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Abstract

Tuberculosis (TB) has remained a major cause of global mortality and is the single leading
infectious killer only second to coronavirus disease 2019. Biological sex is an important
determinant of health. Literature on the gender epidemiology of tuberculosis demonstrates
gender differences in prevalence/notification rate, disease manifestation. The present study
assessed toll like receptor 2 (TLR2), prevalence of Mycobacterium Tuberculosis (M.TB) and
associated risk factors between male and female tuberculosis positive patients in Ogun state
Nigeria.A total of 130 participants comprising of 83 M.TB positive individuals MTB
negative individuals were recruited into the present study. One spot Sp@mple was

collected in sterile sputum container and SmLs of venous blood WQ) ned from the

anterior cubital vein using 5ml disposable, sterile syringe a densed into EDTA
anticoagulated sample bottle for genomic analysis. Determinatl%f TB status was done
using both microscopy and geneXpert. DNA extraction w, @ using NIMR kit and TLRs
genotyping was done using PCR. The result of the ana Qnows a 100% specificity of the
result of microscopy detection of TB compared % sult of GeneXpert detection of TB
and also a 100% sensitivity of the result of mi opy detection of TB compared to the
result of GeneXpert detection of TB. Th@valence of M.TB was higher among male
subjects (58%) compared to female sul'{’c'\(@%). The CC allele was more prevalent among
male subjects (12) compared to fe‘g@ (7). The TT allele was also more prevalent among
male subjects (5) compared J(diles (2). While the TC allele was slightly more prevalent
among male subjects ( compared to females (22) This study accomplished its goals,
offering significant i ig@i;to the socio-demographic, genetic, and diagnostic factors of

tuberculosis. Ti:;éw highlight the essential interaction of behavioural, genetic, and
a

environmen% fz

Key 01%) Mycobacterium Tuberculosis(M.TB), Toll-like receptors(TLRs), Diagnosis,

rs in determining tuberculosis susceptibility and outcomes.

Disease.

Word Count: 300
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Chapter One
Introduction

1.1 Background of the Study

Mycobacterium tuberculosis, commonly referred to as tubercle bacilli, is a pathogenic
bacterium within the genus Mycobacterium and the primary causative agent of the majority
of tuberculosis cases.! Initially identified in 1882 by Robert Koch, M. tuberculosis&sesses
a distinctive waxy covering on its cell surface, predominantly composed o olic acid,
rendering the cell resistant to Gramme staining; hence, acid-fast detection, methods are
employed for its laboratory identification.? Q

Tuberculosis (TB) continues to be a significant contributor 1 mortality and remains
the foremost infectious killer, surpassed only by coronavi llness 2019.34 The tuberculosis
epidemic impacts all global regions, although 30 aﬁBQﬁsproportionately bear the burden,
representing nearly 86% of the total expec idence of tuberculosis infections in 2020.°
The risk of tuberculosis differs .noixst globally among nations but also among
subpopulations characterised bx&‘s’\io-demographic factors such as gender, age,
race/ethnicity, immigration’@s, economic level, and employment within a specific
country.® Existing disb@ cies hinder the World Health Organization's (WHO) End
Tuberculosis f@ objectives and the advancement towards global tuberculosis
eradication. @he absence of targeted treatments for high-risk populations, current gaps in
tube%@(bare likely to be exacerbated; therefore, identifying these high-risk groups is the
initial step towards implementing a pro-equity policy. Biological sex significantly influences
health, as wvariations in genetic, hormonal, and epigenetic control affect the prevalence,
manifestation, and management of diseases.” Nonetheless, genetics alone fails to account for
the universally observed gender discrepancies, as these distinctions also stem from the social

construction of gender.® Imposed gender roles, expectations, and norms can lead to disparities



in access to material resources (such as prestige, power, and nourishment), health-related
behaviours (for instance, smoking and drinking), and exposure to psychosocial stresses
(including discrimination and violence).®

Contemporary study on the gender epidemiology of tuberculosis reveals disparities in
prevalence and notification rates, illness manifestation, progression, case-fatality rates,
treatment response, and along the continuum of tuberculosis pathogenesis and care.”{? Health
inequities delineated by a singular characteristic, such as gender, overloo complex
realities of individuals' lives, where various identities and process’e<ﬁe§ect to shape

population health.!! Prior research indicates that gender inter@
e

variables, such as age, to influence the risk of tuberculosis.'? istence of additional risk

sociodemographic

factors, such as human immunodeficiency virus (HIV), m@\rther alter these consequences,
as HIV is linked to an elevated risk of new M)&@erium TB infection, reactivation of
latent tuberculosis infection, and reinfection%’b

In recent decades, much knowledge .has e\nacquired regarding human innate and adaptive
immunity and its principal comp,&‘e}&, including pattern recognition receptors (PRRs).
These germline-encoded recé swiftly recognise distinct molecular structures on pathogen
surfaces, termed patho@%%)ciated molecular patterns (PAMPs) or endogenous damage-
associated mo 'u@%attems (DAMPs), thereby connecting non-specific immunity to
particular in@mty.”’ 15 As of now, two separate categories of pattern recognition receptors
(PR&)/Q;Q been identified: membrane-bound receptors, which encompass Toll-like
receptors (TLRs) and C-type lectin receptors (CLRs), and cytoplasmic proteins, including
nucleotide-binding oligomerisation domain (NOD)-like receptors (NLRs), retinoic acid-
inducible gene (RIG)-I-like receptors, absent in melanoma 2 (AIM2)-like receptors (ALRs),

and DNA or RNA sensors, such as cyclic GMP-AMP synthase (cGAS).!%!® The efficacy of

the immune response in both the early and late stages of infection is considered crucial for



