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ARTICLE INFO ABSTRACT

Keywords: The COVID-19 pandemic has set back progress made on antimicrobial resistance (AMR). Without urgent re-focus,

NSAIDs we risk slowing down drug discovery and providing treatment for drug resistant Mycobacterium tuberculosis.

ga;)profeln ) Unique in its immune evasion, dormancy and resuscitation, the causal pathogens of tuberculosis (TB) have
uberculosis

demonstrated resistance to antibiotics with efflux pumps and the ability to form biofilms. Repurposing drugs is a
prospective avenue for finding new anti-TB drugs. There are many advantages to discovering novel targets of an
existing drug, as the pharmacokinetic and pharmacodynamic properties have already been established, they are
cost-efficient and can be commercially accelerated for the new development. One such group of drugs are non-
steroidal anti-inflammatory drugs (NSAIDs) that are originally known for their ability to supress the host
proinflammatory responses. In addition to their anti-inflammatory properties, some NSAIDs have been discov-
ered to have antimicrobial modes of action. Of particular interest is Carprofen, identified to inhibit the efflux
mechanism and disrupt biofilm formation in mycobacteria. Due to the complexities of host-pathogens in-
teractions in the lung microbiome, inflammatory responses must carefully be controlled alongside the in vivo
actions of the prospective anti-infectives. This critical review explores the potential dual role of a selection of
NSAIDs, as an anti-inflammatory and anti-tubercular adjunct to reverse the tide of antimicrobial resistance in
existing treatments.

Mycobacterium tuberculosis (Mtb)
Non-tubercular mycobacteria (NTM)
Antimicrobial resistance (AMR)
Drug repurposing

1. Global crisis, beyond the COVID-19 pandemic: antimicrobial
resistance

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
causing the COVID-19 infection, has justifiably commanded global
attention and has highlighted the staggering importance of communi-
cable diseases to the wider public. Yet with infectious diseases being at
the forefront of people’s minds, the hidden pandemic of antimicrobial
resistance (AMR) remains one of the top ten global challenges to
healthcare and a loss of focus on this significant topic could have
devasting consequences (WHO, 2021a).

AMR occurs when pathogens mutate on a molecular and

ultrastructural level to survive treatment and exposure to antimicrobial
drugs. Furthermore, inadequate access to clean water and sanitation;
inefficient and insufficient disease control; lack of patient compliance;
and inappropriate use of antimicrobials in agriculture and healthcare
treatments influence the development of multidrug resistance. For
example, the use of antibiotics on patients with COVID-19 has been
reported (Garcia-Vidal et al., 2021; Beovic et al., 2020). This was based
on previously reported high numbers of influenza HIN1 and H3N2 pa-
tients being co-infected with bacterial infections (Martin-Loeches and
Schultz, 2017), therefore some healthcare procedures recommended
administering empiric antibiotic treatment for all COVID-19 hospital-
ised patients. This is an example of medical practice with limited
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scientific evidence, resulting in often unnecessary use of antibiotics.
Additionally, in the context of COVID-19, there has been an increased
demand and use of alcohol-based hand sanitisers, the improper use of
which may lead to the increased mutation and survival of the most
virulent pathogens.

To effectively tackle AMR, rapid testing and efficient identification of
the causal pathogen(s) followed by drug treatment are crucial. There are
23,000 GeneXpert machines globally, however, the impact of missing
tuberculosis (TB) diagnoses will be detrimental to the global healthcare
setting. This is in addition to an estimated 1.4 million people who did
not receive treatment for TB in 2020 due to the COVID-19 pandemic, a
decline of 21% from 2019 (WHO, 2021b).

2. TB and its causal pathogens: M. tuberculosis complex and NTM

TB is an ancient and highly virulent disease that has affected humans
for thousands of years and is causing growing concern today. Myco-
bacterium tuberculosis is the causative agent for TB, an aerobic, slow
growing, acid-fast bacillus (Parish & Stoker, 1998). There has been some
speculation around mycobacterial sporulation however Ghosh et al.,
(2009) found M. marinum, a slow growing non-tubercular mycobacteria
(NTM), can form spores in its dormant physiological states. Approxi-
mately 2 billion people in the world are infected with the disease (WHO,
2021c). A proportion of those infected will go onto develop active TB,
and people most likely to develop the disease have risk factors such as
malnutrition (Feleke et al., 2019), diabetes (Gautam et al., 2021),
smoking (Khan et al., 2020) and HIV (Mai et al., 2019).

