inflammation
or peripheral blood monocyte and T cell responses to M. tb
antigens (254). This indicates that the improved survival in
dexamethasone-treated TBM patients was not due to an
attenuation of inflammatory mediators in the CSF or a
suppression of peripheral immune responses to M. tb antigens
(254). The mechanism of action of adjunctive corticosteroids in
reducing mortality is uncertain but adjunctive dexamethasone
significantly suppressed CSF MMP-9 concentrations, which may
be neutrophil-derived, in TBM patients (10, 247).

However, the utility of adjunctive corticosteroids in reducing
neurological complications associated with CNS-TB remains
controversial. A recent study on patients with CNS tuberculomas
reported that an intensified adjunctive dexamethasone therapy (for
several months up to 18 months) led to an improvement of
neurological symptoms such as seizures, stupor and disturbed
vision and a complete resolution of CNS lesions (255). The
authors demonstrated that when dexamethasone was tapered
according to the guidelines for TBM, all patients exhibited
neurological deterioration which immediately improved upon
increasing the dexamethasone dose (255). This discrepancy may
be attributed to the possibility that most CNS-TB studies and
treatment regime do not discriminate between the different
entities of CNS-TB such as TBM and intracranial tuberculomas
(255). The effect of adjunctive corticosteroid treatment in CNS-TB
hadbeenevaluatedonly forTBMpatients (252), but not for patients
with intracranial tuberculomas without meningitis. This study,
together with a few others, that showed worsening of symptoms
coinciding with the reduction or termination of corticosteroids
(256–258), strongly suggests that the duration and dosage of
adjunctive corticosteroid therapy in CNS tuberculomas are
different from the TBM regime. It also highlights the importance
of future CNS-TB clinical studies to clearly distinguish between
TBM and CNS tuberculomas so that they can be more
effectively managed.

Aspirin
Even with effective ATT, up to 40% of surviving CNS-TB
patients sustain neurological morbidities due to strokes (245).
This led to the use of adjunctive aspirin for the prevention of
ischemic strokes in TBM treatment (245, 246, 259). In the first
randomized controlled trial of 118 Indian adult TBM patients,
aspirin was associated with a non-significant reduction in stroke
at 3 months, and a significant reduction in mortality (246). The
second randomized controlled trial compared low (75 mg/kg)-
and high (100 mg/kg)-dose aspirin and placebo in 146 South
African pediatric TBM patients (259). Although adjunctive
aspirin (regardless of dosage) showed no effect on mortality
and morbidity, the outcome in high-dose aspirin group
compared favorably with other treatment groups despite a
significantly younger age and more severe neurological co-
morbidity, which warrants further investigation of aspirin in
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TBM (259). While low-dose aspirin (75-150 mg) is sufficient to
prevent ischemic cerebrovascular disease, higher-dose aspirin
(>600 mg) is required for its anti-inflammatory effects (260, 261).
In addition, aspirin’s inhibitory effect on platelets and thrombus
formation may explain its role in reducing stroke-related
mortality (262). A trial which compared low (81 mg)- and
high (1000 mg)-dose aspirin and placebo in 120 adult
Vietnamese TBM patients found aspirin to inhibit in a dose-
dependent manner on pro-coagulant thromboxane A2 and
upregulation of CSF protectins that promote resolution of
inflammation (245). This finding supports aspirin in preventing
TBM-related brain infarction by its anti-thrombotic, anti-
inflammatory, and pro-resolving properties, and a larger study
is needed to confirm the beneficial role of aspirin in preventing
strokes in TBM patients (245).

Aspirin treatment likely exert its therapeutic effects by
resolving neutrophil-mediated inflammation. In murine
experiments, aspirin-induced anti-inflammatory lipoxins
production to inhibit neutrophil- and platelet-mediated lung
inflammation (263) and decreased systemic neutrophilic
recruitment in pulmonary TB (264). Aspirin has also been
shown to reduce NETs formation in PMA-stimulated human
neutrophils (265). In a human model of acute respiratory distress
syndrome, aspirin reduced pulmonary neutrophilia and MMP-8,
-9 (266). However, the effects of aspirin on the neutrophil-
derived MMP-8, -9 in CNS-TB have not been studied.

Anti-TNF-a and Other Approaches to
Host-Directed Therapies
Adjunctive therapy with thalidomide, a TNF-a antagonist, has
demonstrated an improvement in survival and neurological
outcome in rabbits, but not in human CNS-TB (11). Not only
do human studies failed to show a correlation between TNF-a
levels and disease severity or outcome, a clinical trial of
adjunctive thalidomide in paediatric TBM patients was
prematurely terminated due to adverse events and a lack of
benefit in the thalidomide arm (11).

In summary, existing trials on the use of steroids as adjunctive
therapy for CNS-TB showed that they may be beneficial in
improving the survival of CNS-TB patients by reducing CSF
MMP-9 concentrations, thereby reducing brain immunopathology
such as infarcts and hydrocephalus. Conversely, adjunct aspirin and
Frontiers in Immunology | www.frontiersin.org 17
anti-TNF-a may mitigate CNS-TB-associated neurological
disabilities and death by reducing stroke occurrence. The use of
other host-directed adjunctive therapy in CNS-TB, including MMP
inhibition and inhibiting other neutrophil mediators, remains to be
evaluated to further improve mortality and neurological outcomes.
CONCLUSION

Neutrophils play a critical role in driving CNS-TB immunopathology,
with substantial evidence highlighting neutrophil-mediators in
the cerebral inflammation, tissue destruction and thrombosis.
Neutrophil antimicrobial arsenal such as NETs, serine proteases,
MMPs and ROS are part of the innate immune response in CNS-
TB, while neutrophils also cross-talk with other immune cell types,
to containM. tb infection. However, neutrophil-mediated immune
responses may also drive CNS-TB immunopathology. While the
research of adjunctive therapies in CNS-TB using steroids, aspirin,
and anti-TNF-a show promise, CNS-TB patients continue to
develop severe neurological morbidity despite treatment. Given
this limitation, a better understanding of the mechanisms
underlying CNS-TB immunopathology in the context of
neutrophils and MMPs may well lead to more effective host-
directed treatments.
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