determining the illness outcome. The initial determination may arise from the interactions
between Mycobacterium tuberculosis and the diverse pattern recognition receptors (PRRs)
present in innate immune system cells as well as in non-immune cells, including lung
epithelial cells.!® 2 While numerous studies have identified single nucleotide polymorphisms
(SNPs) linked to varying susceptibility to tuberculosis in the receptors of the Toll-like
receptor (TLR) and Nod-like receptor (NLR) families, the most significant a&ciations
between genetic polymorphisms and tuberculosis susceptibility typically do anifest at
the level of pattern recognition receptors (PRRs).2!"2* Moreover, the silencing of a single gene
encoding pattern recognition receptors (PRRs) from the TLR or N &ﬁes typically does
not manifest significant abnormalities in murine models of 6$:terium TB infection.?*
This observation indicates a limited role of individual re@rs or redundancy among them,
suggesting that comprehending the interactions a 68% integration of pattern recognition
receptors (PRRs) in conjunction rather ’éo ation is essential for deciphering the
communication between mycobacterial ¢ g&)rs and their ligands.!® This is exemplified by
TLR2, which has been demonstrat@ollaborate with other TLRs, TLR-related molecules
like RP105, or non-TLR I’@&OI’S such as C-type lectin receptors (CLRs) to identify
mycobacteria. Moreove@ findings indicate that collaboration among pattern recognition
receptors (PRR. '@nﬂuence the immune response to individual mycobacterial antigens,
including tr%ose dimycolate (TDM, commonly referred to as cord factor). Indeed, it is also
ack w@d by the CLR Mincle (macrophage-inducible C-type lectin). Furthermore, an
additional layer of complexity arises from the redundancy among receptors, complicating the
isolation of each receptor's contribution to anti-TB immunity.?* In summary, Mycobacterium
TB -PRR interactions may facilitate the bacillus's persistence within host phagocytes or

enhance host defences by initiating immunological responses, including autophagy,

phagosome maturation, apoptosis, pyroptosis, and different bactericidal processes.?’



TLRs are type I transmembrane proteins featuring an extracellular domain composed of
leucine-rich repeats that enable the recognition of PAMPs. They possess a transmembrane
domain and an intracellular toll-interleukin-1 receptor (TIR) domain essential for downstream
signalling.?® To date, ten receptors (TLR1-10) have been found in the human body,
categorised into cell surface receptors (TLR1, TLR2, TLR4-6, TLR10) and intracellular
receptors (TLR3, TLR7-9).27-28 Toll-like receptors (TLRs) are extensively present on immune
system cells, including monocytes, as well as on non-immune cells, such as elial and
epithelial cells.?” Recognition of PAMPs or DAMPs initiates the homo- or lQer imerization
of TLRs, resulting in an intracellular signalling cascade that often e@ a pro-inflammatory
response.’® TLR4 is a notable instance of homodimerization,@g ed by lipopolysaccharide
(LPS) derived from the outer membrane of Gram-nega bacteria like Escherichia coli,
whereas TLR2 is recognised for forming heterodimer$with either TLR1 or TLR6, contingent
upon the ligand.?'*? Besides heterodimer fo%@ LR2 may operate as a solitary receptor
and in a homodimer, although the lat.ter >hs contentious.*? Despite extensive research on
TLRs, particularly TLR2, their %@mce in health and illness remains a focal point of
investigation. ¢ $

Directly Observed Tr ?‘[ Shortcourse (DOTS) is a globally endorsed approach for
tuberculosis co(?)@ encompasses political commitment, case detection via microscopy,
appropriate @ment of cases, continuous medication delivery, and systematic recording and
repo@/&:ases.33 Nigeria adopted it in 2003. Effective treatment necessitates a suitable
regimen of anti-tuberculosis medications (either loose or fixed combinations, including
Isoniazid, Rifampicin, and Pyrazinamide) administered consistently under direct supervision
for a minimum duration of 6 months. In 2009, the global burden of illness was anticipated to

exceed 9 million new cases of tuberculosis, culminating in over 14 million cases overall.>*



1.2 Statement of the problem

Despite being preventable and treatable, TB continues to be a major contributor to morbidity
and mortality in resource-constrained countries. Genotypic characterisation of tuberculosis in
Nigeria has been documented concerning treatment resistance. However, there is a scarcity of
reports on the genetic differences of receptor molecules between male and female individuals
with pulmonary tuberculosis. The changes in receptor molecules may serve a&tential
facilitators or impediments to tuberculosis susceptibility, severity, and treatme comes. In
the past decade, numerous evaluations have been published regarin@e scope and
significance of strain variety in Mycobacterium TB?3%26, Large-s a A sequencing and
other omics platforms may now examine the subject at %ﬂeled scale, with the
capacity to yield significant new insights. Conside@t e molecular intricacies of
tuberculosis, it is overly simplistic to assume t tr@xent strain behaviour results from
merely one or a few genetic variations.>] numerous studies have advocated for
identifying and addressing men as a I.li%\-"s}iemographic for tuberculosis interventions, the
influence of gender may vary sign@ly across diverse contexts and groups. This Nigeria-
based study examines gendet ted genetic variations in tuberculosis incidence across time,
categorised by age and\@% presentation depending on the afflicted anatomical region, to
elucidate the ir&@ender on tuberculosis across diverse sociodemographic and clinical
situations.

1.3 Jus ion of study

Mycobacterium tuberculosis continues to pose a public health challenge in Nigeria, despite
several studies conducted on the subject. The bulk of these studies predominantly concentrate
on the epidemiology and prevalence of Mycobacterium TB in Nigeria. To our knowledge, no
sufficient research has been undertaken in the study context that examine gender differences

concerning genetic variation among patients positive for Mycobacterium TB. This study aims



to address the disparity in genetic variation across genders in individuals positive for
Mycobacterium TB.

1.4Aim and Objectives of Study

Aim of Study

The aim of the study was to assess toll like receptor 2 (TLR2), prevalence of mycobacterium
tuberculosis (mtb) and associated risk factors between male and female tuberculosi&positive

patients in Ogun state Nigeria. QQ

Specific Objectives of the Study

The specific objectives of this study were to; 6\

i. To determine the socio-demographic characteristics of the @ﬁs

ii. To Compare the specificity and sensitivity microscopy%tlon of TB with GeneXpert.
iii. To determine the prevalence of Mycobacter?&m@wmubsm among male and female

subjects \Qrb

@acterium tuberculosis among male and female

N

Mpycobacterium tuberculosis -positi @ients.

iv. To identify the receptor molecules of

v. To determine if any variatigndnthe hosts’ receptor molecules in both gender is associated
with TB susceptibility, %?y and or outcome of treatment.