M. tuberculosis is inhaled via the mouth or the nose into the lungs,
infecting the alveoli. Person-to-person transmission is a result of expel-
ling infectious droplets into the air such as by coughing or sneezing
(Fennelly and Jones-Lopez, 2015). TB most commonly affects the lungs
but can be extrapulmonary, infecting sites such as bones, the larynx,
kidneys and/or even brain. Tuberculosis meningitis is an infection of the
central nervous system (CDC, 2013). Miliary TB (characterised by the
appearance of ‘millet’ seeds) is a rare but serious dissemination of
M. tuberculosis throughout the body. It travels via the bloodstream
infecting multiple organs and can be fatal.

3. Alarming emergence of non-tubercular mycobacterial
infection: epidemiology

There are approximately 200 species of known mycobacteria and a
growing emergence of NTM. They are a group of mycobacteria outside
of the M. tuberculosis complex (MTBC) that have been isolated from
various environmental sources such as natural water sources, man-made
water sources, soil and dust (Sharma and Upadhyay, 2020). It is thought
to be less virulent than M. tuberculosis but can still cause disease in both
immunodeficient and immunocompetent patients (Shah et al., 2016).
They are categorised into rapid growing (<7 days) and slow growing
(>7 days) cultures. NTM are mainly contracted through exposure to
environmental sources and unlikely to be contracted via person-to-
person transmission (Yoon et al., 2020). There are contradicting re-
ports on the transmission of Mycobacterium abscessus — some studies
suggest M. abscessus is the only species of NTM that can be transmitted
person-to-person in patients with cystic fibrosis. One such study by
Bryant et al., (2016) suggested due to the genetic similarity found in
strands between patients that person-to-person transmission was highly
likely. In contrast, a smaller study by Harris et al., (2015) demonstrated
no person-to-person transmission. Both studies utilised whole genome
sequencing for analysis, therefore it is clear the transmission of
M. abscessus needs to be further scrutinised. NTM has increased ten-fold
since 1995 not only in the UK but also is increasing globally. Countries
such as Japan, Canada and Taiwan have reported increased incidence
(Sharma and Upadhyay, 2020; Shah et al., 2016). NTM is not a notifiable
disease in many countries, but we should be cautious of its increasing
prevalence which may be due to mutations or changes in environment,
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host and pathogen — all can contribute to antimicrobial drug resistance
(AMR).

4. Physiology (drug efflux and biofilm) - links to AMR

M. tuberculosis has many virulence determinants and resistance
mechanisms, including a complex cell wall, efflux pumps and the ability
to form and disperse biofilms (Smith, 2003). It evades both the innate
and the adaptive host immune system by mechanisms such as interfer-
ence of MHC II presentation for CD4+ T cells, phagosome-lysosome
fusion and many other unknown mechanisms (Gupta et al., 2012). The
mycobacterial cell wall has been subject to numerous investigations
(Maitra et al., 2019) and provides a viable option for drug targets —
however in this context, we discuss efflux pumps and biofilms.

5. Drug efflux mechanisms in M. tuberculosis

Efflux pumps are a non-specific, highly efficient resistance mecha-
nism of many pathogenic bacteria including M. tuberculosis (Rodrigues
et al., 2021). Efflux pumps bind and remove antibiotics from the cell
back into the environment ensuring its survival. There are six families of
transporter: ATP-Binding Cassette Family (ABC), Major Facilitator Su-
perfamily (MFS), Multidrug and Toxin Extrusion (MATE), Small Multi-
drug Resistance (SMR), Proteobacterial Antimicrobial Compound Efflux
Family (PACE) and Resistance-Nodulation-Cell Division (RND) (Laws
et al., 2021). All superfamilies utilise energy from the proton motive
force (PMF) except for ABC transporters which utilise ATP. RND pumps
remove antibiotics out of the cell across both the inner and outer
membrane via a periplasmic protein, whereas the other families pump
out of the inner membrane only. Efflux pump inhibitors have two
mechanisms of action which are important to note. As described by
Remm et al., (2021), ‘efflux pump inhibitors’ are compounds that bind
to the efflux pump itself. ‘Efflux inhibitors’ disrupt the energy source (i.
e., ATP or PMF). Whilst both result in rendering the efflux pump inef-
fective, the mechanisms should be differentiated.

Efflux-related resistance includes not only first line drugs such as
isoniazid and rifampicin, but alarmingly, M. tuberculosis developed
resistance to Bedaquiline within a year, a drug approved only in 2012
(Laws et al., 2021). This was attributed to the upregulation of myco-
bacterial membrane protein large 5 (MmpL5) and mycobacterial mem-
brane protein small 5 (MmpS5) — Rv0676¢ and Rv0677c respectively
(Hartkoorn et al., 2014). M. abscessus has also been demonstrated to
possess these efflux pumps rendering it resistant to Bedaquiline, Clofa-
zimine, Thiacetazone and analogues (Johansen et al., 2020). MmpL5
and MmpS5 are multi-substrate efflux pumps and part of the RND
family. They are important membrane transporters to be discussed and
explored in relation to Carprofen inhibition.

6. Mycobacterial biofilms

Biofilms are a coagulative colony phenomenon, like efflux pumps,
not limited to M. tuberculosis. M. tuberculosis can form biofilms in the
lungs of murine models, further protecting the bacteria from the host
immune system (Chakraborty et al., 2021). M. tuberculosis requires
highly specific conditions in order to form mature biofilms in vitro for
study, possibly due to its natural survival in human cells rather than an
artificial medium (Ojha et al., 2015; Kulka et al., 2012). The formation
of a biofilm starts with adhesion to a surface, followed by attachment,
growth, matrix synthesis and dispersal (Esteban and Garcia-Coca, 2018).
Aside from biofilm growth inside a host and on clinical materials, NTM
can form biofilms in the environment such as within water systems. In
addition to colony formation and dispersal, quorum sensing is used for
bacterial cell-to-cell communication. Mycobacterial biofilms require
structural components such as glycopeptidolipids and short chain
mycolic acids which contribute to its hydrophobic nature (Ojha et al.,
2008). In vitro, pellicles form at the liquid-air interface and are
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phenotypically tolerant to high levels of antibiotics. The characterisa-
tion of M. abscessus biofilms by Dokic et al., (2021) were found to have
an increase in free mycolic acids. Growth characteristics can differ be-
tween mycobacteria, M. abscessus and M. chelonae exhibit extensive
cording, a trait similarly associated with M. tuberculosis. Biofilms can
withstand substantial antibiotic attack due to insufficient penetration of
drugs including isoniazid and rifampicin, making them a critical resis-
tance mechanism to overcome.

7. Extensive drug resistance in the treatment of TB (XDR-TB).

There are four first line drugs available for killing M. tuberculosis, the
two most effective are isoniazid and rifampicin, followed by ethambutol
and pyrazinamide. Failure to successfully treat a patient with these
drugs result in using second-line drugs with an arduous treatment
regimen of up to 20 months. Without treatment mortality rates are high.
There are five categories of resistant TB as defined by WHO (WHO,
2021c). Isoniazid resistant TB, rifampicin resistant (RR-TB), rifampicin
and isoniazid resistant (MDR-TB), rifampicin and fluoroquinolone
resistant (pre-XDR-TB) and rifampicin, fluoroquinolone and either
bedaquiline or linezolid resistant (XDR-TB) tuberculosis.

Insufficient dosage, irregularity of drug treatment and incompletion
of drug treatment are more likely to be the reason for resistance than
bacterial mutation (Mitchison and Davies, 2012), hence the need for
shortening such a taxing regimen. The Global Tuberculosis Report 2021
(WHO, 2021c) reported a decrease of 22% in people being treated for
MDR/RR-TB from 2019, however provisional data also provided by
WHO suggests an estimated 1.4 million fewer people received treatment
for TB in 2020 than in 2019 due to the COVID-19 pandemic (WHO,
2021b). A decline in reported numbers may be misinterpreted as a
positive step, as it is apparent that people may not be receiving the
treatment they need.

8. Prospect of repurposing immunomodulatory drugs

The efficiency and shelf life of current antibiotics is waning, and new
antibiotics are urgently needed for public use. Repurposing or “reposi-
tioning” drugs offers the potential of finding a novel drug-target inter-
action with an already commercially available drug - an attractive
avenue for research and pharmaceutical development. Not only can they
be fast-tracked, but the metabolic and safety properties are already
known and approved (Maitra et al., 2020). One such group of drugs
under the spotlight are immunomodulatory drugs, which work to sup-
press or support the inflammatory system of the host (Lee and Bhakta,
2021; Young et al., 2020). There are many categories of immunomod-
ulatory drugs available including statins, calcium channel blockers and
histone deacetylase inhibitors as have been highlighted in the review by
Lee and Bhakta (2021), here we focus on non-steroidal anti-inflamma-
tory drugs (NSAIDs) as an anti-tubercular and anti-inflammatory
adjunctive treatment option.