1.5 Research (('Je@

1. How is thg“socio-demographic characteristics of the participants determined?

2. EK/@;Qpeciﬁcity and sensitivity with microscopy detection of TB and GeneXpert
comparable?

3. Is there any prevalence of Mycobacterium tuberculosis among male and female subjects?
4. How is the identification of the receptor molecules of Mycobacterium tuberculosis among

male and female Mycobacterium tuberculosis -positive patients done?



5. Does the hosts’ receptor molecules in both gender associated with TB susceptibility,
severity and or outcome of treatment have variation?

1.6 Significance of the study

Despite being preventable and treatable, tuberculosis continues to be a major cause of illness
and death in resource-constrained countries like Nigeria. It has recently re-emerged in
affluent countries because to its association with human immunodeficiency virusfacquired
immune deficiency syndrome, demographic shifts, and human migrati %ased on
tuberculin reactivity, approximately one third of the global populatio 1{631mated to be
infected with latent tuberculosis. Consequently, these infected indi\@ls are susceptible to
developing tuberculosis later in life as their immunity dipai @due to ageing or co-
infection with HIV, given that tuberculosis is a signiﬁcaortunistic illness in those with
HIV. be

While numerous studies have advocated ft g@e owledgement and targeting of gender,
particularly men, as a high-risk demE) rgg}for tuberculosis interventions, the influence of
gender may vary significantly acn&g}verse contexts and communities. This project will
evaluate gender disparities fl@erculosis incidence across time, focussing on patterns and
genetic variation to e\@ce understanding of gender's impact on tuberculosis within
sociodemograp 'E@inical frameworks.

This study ‘@e ucidate the pattern and frequency of genetic diversity between genders in
puln@ berculosis positive cases. This study will facilitate the diagnosis, management,
therapy, and prognosis of pulmonary tuberculosis by fulfilling the research aim and
objectives. Understanding the genetic variances and variations in tuberculosis presentation
among patients will facilitate the development of gender-specific treatments for optimal

tuberculosis management.



1.7 Scope of the study

There were many pattern recognition receptos but this study was to assess toll like receptor 2
(TLR2), prevalence of mycobacterium tuberculosis (mtb) and associated risk factors between
male and female tuberculosis positive patients in Ogun state Nigeria.

1.8 Limitation of Study

This study consideres the determinations of the TLR2 in Mycobacterium Tubgerculosis

positive patients and negative patients as control. The high cost of the reagentsQQaboratory

Mycobacterium Tuberculosis: The bacterium responsible fogcausing TB.

analysis is a major set back in this study.

1.9 Operational Definition of Terms

Pattern Recognition: The ability of TLRs to recognize s@c molecular patterns associated
with M. tuberculosis. be

Signal Transduction: The process by whicl\% ransmit signals to downstream molecules,
leading to the activation of immune r?sg)\'}

Immune Activation: The proce&&j which TLRs activate immune cells, such as
macrophages and dendritic c%:@o respond to M. tuberculosis infection.

Cytokine Production:@Qrelease of cytokines, such as TNF-o, IL-12, and IFN-y, by
immune cells i 'e@ to TLR-mediated recognition of M. tuberculosis.

Phagocytos%f he process by which immune cells, such as macrophages, engulf and digest
M. t%&is bacteria.

Autophagy: The process by which cells recycle damaged or infected cellular components,
including M. tuberculosis bacteria.

Apoptosis: The process of programmed cell death, which can be induced by TLR-mediated

recognition of M. tuberculosis.



Inflammation: The complex biological response to M. tuberculosis infection, involving the
activation of immune cells and the release of cytokines and chemokines.

Toll-like Receptor 2(TLR2): Recognizes Mycobacterium tuberculosis (M. tuberculosis)
components, such as lipoteichoic acid and peptidoglycan.

MyD88: A key adaptor response gene protein involved in TLR signaling pathways.

TRIF: Another adaptor response gene protein involved in TLR signaling pathways.

Latent TB: A state in which M. tuberculosis is present in the body be actively
replicating. ()

Active TB: A state in which M. tuberculosis is actively replicatining disease.

TB Granuloma: A complex structure formed by immune cel@ ponse to M. tuberculosis

infection. Q

Th1 Response: A type of immune response chara ei@%y the production of cytokines such

as [FN-y and TNF-a, which are important fo@ ing M. tuberculosis infection.
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Chapter Two
Literature Review
2.1 Tuberculosis (Tb)
Tuberculosis is caused by the bacteria Mycobacterium tuberculosis. M. tuberculosis is
transmitted via aerosol and initially resides in the lungs, potentially leading to both
pulmonary and extrapulmonary illness either immediately or following a varied latent phase.
The initiation of the disease is generally subacute or chronic, resulting in th@ acteristic
signs of cough, weight loss, and nocturnal diaphoresis. The standard tre tn@necessitates a

regimen of four medications to avert the emergence of resista cm'nistered over six
months to mitigate the risk of relapse from dormant persister %t remain untouched by
the initial therapy.! Tuberculosis accounted for apprc@ately 25% of all fatalities in
industrialised nations during the 18th and 19th ce %Qts incidence initially declined in the
20th century; however, a resurgence occ (partly due to heightened vulnerability to
infection from the HIV/AIDS epicle 'c% rising drug resistance, culminating in the
declaration of a global emergen&@ 1993.2 This ignited a revitalised emphasis and
investment in the disease, ré@ng in a substantial decline in mortality rates over the past
twenty-five years, the proliferation of quick diagnostics even in poor and middle-income
nations, and t '@bility of numerous novel medications for drug-resistant strains.
Notwithstan%g(tﬁs, much work remains, since the general incidence continues to decline
grad al%rpa mere 2% year, drug-susceptible treatment persists as protracted and has been

static for over forty years, and an increasing number of drug-resistant patients are being

detected.!
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2.1.1 Microbiology