9. Non-steroidal anti-inflammatory drugs as anti-infectives

NSAIDs are widely used and available drugs, perhaps most famously
Aspirin and Ibuprofen. The NSAID mechanism of action in eukaryotes is
well reported (Fatima et al., 2021; Lee and Bhakta, 2021; Maitra et al.,
2016) They act by inhibiting cyclooxygenases I and II (COX-I and COX-
II). Cyclooxygenases convert arachidonic acid to prostaglandin Go,
which is reduced to prostaglandin Hj and in turn, to five prostaglandins
including prostaglandin E; (Chandrasekharan and Simmons, 2004).
From this, isomers including thromboxane and prostacyclin are syn-
thesised, resulting in pathophysiological symptoms such as fever and
pain. COX-I is universally expressed throughout tissues and cells,
whereas COX-II is mostly induced in response to stimuli such as cyto-
kines. The complex immunobiological relationships between the host-
inflammatory response, COX-I and II, and mycobacteria need to be
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understood to ascertain the benefits of using NSAIDs. For example, the
inhibition of prostaglandin E; revealed to reduce pneumonia and bac-
terial load at an advanced stage of pulmonary murine infection and
improving the expression of Interferon-y (IFN-y), tumour necrosis factor-
o (TNF-a) and nitric oxide synthase (iNOS) (Moreno et al., 2002). This
demonstrates whilst inflammation has its role in tackling infection, non-
productive inflammation caused can result in pulmonary impairment
and post-TB lung defects including permanent lung damage. Narrowing
of the airways is likely due to the proinflammatory response of the host,
resulting in airway obstruction and a continued inflammatory response
has been found to persist following treatment (Ravimohan et al., 2018;
Malherbe et al., 2016). This indicates that adjunctive NSAID therapy
may be highly beneficial at late/advanced stage pulmonary infection
(Ivanyi and Zumla, 2013). Drug discovery also relies on the exploration
of the mechanisms of action, chemical scaffolds, and structures in pro-
karyotic cells, which are yet to be uncovered. The free carboxylic acid in
Ibuprofen and derivatives has been identified as essential for their anti-
tubercular properties (Guzman et al., 2013). Other NSAIDs such as
oxyphenbutazone have been found to have bactericidal effects unlike
the similar pyrazolidinediones (e.g., phenylbutazone, suxibuzone, and
sulfinpyrazone). The suggestion is the lack of phenolic hydroxyl renders
it unable to form a quinonimine which depletes flavins and thiols (Gold
et al., 2012). In retaliation, intracellular thiol stress has been found to
induce biofilm formation in static and shaking cultures of M. tuberculosis,
harbouring drug tolerant bacteria (Trivedi et al., 2016). Many studies
have explored anti-biofilm activity of NSAIDs (predominantly Aspirin)
on various species including Pseudomonas aeruginosa, Staphylococcus
aureus and Escherichia coli (Paes Leme and da Silva, 2021).

WHO recommends using NSAIDs for joint pain relief for TB (WHO,
2010). However, if NSAIDs are proving to be effective anti-tubercular
properties, then the usage and limitation of NSAIDs needs to be
reviewed and understood urgently, it is not beyond the realms of pos-
sibility for M. tuberculosis or NTM to develop resistance against them.
Whilst there have been previous reviews highlighting the benefits of
repurposing NSAIDs on bacteria including mycobacteria (Lee and
Bhakta, 2021; Paes Leme and da Silva, 2021; Maitra et al., 2016), this
review discusses Carprofen and carbazole structures in greater detail
providing a more focused viewpoint for tackling AMR.

10. Carbazole - a potent scaffold for antitubercular drug

Carbazoles are tricyclic structures, two benzene rings with a pyrrole
ring fused in the middle. Anti-tubercular properties have been identified
in relation to naturally occurring and synthetic carbazole structures
(Sellamuthu et al., 2018; Borger et al., 2017). Interestingly, one study
explored the effect of N-methyl carbazole analogues on InhA inhibition,
the target of isoniazid. One such structure, 4-(5-((9-Methyl-9H-carbazol-
3-yDmethylene)-4-oxo-2-thioxothiazolidin-3-yl)benzoic acid, a carba-
zolyl C-3-rhodanine conjugate, inhibited InhA by 91% (at 50 pM)
(Shaikh et al., 2019). Carbazole scaffolds can be found in drugs such as
Carvedilol, Carprofen and in the tetrahydrocarbazole Frovatriptan
(Fig. 1).

The molecular targets of carbazole scaffolds are yet to be explored.
Sellamuthu et al., (2018) reported a carbazole compound effective
against M. tuberculosis which inhibited ATP synthase, however docking
analysis suggested ATP synthase may not be the molecular target for
anti-tubercular activity. Borger et al., (2017) found promising anti-
tubercular carbazole derivatives including the natural product
Carbalexin-C and highlighted that the anti-tubercular activity relies on
the oxygenation pattern, oxidation state of aromatic substituents and
position of functional groups. This research did not investigate the ef-
fects on rapidly growing mycobacteria such as M. smegmatis or
M. abscessus. In fact, there is very little research observing the effects of
carbazole scaffolds on such mycobacteria, providing viable explorative
opportunities.
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Fig. 1. Selected carbazole structures. A) carbazole scaffold composed of two
benzene rings with a pyrrole ring in the centre; B) Carprofen, commonly used in
veterinary treatment - PubChem CID, 2581 (National Centre for Biotechnology
Information, 2022a); C) Carvedilol (S-isomer), a nonselective beta-adrenergic
blocker used to treat cardiac disease in humans PubChem CID, 2585 (Na-
tional Centre for Biotechnology Information, 2022b); D) Frovatriptan, a sero-
tonin 1d receptor agonist — PubChem CID, 77992 (National Centre for
Biotechnology Information, 2022c).

11. Carprofen - ray of hope with its ability to reverse AMR

Carprofen is an NSAID predominantly used for animal treatment.
Some veterinary research has suggested Carprofen and analogues may
be a preferential COX-II inhibitor, but also inhibit both COX-I and COX-II
(Deplano et al., 2020; Beretta et al., 2005). Carprofen is one of the few
immunomodulatory drugs that is mycobactericidal, unlike other
immunomodulatory drugs (Maitra et al., 2020). Other known efflux
pump inhibitors such as Verapamil (a calcium channel blocker), or
Valproic acid (a histone deacetylase inhibitor), can be developed for use
as adjunctive therapy to shorten the drug duration of first line drugs, but
lack mycobactericidal attributes (Chen et al., 2018; Rao et al., 2018).
Carprofen has been demonstrated to inhibit M. tuberculosis efflux pumps
and inhibit biofilm formation. A recent study by Maitra et al., (2020)
investigated Carprofen at 0.25 x MIC (62.5 mg/L) on M. smegmatis
which accumulated and retained ethidium bromide (EtBr), an efflux
pump substrate. Subsequently, following the removal of Carprofen and

Cl
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Verapamil, the EtBr was no longer retained by the bacteria indicating
reversible binding to the efflux pump. The drug at 1 x MIC (250 mg/L)
demonstrated complete inhibition of biofilm formation, which is low
considering some biofilm bacteria can have up to 1000-fold higher MICs
than planktonic bacteria (Chakraborty et al., 2021). At a lower con-
centration (0.25 x MIC), Carprofen demonstrated greater effects on
extra-cellular carbohydrates of the biofilm matrix, but none on lipids
and proteins. Crucially, the study uncovered Carprofen, Ibuprofen and
Ketoprofen all upregulated Rv0678, a transcriptional regulator for
MmpL5 and MmpS5 RND efflux pumps (Rv0676¢ and Rv0677c) which
were also upregulated (Laws et al., 2021). The crystal structure of the
transcriptional regulator (Rv0678) has been solved by Radhakrishnan
et al., (2014). The group demonstrated the regulator binds to MmpL5/
S5, MmpL4/S4 and MmpL2/S2 promoters. This highlights an RND efflux
pump as a possible endogenous drug target for M. tuberculosis. The
investigation additionally demonstrated growth inhibition via disrup-
tion of membrane potential, affecting respiration although not as
strongly as other membrane potential disruptors such as carbonyl cya-
nide m-chlorophenylhydrazone (CCCP) which disrupts the PMF, inci-
dentally inhibiting efflux pumps in M. tuberculosis (Laws et al., 2021;
Rodrigues et al., 2020). The disruption of the membrane potential is
noteworthy as this raises the question of whether Carprofen disrupts the
PMF, therefore disrupting the efflux pumps that require PMF for energy
(‘efflux inhibitor’); or whether the efflux pumps are directly obstructed
(‘efflux pump inhibitor’); or a combination of the two. The accumulation
assay used Verapamil as a control, widely regarded as a direct inhibitor
of both ATP and PMF powered efflux pumps, however, PMF energy
disruption has also been reported with this drug in M. tuberculosis (Chen
et al., 2018). This provides a good opportunity to further scrutinise the
mechanism of action of Carprofen as an efflux pump disruptor. The
study by Maitra et al., (2020) did not test against intracellular murine
macrophages unlike Guzman et al., (2013) which found the MIC for
growth inhibition of Carprofen against M. tuberculosis and M. bovis at 40
mg/L. Alongside, COX inhibition, NSAIDs additionally targets RHO-
GTPase in humans, the homologue in M. tuberculosis is the trans-
lational initiation factor 2 protein, (InfB, Rv2839c) involved in protein
synthesis initiation in mycobacteria and hence was proposed to be a
putative endogenous target. Ibuprofen does not inhibit growth of slow
growing mycobacteria as efficiently as Carprofen; however, it has been