Tuberculosis is caused by obligatory pathogenic microorganisms belonging to the
Mycobacterium tuberculosis complex. This encompasses Mycobacterium tuberculosis sensu
stricto, the principal human pathogen, along with other related species that infect humans and
animals, including M. africanum (predominantly infecting humans in West Africa), M. bovis
(cattle), and M. caprae (goats). Mycobacteria are distinguished by their thick cell wall,
composed of three macromolecules and a lipopolysaccharide, as well as thei growth
rate, exhibiting an in vitro generation period of 24 hours.! They are t ic&lycultivated on
solid media, such Middlebrook 7H10/7H11 or Lowenstein-Jensen r@l}g Liquid medium,
such as Middlebrook 7H9, are predominantly utilised for s ﬁng. The BACTEC 960

system (BD, MD, USA) employs liquid culture mycobactgrowth indicator tubes (MGIT),

formulated with Middlebrook 7H9, which emit @nce as M. tuberculosis respiration

depletes oxygen in the medium, fa@g automated and expedited growth
detection . ’&}1 reporting.!
2.1.2 \\ Epidemiology
Tuberculosis (TB), a transniigsibl¢ infectious illness, ranks as the second biggest cause of

mortality from infectio@gases globally, following human immunodeficiency virus (HIV).
In 2015, the Gﬁ@erculosis Report 2016 documented approximately 10.4 million new
tuberculosis@ses and around 1.8 million tuberculosis-related fatalities.> In 2015, the
maja%&ncident cases were reported in Asian (61%) and African (26%) countries,
whereas the Eastern Mediterranean, European, and American regions collectively accounted
for only 13% of the incidence. India constitutes over a quarter of the global tuberculosis cases
and fatalities. India is among the countries with the highest incidence of relapse and multi-

drug resistant tuberculosis (MDR-TB) patients.?
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The Mycobacterium TB complex has likely been responsible for human disease for 5,000 to
10,000 years. The tuberculosis epidemic peaked in the 18th and early 19th centuries in
Western Europe and North America, emerging as the primary cause of mortality due to the
Industrial Revolution, rural to urban migration, high population density, and inadequate
nutrition, with incidence rates reaching 500-800 per 100,000 in Western Europe. The
incidence of tuberculosis began to decline in the latter part of the 19th century as asresult of
enhanced living conditions, greater nutrition, and the segregation of contagi Qdiwduals.
The introduction of the BCG vaccine in the 1950s and the subsequent availability of
combination chemotherapy significantly contributed to the decline ' mbers.?

The 1990s witnessed a significant resurgence of tubercul@sisy characterised by rising
incidence in numerous countries, attributed to diminish@lp asis on tuberculosis control
programs and the proliferation of the HIV/AIDS id’@ especially in sub-Saharan Africa.’
Although this prompted heightened attenti wards enhancing national tuberculosis
programs and funding research, the g.lob%c dence of tuberculosis had escalated to roughly
175 per 100,000 by 2000, then ds&ﬁg\ﬂg at a mere rate of 1-2% annually, resulting in an
estimated incidence of 132 1@ ,000 in 2018. Recent estimates indicate that there were

10.0 million new tube?b@?s infections in 2018, with about 1 million involving HIV co-

infection, and 1(@ fatalities.!
\‘,ib
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2.2 Natural History of Tb

2.2.1 Initial Infection

Mycobacterium TB is transferred through the aerosol route from one infected person to
another via dehydrated exhaled respiratory droplets (droplet nuclei) that can remain airborne
for several hours. The infectious dose has been documented to be as minimal as one to five
bacilli.* Upon deposition in the airways, the bacteria begin to proliferate ;and are
phagocytosed by alveolar macrophages, eliciting an immunological response ﬁing in
the formation of a granuloma composed of macrophages, monocyt s,\and neutrophils.

Granulomas may expand and merge, forming a nodular lesion o %‘l The predominant

initial infections are currently managed by cell-mediated im resulting in the bacteria
entering a dormant, non-replicating state. Neverthe@ pulmonary replication is
unregulated, germs may disseminate via the ly @ystem to the draining mediastinal
lymph nodes, resulting in their enlarge%(bn roughly 5% of individuals, bacterial
proliferation may transpire, resulting .in krate, self-limiting primary illness characterised
by a low-grade fever.* Bacterial rep&&l}\tions infrequently develops uncontrolled, potentially

resulting in mycobacterium’ rculosis bacteraemia and dissemination to other organs,

leading to miliary TB)@&ninantly observed in children, or progressive primary illness

impacting the lﬁ@leura, more prevalent in adults.
2.2.2 Laten@fection

Afte@rgy infection, the majority of humans will successfully manage bacterial
proliferation and enter a state of latent infection with dormant germs, while some individuals
seem capable of resisting or swiftly eliminating the infection.” It is estimated that around one-
quarter of the global population is latently infected with Mycobacterium tuberculosis.®
Merely 2-4% of individuals with latent infection advance to active disease within five years,

with advancement predominantly occurring in the initial year post-infection.” The risk of
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progression may be heightened by co-morbidities including HIV infection, chronic renal
disease, diabetes, and immunosuppression.

2.2.3 Active Disease

The predominant kind of adult tuberculosis worldwide is post-primary pulmonary
tuberculosis. In post-primary tuberculosis, a previously dormant bacterial population within a
granuloma commences active replication. The mechanisms that drive reactivatio«remain
poorly known; nevertheless, in certain patients, it may occur uent to

immunosuppression, such as that caused by HIV infection, adv angJ age, or the
administration of anti-TNFa treatment. In contrast to progressive &isease, pathology
is generally more confined, and spread is infrequent.” A sig@t portion of the pathology
induced by tuberculosis is attributable to the host's im@logical response during active
infection. Although the majority of tuberculosis ( I'Ggﬂmonary, dissemination during the
main infection may affect several additional,0 resulting in extrapulmonary TB (EPTB).
Extrapulmonary tuberculosis (EPTBz Enifest simultaneously with pulmonary disease
or in isolation following the re{ﬁ%ion of a dormant extrapulmonary infection. The

predominant locations for & ulmonary tuberculosis (EPTB) include the lymph nodes

(notably in the cervica@%), pleura, bones and joints (especially the vertebral column),
and central nerv(u@m (tuberculous meningitis).>
23 Clinical@tures

Tub%q/%lbis an airborne communicable illness spread when aerosols (1-4 um in size)
containing the germs Mycobacterium tuberculosis, expelled by an infected people, are
inhaled by healthy persons.®

2.3.1 Pulmonary Disease

The classical clinical manifestations include cough, weight loss, and night sweats, typically

presenting with a subacute onset over a duration of weeks to months. Patients typically
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present with a dry cough initially, which may subsequently progress to the production of
purulent sputum as lung infiltrates grow and cavities form, resulting in the expectoration of
bacteria and the possibility for transmission. Minor haemoptysis may arise from the
deterioration of bronchial vessels.® Chest radiography typically reveals infiltrates and lung
cavities in the upper lobes, frequently bilaterally; but, in cases of HIV co-infection, more
widespread alterations and reduced cavitation are commonly observed. | Clinical
manifestations frequently coincide with those of other lung infections, complic diagnosis
and necessitating a heightened level of suspicion together with the rtet) of pertinent
investigations, including sputum microscopy, culture, and fast mol c1 gnostics.’

2.3.2 Extrapulmonary Tuberculosis 0%

Extrapulmonary tuberculosis (EPTB) can manifest in nuus locations, and its diagnosis
may be more difficult than that of pulmonary illn YBQ’[O the diverse signs and symptoms,
which sometimes overlap with other condi @s Cervical lymph nodes represent the
predominant location for extrapulmclna %rculosis (EPTB). Lymph nodes may undergo
considerable enlargement and may\lgg\m in the formation of discharge sinuses on the skin.
Pleural effusions are typical ilateral and consist of highly cellular fluid, however the
visualisation of Mycobé@&s infrequent. TB meningitis manifests similarly to other types
of meningitis, '@typically with a more gradual start. Diagnosis may prove difficult
without suit% investigations because of the overlap of clinical characteristics with different
con 'tio@:b

2.4 Diagnostic Considerations

Active tuberculosis is conclusively identified through the isolation of Mycobacterium
tuberculosis. In instances of pulmonary tuberculosis, specimens are typically obtained from
lung secretions, such as spontaneously generated sputum samples or bronchoalveolar lavage

fluid, but may also be derived via biopsies of pleural or lung tissue. Extrapulmonary
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tuberculosis (EPTB) is firmly diagnosed through the study of pertinent specimens, such as
pleural fluid (for pleural TB), cerebrospinal fluid (for meningeal TB), or lymph node biopsy.
The definitive diagnosis is established through the microbiological culture of M. tuberculosis
from the appropriate specimen.! Nonetheless, although culture is highly specific for M.
tuberculosis, it is very sluggish, frequently requiring several weeks, and sensitivity may be
restricted in certain situations, such as HIV-associated pulmonary illness. Automated liquid
cultures are regarded as the benchmark for tuberculosis diagnosis and initi edication
susceptibility assessment. Nonetheless, their expense and the necessity, fox_highly educated
personnel and adequately equipped laboratories limit their ap 0 in low-resource
nations.” Alternative cultural techniques and pharmacolpgical\ sensitivity assessments,
including solid culture, microscopically observable dmg%eptibility, and nitrate reductase
assay, are more economically viable in resource-li nations.”!? Despite requiring weeks
to yield findings, solid culture remains the %%roach for assessing sensitivity to second-
line . ’\'\ medicines.!!
A prevalent diagnostic method is K@ining of clinical specimens, such as sputum smears,
for acid-fast bacilli. This n’ii&s more rapid, cost-effective, and simpler than culture;
however, it is less sens@ ails to differentiate between Mycobacterial species, and cannot
distinguish bet %@e and dead bacteria.’ Resource-constrained nations, which bear
approximately\ 90% of the tuberculosis burden, predominantly depend on sputum smear
micr%%rband chest radiography as major techniques for active TB detection.’
Approximately three-quarters of adults with active tuberculosis can be identified using smear
microscopy. The grade, in accordance with WHO criteria, is as follows: No microorganisms
observed in 100 immersion fields: Negative; 1 to 9 AFB observed in 100 immersion fields:

Positive scanty, precise count documented; 10-99 AFB in 100 immersion fields: 1+; 1 to 10

AFB per field in 50 fields: 2+; More than 10 AFB per field in 20 fields: 3+.11 The method is
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cost-effective and necessitates minimal biosafety regulations, hence holding significant value
in tuberculosis diagnosis, despite its low sensitivity. However, it does not furnish any
information regarding the drug susceptibility of the microorganisms.!' Microscopy findings
are typically augmented by chest X-rays, which may reveal distinctive fluffy upper zone
shadowing indicative of alveolar macrophages, lymphadenopathy, and cavitation.!?
Radiography can be beneficial in assessing dubious cases of tuberculosis when mic&opy or
PCR testing yield negative outcomes. Chest X-rays exhibit a sensitivity % and a
specificity of 75% when utilised independently as a diagnostic techniqug. @equently, this
approach cannot be solely depended upon for diagnosing TB.!? s ’glethods have been
developed that may assist in excluding PTB, albeit they exhibj es%peciﬁcity. 14

Recent advancements in quick molecular diagnostics@e been established to detect
mycobacterium TB DNA with sensitivity nearing tb%ulture, and can identify frequently
observed resistance mutations within hours. ples include the Xpert Mycobacterium
tuberculosis/RIF (Cepheid, CA, US/%) y\,vhich detects the presence of M. tuberculosis
and rifampicin resistance, and M@le (Hain Lifescience, Germany), which identifies

mutations associated with fl quinolone and injectable drug resistance. The limitations

include an inability to @%ish between live and dead bacteria, rendering them unsuitable

for monitoring ('e;@y response, and their dependence on a predefined, restricted list of

resistance-a%iated single nucleotide polymorphisms (SNPs), which inadequately reflects
the ex\ll@ understanding of the relationship between genotypic and phenotypic drug
resistance.’