Fig. 2. NSAIDs such as Carprofen (including
the carbazole scaffold in the centre) demon-
strating both anti-infective and anti-
inflammatory properties. A) Cyclooxygenase
inhibition in eukaryotes (Chandrasekharan
and Simmons, 2004); B) mediation of non-

C. productive inflammation in the lungs (Rav-
RHO-GTPase imohan et al., 2018; Malherbe et al., 2016);
\ C) RHO-GTPase is a target of NSAIDs in eu-
karyotes, the homologue in M. tuberculosis is

\ Translation initiation factor 2 protein, InfB

\ (Rv2839¢) in prokaryotes (Guzman et al.,

2013); D) membrane potential disruption
(Maitra et al., 2020); E) Efflux pump inhibi-
tion (Maitra et al., 2020); F) sliding clamp
inhibition in E. coli (adapted from Yin et al.,
2014); G) biofilm inhibition (Maitra et al.,
2020).

Translational
Initiation Factor 2
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identified for adjunctive TB therapy and a clinical trial exploring the
adjunctive treatment of Aspirin and Ibuprofen for TB is already under-
way (NCT04575519). Additionally, Ibuprofen has demonstrated inhib-
itory effects on M. abscessus (Kirkwood et al., 2018; Guzman et al.,
2013).

Ketoprofen demonstrates no anti-tubercular property. Neither
Ibuprofen nor ketoprofen are bactericidal which in part, may be
attributed to their lack of carbazole scaffold, this can be further explored
with docking analysis of the scaffold with the proposed endogenous
targets outlined in Table 1. Proteins involved in biofilm formation and
dispersion may be an endogenous target for Carprofen as well. The
characterisation of a cell wall associated protein (Rv1717) potentially
involved in biofilm dispersal, including in response to stressors such as
carbon starvation, was found to be upregulated by Carprofen unlike
other NSAIDs (Bharti et al., 2021; Maitra et al., 2020). In addition to
inhibition of efflux pumps and biofilm formation, research into the
inhibitory effects of Carprofen on DNA polymerase III  subunit of
Escherichia coli have been robustly demonstrated (Yin et al., 2014). Yin
et al. in this paper provided the basis for sliding clamp mechanism
(Table 1) as a Carprofen target in mycobacteria, an additional piece of
the puzzle. Interestingly, the previously mentioned infB gene is also
present in E. coli (b3168) — although this particular study did not identify
InfB as a target of Carprofen.

Lsr2 is a small nucleoid associated protein, downregulated by Car-
profen, conserved in mycobacteria including M. tuberculosis, M. abscessus
and M. smegmatis. The necessity appears to be different depending on the
species — it is essential for M. tuberculosis growth, but not for
M. smegmatis or M. abscessus (Johansen et al., 2020; Le Moigne et al.,
2019). In M. smegmatis, Lsr2 appears to play a critical role in colony
morphology and biofilm formation (Esteban and Garcia-Coca, 2018;

Table 1
Endogenous NSAID targets in mycobacteria. These prospective targets and
mechanisms are discussed in further detail throughout the review.

Putative targets for References

NSAIDs

Endogenous target mechanisms in
mycobacteria

Translational
Initiation

Ibuprofen and 2-arylpropanoic acids (Guzman et al.,
target traditional COX I & II in 2013)

humans, additionally target RHO-
GTPase. The homologue in

M. tuberculosis is Translational
initiation factor 2, InfB (Rv2839c)
involved in protein synthesis initiation
— identified as a possible target.
Inhibition of DNA polymerase III
subunit of Escherichia coli has been
demonstrated using Carprofen.
Multiple drug efflux systems reported
in M. tuberculosis and M. abscessus.
Bedaquiline resistance has been
attributed to the upregulation of
MmpL5 and MmpS5 (Rv0676¢ and
Rv0677c respectively). Mmp
transporter proteins (MmpL5, MmpL6
and MmpS5) have been identified as a
possible target as they are upregulated
by Carprofen and Ibuprofen in

M. smegmatis.

M. tuberculosis can form biofilms, (Maitra et al.,
demonstrated by murine modelling. 2020)
Complete inhibition of M. smegmatis

biofilm formation has been

determined at 250 mg/L (1 x MIC) of

Carprofen.

Membrane potential of M. tuberculosis (Maitra et al.,
was disrupted by Carprofen, butnotto ~ 2020)

the same extent as other known

disruptors such as carbonyl cyanide m-
chlorophenylhydrazone (CCCP), also a

known efflux inhibitor disrupting the

proton motive force (PMF).

Sliding Clamp/DNA
Polymerase
interaction

Efflux pumps

(Yin et al., 2014)

(Maitra et al.,
2020; Hartkoorn
et al., 2014)

Biofilm formation

Membrane potential
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Chen et al., 2006). There are two variants of M. abscessus, the smooth
variant and the rough variant. The rough variant does not express gly-
copeptidolipids (GPL) on the cell surface and has a higher expression of
Isr2 than the smooth type. Knockout of Isr2 has demonstrated lower
virulence in M. abscessus (Le Moigne et al., 2019). The rough variant was
demonstrated to produce serpentine cords that could not be phagocy-
tosed by macrophages in zebrafish (Bernut et al., 2014). M. abscessus can
irreversibly transition from smooth variant to rough variant during
infection resulting in granuloma breakdown and a high pro-
inflammatory response (Johansen et al., 2020). Lsr2 does not regulate
GPL in M. abscessus, however, the rough variant has higher expression of
Lsr2 than smooth variant. Lsr2 is dispensable for M. abscessus growth.
Lsr2 represses ferritin, BrfB — a protein providing major iron storage for
M. tuberculosis (Rodriguez et al., 2002; Kurthkoti et al., 2015). As Lsr2
was downregulated when exposed to Carprofen, this exposes the
possible depletion of iron from the bacteria. These studies highlighted
the importance of Lsr2 in virulence and biofilm formation in
M. smegmatis and M. abscessus and creates a link between biofilm for-
mation and the cell wall surface, but further exploration of Lsr2 in
M. tuberculosis biofilms is required.

Carprofen and other carbazole analogues could be explored for their
therapeutic efficacy if delivered with a nanosized formulation delivery
system. Nanoparticle formulations provide benefits such as targeted
delivery, appropriate circulation time, capable of only acting upon
diseased tissue while leaving healthy tissues intact, biocompatibility,
stability and do not induce a pro-inflammatory response (Magalhaes
et al., 2019). D’Souza et al., (2021) found that the nanoparticles, poly
(lactic-co-glycolic acid), induced significant upregulation of tumour
necrosis factor-a (TNF-a), but these were not delivered as pulmonary
inhalation models. In contrast, one study found that aerosol delivered
Ibuprofen and celecoxib had increased bacterial burdens (Mortensen
et al.,, 2019). This presents the requirement for further investigations
into the possibility of aerosol delivery and viability for delivery of
NSAIDs in conjunction with first-line drugs.

The anti-inflammatory properties of NSAIDs presents the prospective
balance between a) the use of immunomodulatory drugs that have anti-
tubercular properties and b) mediating a non-productive inflammation
to reduce inflammation-induced damage to the host. Although the
endogenous targets for efflux pump inhibition and biofilm inhibition are
yet to be uncovered, this is a positive step towards a drug offering
pleiotropic properties. Most importantly, the mechanism of action of
Carprofen is not the same as first line anti-tubercular drugs, reducing the
risk of resistance developing if used in adjunctive therapy.

12. Challenges with complex host immunity in mycobacterial
infection

M. tuberculosis encounters phagocytic cells and preferentially invades
alveolar macrophages and monocytes in the host (Gupta et al, 2012). It
activates the complement system and prompts an inflammatory
response (Carroll et al., 2009). Pro-inflammatory cytokines are induced
such as TNF-q, interleukin-1 (IL-1) and IFN. Macrophages release a host
of cytokines that recruit several immunologically active cells such as
natural killer cells, dendritic cells and y8 T cells.