Additionally, latent TB infection (LTBI) can be identified using tuberculin skin tests,
although these tests cannot differentiate between mycobacterium tuberculosis infection and
other mycobacterial exposures, such as BCG. The latest approach encompasses the IFNy

release assays (IGRAs).” The tuberculin skin test exhibits comparable sensitivity to IGRAs,
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although demonstrates lower specificity. Nevertheless, due to its low costs, it is the
predominant approach employed in low-income countries for the detection and treatment of
LTBI.!® Latent infection constitutes a significant reservoir for potential disease, necessitating
the screening of high-risk groups, including recent contacts of active TB patients, individuals
from high-prevalence regions, and patients with HIV or diabetes, to ensure timely and
appropriate treatment.'® The diagnosis of extrapulmonary tuberculosis (EPTB)is more
complex, as smear microscopy is largely ineffective in this context. study of
microbiological and histological specimens from probable infection site i@lsed. Xpert®
mycobacterium tuberculosis/RIF testing on cerebrospinal ﬂui(@ ecommended for
conditions such tuberculous meningitis, when prompt identi ﬁis critical.’> A prompt
diagnosis of tuberculosis has historically been a persisten@e. The increasing popularity of
personalised therapy for infectious diseases nece i%%ndividual risk assessment utilising

genetic markers, such as SNPs, to ascertain % ibility or resistance status.!®

.,&\

Analogous to diagnostics, drug @ptibility testing (DST) of M. Tuberculosis has

2.4.1 Drug susceptibility testing

traditionally depended on cul ased methodologies (termed phenotypic DST) that assess
bacterial proliferation @?presence and absence of a treatment. The existing WHO-
sanctioned phe '%@%mg susceptibility testing (pDST) methodologies are solid media
testing utili% the 1% agar proportion method with Lowenstein-Jensen or 7H10/7H11
med@ 1quid media testing employing the BACTEC MGIT 960 system.!” Resistance is
shown when bacteria are detected that proliferate in the presence of a medicine at a
concentration exceeding a predetermined threshold that distinguishes resistant from
susceptible isolates. The minimum inhibitory concentration (MIC) is the medication
concentration necessary to suppress 99% of bacterial proliferation. The optimal threshold

would be the MIC that establishes a clinical breakpoint based on patient outcome data to
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determine bacterial susceptibility and resistance. Comprehensive patient outcome statistics
are typically lacking for the majority of tuberculosis medications, partly due to the prolonged
duration of treatment, the utilisation of drug combinations, and the challenges in determining
clinical results. Consequently, critical concentrations are employed to distinguish between
wild-type susceptible isolates and those expected to exhibit resistance, typically based on the
identification of isolates possessing probable resistance-conferring genetic changes.!>
Defining critical concentrations may be challenging when there is an overl Qminimum
inhibitory concentrations (MICs) between species lacking known or pote tial dgug resistance-
associated variations (RAVs), i.e., genetically wild type, and tho n essing RAVs, as
exemplified by bedaquiline.Fifteen The limitations of pheno % (pDST) parallel those
of culture-based diagnostics. Both necessitate initiaterlal culture, succeeded by
subculturing in the presence of each antibiotic, a p a@ that is protracted (lasting weeks to
months), technically intricate, and costly. @molecular diagnostic procedures, such as
Xpert Mycobacterium tuberculosis/R.IF a%ﬁ\e probe assays, can detect the presence of M.
TB DNA and identify prevalent re‘gtg\ce-associated variations (RAV). These tests are now
accessible in numerous poor’a®11ddle-income countries. !>

Nevertheless, as previo@o tlined, their detection is constrained to a limited array of pre-
defined SNPs. Fhi %enerally sufficient for the few well-characterized SNPs associated
with rifamp% and isoniazid resistance, but it is inadequate for identifying the numerous
SNPs a sertions and deletions (indels) that frequently impart resistance to medications
like pyrazinamide and bedaquiline. Consequently, whole genome sequencing (WGS) is
widely regarded as the optimal test for drug susceptibility testing (DST), particularly due to
the growing understanding of the relationship between genotype and phenotype.'” Whole

Genome Sequencing (WGS) is also advantageous for deducing transmission networks.
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Whole Genome Sequencing (WGS) is currently the standard initial drug susceptibility testing
(DST) approach in England, as well as in select centres in the USA and the Netherlands.

2.5 Treatment and Care

The conventional treatment protocol for active drug-susceptible tuberculosis includes four
medications: rifampicin (H), isoniazid (R), pyrazinamide (Z), and ethambutol (E), with
Streptomycin (S) occasionally included, administered during an initial two-month induction
phase. Throughout this interval, the majority of rapidly proliferating micr: isms are
anticipated to be eradicated. The induction phase is succeeded by a C(@l ation phase
during which isoniazid and rifampicin are administered for an ad i our months.*? The
extended treatment regimen frequently results in patient @éherence due to several
variables, including drug toxicity, social stigma, and the, misconception that the illness is
resolved after the cough subsides and no bacte 'a%%etected in the sputum.'® Directly
Observed Therapy The Directly Observe ent, Short-course (DOTS) strategy for
tuberculosis management, endorsed .gl’c@oy the World Health Organisation, facilitates
adherence to treatment by ensurin&@ the entire regimen is conducted under meticulous
supervision, wherein a desigw&ndividual (health worker, volunteer, or family member)
directly observes the pﬁ@t ingesting the medication.'”> The patient is deemed cured if the
sputum smear '"l%@*ygative result at the conclusion of treatment and at least once prior.!
New patient@e often regarded as having drug-susceptible tuberculosis, except in instances
whe\t/thQvalence of isoniazid resistance in the population is elevated or when there is a
probable exposure to a patient with multidrug-resistant tuberculosis. In these instances, new
patients are administered ethambutol alongside two other medications throughout the
continuing period.! Relapse instances are more prone to being affected by one or more first-
line medications. In these instances and in situations of MDR-TB, it is advisable to do drug

sensitivity testing (DST) for every patient. In numerous nations lacking sufficient laboratory
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equipment, the results of the DST test are not readily accessible. Empirical regimens are
advised for usage in these instances until the test results are obtained.!® For MDR-TB
infections, the WHO advises a minimum of twenty months of chemotherapy, including an
extended intense phase of around nine months utilising more toxic second-line medications.
Extrapulmonary tuberculosis (EPTB) is managed in the same manner as pulmonary
tuberculosis (PTB). Certain doctors advocate for an extended treatment dl&)n for
tuberculosis impacting the central nervous system, bones, or joints.Individ ith latent

tuberculosis infection (LTBI), children under five years of age who ’< lose contacts of

active tuberculosis (TB) patients, and HIV patients without activ@

get isoniazid for six months as prophylactic treatment.”QTh shift from planned to

ction are advised to

personalised medicinal therapeutic management for tuber@is is impeded by the absence of
suitable genetic markers, among other issues. i@ucleotide polymorphisms (SNPs)
facilitate the mapping of complex genetic tg{'@ their correlation with susceptibility and

medication response can advance the objedtive’ of delivering personalised medicines. 61

N

The treatment for drug-susc’a@% tuberculosis (TB) continues to be the six-month "short

2.5.1 Drug-susceptible tuberculosi

course" established by\@% trials conducted by the British Medical Research Council in

the 1970s and 1§J. rter treatment durations result in unacceptably high relapse rates due
ed t

to the prol@

activ@ six-month standard regimen includes daily rifampicin and isoniazid throughout,

ime required to eradicate dormant bacteria with minimal metabolic

supplemented by daily pyrazinamide and ethambutol for the initial two months, applicable to
all pulmonary and extrapulmonary tuberculosis without central nervous system (CNS)
involvement. In instances of CNS involvement, such as TB meningitis, the conventional
treatment regimen is prolonged to 12 months of rifampicin and isoniazid, supplemented with

pyrazinamide and ethambutol for the initial two months.?® Rifampicin is the essential
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medication that enabled the reduction of treatment duration to six months, owing to its robust
bactericidal and sterilising properties that eradicate both reproducing and dormant germs.
Isoniazid is a potent bactericidal drug that accounts for the predominant bacterial eradication
during the initial phase of treatment. Pyrazinamide is an effective sterilising drug believed to
predominantly target intracellular bacteria in an acidic milieu during the initial phase of
treatment. Ethambutol does not directly enhance the efficacy of this regimen in completely
drug-susceptible disease; nonetheless, it is incorporated to fortify the regim mitigate
the danger of developing additional resistance in the event of drug resisE{(J

2.5.2 Drug-resistant tuberculosis Q

Since ethambutol is a non-essential element of drug-susceptibletuberculosis (DSTB) therapy,
infections caused by ethambutol monoresistant Mycobac@n tuberculosis can be managed
as DSTB, provided that susceptibility to the oth % drugs is verified. Management of
isoniazid or pyrazinamide monoresistance iny, discontinuing the resistant medicine and
prolonging the treatment duration fr.o \tb nine months, which includes an extra three
months of rifampicin and isoniazi .\Resistance to rifampicin and isoniazid constitutes
multidrug-resistant tubercul'o@%lDR-TB) and necessitates treatment with second-line
medications. As rifam}@?s the essential drug on which the usual treatment regimen
depends, rifam "@tan‘[ TB (RR-TB) is treated similarly to multiple drug resistant TB
(MDR-TB). ¢Fhe management of multidrug-resistant tuberculosis (MDR-TB) has evolved
marle\d;&he past ten years. The WHO guidelines for drug-resistant tuberculosis (DR-TB)
in 2011 advised a treatment regimen utilising second-line medications, comprising a
fluoroquinolone and an injectable agent (kanamycin, amikacin, or capreomycin) for a
duration of 20 months.?’ Subsequent to the release of the "Bangladesh regimen," which
indicated favourable clinical results with a modified nine to twelve month treatment protocol

in 2010, and the evidence of non-inferiority compared to the standard (long) regimen, the
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WHO now recommends this as an alternative for patients not previously treated with second-
line drugs.! The recommended composition of the extended regimen has been revised to
prioritise bedaquiline, the first novel antituberculous agent in four decades, and linezolid, a
potent drug against gram-positive infections with antimycobacterial properties, alongside the
fluoroquinolones levofloxacin and moxifloxacin, replacing the injectable agents.! This was
attributed to new information indicating decreased mortality linked to these medications, and
the considerable ototoxicity resulting from injectable treatments.?! The ideal &lalon of
pharmacological intervention for MDR-TB remains unresolved, with ul le, clinical trials
now in progress.?? The primary enquiries to address are whether s 1 g injectable drugs
with bedaquiline in a modified nine to twelve-month sho ladesh regimen is non-
inferior to the currently recommended regimens (under e@tlon by STREAM stage 2), and
whether alternative combinations of new drugs p %itional treatment shortening.?> TB
PRACTECAL is assessing if treatment durati an be shortened to six months with the
administration of bedaquiline, linez.oli % the novel medication pretomanid, with or
without the inclusion of rnoxiﬂoxa@f\‘-gclofazimine.24 Treatment for tuberculosis resistant to
one or both primary seconﬂ{n& medications (fluoroquinolones or injectable agents) has
traditionally been clas?'}@ as preextensively drug-resistant tuberculosis (preXDR-TB) or
extensively dru 'r@t tuberculosis (XDR-TB), respectively. However, the importance of
injectable re@nce has diminished, as it is less commonly employed in multidrug-resistant
tube cu@MDR-TB) treatment protocols. Presently, preXDR/XDR-TB necessitates an
individualised extended treatment regimen, customised to medication susceptibility profiles,
lasting a minimum of 18 months as per WHO standards.?* Promising results from the Nix-TB
trial indicate that favourable clinical outcomes can be attained in individuals with XDR-TB

through six months of treatment with bedaquiline, linezolid, and pretomanid.?*
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2.6 Mycobacterium Tuberculosis Genome

2.6.1 Key Features

The whole genome sequence of H37Rv, the predominant laboratory strain of Mycobacterium
tuberculosis, was published in 1998.2° The latest annotation indicates a length of 4,411,532
base pairs, surpassing the majority of bacterial genomes but falling short of Escherichia coli,
and has 3,906 coding genes, a significant portion of which are implicated in fatty acid
metabolism. It is highly abundant in guanine and cytosine residues, and, in ¢ t t0 most
other bacteria, there is no indication of recombination or an auxiliary genome. Approximately
10% of the genome is allocated to a specific group of glutamate- ic@’\%éins known as the

=

PE and PPE gene families, named after the amino acids pigline and glutamic acid that
comprise them. They are heterogeneous and comprise rn tandem repeats, complicating

their resolution using short-read sequencing, an Q othesised to function as surface
g q g yp

antigens that mediate contact with the host i(@system.%

N\

2.6.2 Evolutionary Origins . ’\'
The mycobacterium tuberculosis c@« (MTBC) likely originated from the evolution of an
ancestor of the environmentﬁ@cobacterium M. canetti into a specialised human pathogen,
characterised by a red@ in genome size and the loss of genetic recombination or gene
transfer capabi '.1@)6 initial divergence of the MTBC likely occurred in Africa and
subsequently-disseminated worldwide through human migration, with animal-adapted strains
of t}e\/@? being transmitted from humans, as demonstrated by comparative genomic
studies indicating gene loss from Mycobacterium tuberculosis sensu stricto to other MTBC
members.?® Genetic research indicates that MTBC likely started approximately 5,000 to
10,000 years ago, aligning with archaeological findings of mycobacterium tuberculosis DNA
27-29

and lipids in skeletal remains dating back 9,000 years.