Bacteria are usually eliminated by the unfavourable host-cell envi-
ronment in the phago-lysosome, a resultant fusion between phagosomes
with lysosomes. M. tuberculosis evades the host immune system using a
variety of mechanisms including interference of phagosome-lysosome
fusion by manipulating host signalling pathways (Gupta et al., 2012).
One such interference as described by Podinovskaia et al. (2013) is the
decrease in phagosomal lipolysis in order to retain essential nutrients
such as triacyl glycerol (TAG) resulting in M. tuberculosis synthesising
lipids. Although further investigation is required due to differences in
acidification between murine and human macrophage modelling — an
important element to consider as M. tuberculosis prevents endocytic
acidification (Wilson et al., 2011). M. tuberculosis produces early
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secreted antigenic target-6 (ESAT-6), secreted by ESX-1 (ESAT-6 secre-
tion system 1) which induces phagosome disruption and inhibits binding
with MHC I (Ferluga et al., 2020). Although ESX-1 appears to play a
more crucial role in host membrane integrity than ESAT-6 (Lienard
et al., 2020; Conrad et al., 2017). ESAT-6 is a mediator in macrophage
differentiation and as such, a pre-requisite in granuloma formation - a
classic clinical manifestation of TB infection (Refai et al., 2018). Gran-
ulomas are developed from the combination of T cells, B cells, leuko-
cytes, macrophages, and TNF-o. It protects the host by containing the
bacilli within a shell, supported by the host inflammatory response. It is
at this stage the infection is classified as a latent infection which can
resuscitate due to a weakened immune system. This may be due to
progression of diseases such as HIV or immunosuppressive medication.
TNF-a is an inflammatory mediator, regulated by the nuclear factor-xB
(NF-kB) pathway. It is important in maintaining granulomas and an-
tagonists have been found to reactivate latent M. tuberculosis infection in
patients (Lee and Bhakta, 2021). However, both excessive and depleted
inflammation has been found to result in the promotion of extracellular
bacterial growth - one study by Tobin et al., (2012) investigated the
inflammation pathway moderated by leukotriene A4 hydrolase (LT4A)
which catalyses the production of leukotriene B4 (LTB4) and lipoxin A4
(LXA4), pro and anti-inflammatory pathways respectively. The study
found that both excessive LTB4 and LXA4 resulted in the promotion of
extracellular bacterial growth in M. marinum. However, LT4A is syn-
thesised from arachidonic acid, catalysed by lipoxygenases rather than
COX, therefore the extracellular growth of mycobacteria and its rele-
vance to host-induced inflammation via the COX pathway needs to be
further explored.

Macrophage matrix metalloproteases (MMPs) are endopeptidases
upregulated by M. tuberculosis infection. They are secreted by
M. tuberculosis infected macrophages as well as other host cells, playing a
role in cell migration, cytokine signalling and extracellular matrix
degradation (Sabir et al., 2019). MMP-1 is activated by M. tuberculosis,
causing lung architecture destruction, alveolar destruction and collagen
degradation (Ferluga et al., 2020; Elkington et al., 2011). MMP-9 has an
important role in TB infection and similarly degrades lung architecture.
Phosphatidyl-myo-inositol dimannosides (PIM2) found on the myco-
bacterial envelope trigger both COX-II and MMP-9. The inhibition of
COX-II was found to decrease PIM2, resulting in decreased MMP-9
expression (Bansal et al., 2009). This research was conducted in peri-
toneal murine macrophages rather than pulmonary macrophage
modelling; however, it highlights the relevance of moderating the host
inflammatory system using COX inhibitors to moderate host-incurred
tissue damage.

13. Conclusion: Unknowns, uncertainties, and prospects

COVID-19 has deprioritised antimicrobial resistance across the
world; its true impact remains unknown. Without the promotion of
research, accurate testing, informed public health messaging, globally
invested surveillance, we will be forced to be reactive towards an
imminent AMR outbreak. M. tuberculosis is a highly pathogenic bacteria
with worrying hierarchies of drug-resistant strains. The prospect of
repurposing drugs brings us hope. Whilst it is clear there are many
questions surrounding carbazole-based structures and Carprofen with
their anti-inflammatory and anti-tubercular properties, they offer an
exciting avenue to be explored with putative endogenous targets such as
efflux pump disruption and biofilm inhibition already researched. The
immunobiological dynamics between host and pathogen present com-
plex interactions and challenges, but also the option to utilise anti-
inflammatory methods to moderate non-productive inflammation at
late or advanced stages of pulmonary infection, aid immune mecha-
nisms of the host, reduce inflammation following treatment and avoid
host-mediated tissue damage. In addition to evidence and research
available, it is important that we move out of working in silos and
embrace interdisciplinary, matrix problem solving. This will take all our
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efforts but will save millions of lives.
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