2.6.3 Global lineages
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The contemporary MTBC consists of seven human-adapted lineages and many animal-
adapted strains. Lineages 1, 2, 3, 4, and 7 are conventionally classified as Mycobacterium
tuberculosis sensu stricto, whereas lineages 5 and 6 are identified as M. africanum. Lineages
5 and 6 are exclusive to West Africa, whereas lineage 7 is exclusive to East Africa, indicating
their particular adaptation to local host populations. Lineages 1 to 4 are scattered worldwide,
with lineages 2 and 4 being the most dominant.’® Lineage 2 is linked to elevated mutation

rates, increased virulence, and a higher prevalence of treatment resistance.?! QQ
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The MTBC consists of seven human-adapted lineages (in colour) and many lineages
adapted to various wild and domestic animals (in grey). Branches of the primary lineages
are condensed for enhanced clarity (denoted by triangles). Mycobacterium tuberculosis-
specific deletion 1 (TBDI1) signifies that all lineage 2, lineage 3, and lineage 4 strains
possess this chromosomal deletion. Correspondingly, the removal of regions of difference
7 (RD7), RD8, RD9, and RDI10 is specified under the appropriate branches. Boptstrap
confidence intervals are specified. The scale bar indicates the quantity leotide
changes per site. b) The worldwide distribution of the seven princ%@an-adapted

MTBC lineages.°

2.6.4 Genomic Changes in Drug Resistance §

M. tuberculosis cannot do horizontal gene transfer; @ drug resistance arises from
chromosomal alterations, predominantly single n cl%‘% polymorphisms (SNPs), but may
also include tiny insertions or deletions (indel , on rare occasions, massive deletions. In
high incidence settings, most novel.dr\%@stant infections arise via the transmission of
resistant strains rather than from n&@ns acquired during the infection process.*? Research
indicates that drug resistancé %Veloped in a sequence corresponding to their introduction
into clinical practice, bb@&g with streptomycin and isoniazid, followed by pyrazinamide,
injectables, eth '@ifampicin, and subsequently fluoroquinolones.®® Variants associated
with drug re@nce (RAVs) may impart resistance through alterations in the drug target site,
dmg@%g enzymes, or efflux pumps that expel antibiotics from the cell. Isoniazid serves
as a prodrug, with resistance potentially arising from SNPs or, less frequently, indels in the
activating enzyme encoded by katG, or from SNPs in the target inhA gene responsible for
mycolic acid synthesis. Although any katG loss of function might theoretically result in
isoniazid resistance, the S315T mutation is the predominant variant, as it confers resistance

while preserving enzymatic activity and reducing bacterial fitness loss.** Rifampicin
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resistance mostly arises from single nucleotide polymorphisms (SNPs) in the rifampicin
resistance determination region of the rpoB gene, which encodes the B subunit of the target
RNA polymerase. In contrast, resistance to pyrazinamide and bedaquiline may arise from
numerous distinct SNPs and indels in the pncA and Rv0678 genes, respectively. The pncA
gene encodes an activating enzyme for pyrazinamide, which, unlike katG, is not critical for
bacterial fitness. Similarly, Rv0678 encodes a negative regulator of an efflux pum&at also

seems to have no impact on bacterial fitness. OQ

2.6.5 Within-Host Diversity

i
stable mutation rate of 0.3-0.5 mutations per genome annual@ i

Contemporary epidemiological studies indicate that Mycobacter. @culosis exhibits a

%cantly slower than that
of most other bacteria, attributable to its prolonged @ation time and the purifying
selective pressure imposed by its ecological IWQa specialised human pathogen.?
Nonetheless, the comparatively slow muta%%e coupled with the absence of horizontal
gene transfer poses a challenge in recone b the extraordinary capacity of Mycobacterium
tuberculosis to develop resistance &G@\lmgs employed against it, including recent additions
like bedaquiline and delamédnfd\introduced in this decade.*® These mutation rate estimates
from between-patient mg?dinal data likely obscure the growing evidence of heightened
within-host diver: ﬁhich may be swiftly eliminated but could be enhanced when a
selection adyantage is present. The within-host genetic variety of Mycobacterium TB may
resul@rgixed infections with genetically diverse strains or from the within-host evolution
of a singular infection strain.®! Numerous reports indicate that M. tuberculosis exhibits
within-host genetic diversity at drug resistance-conferring loci during single strain infections,
and it is hypothesised that the early detection of low-frequency mutations may forecast which
patients will develop resistance and experience treatment failure.?’*® The detection of low-

frequency variations is hindered by the difficulty of distinguishing them from technological
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errors, because sequencing cultured samples may overlook the genetic diversity contained in
the original clinical sample.*® Within-host genetic diversity detected in sputum may indicate
various geographically segregated bacterial subpopulations within the lung.* !

2.7 Host- Mycobacterium Tuberculosis Interaction

The formation of tuberculosis is the consequence of interactions among the host, pathogen,
and environment. The pathogenesis and disease prognosis are contingent upon both bacterial
and host features. Certain research indicate that a specific mix of host and Myc Qermm 1B
genotypes correlates with heightened risk and disease severity.*> While dertain individuals
can combat the germs and eradicate or contain it, a portion deV e active disease.
Nevertheless, the determinants influencing the onset and adv&ﬁ of the sickness remain
inadequately comprehended.’ Q

2.7.1 Mycobacterium Tuberculosis Virulence be

Mycobacterium tuberculosis is an aerobic, aci %t, non-motile, non-encapsulated, and non-
spore-forming bacillus. The cell w.all %ses a significant lipid content, rendering it
resistant to basic dyes.’ The robust&@all hinders nutrition absorption, resulting in sluggish
development, while also safi %ing the bacterium from stress, several antibiotics, and
destruction.** Thus, its\@%l replication rate and capacity to remain in a latent state pose
difficulty in thec'r)@iagnosis and treatment of tuberculosis.” The mycobacterial cell wall
comprises %inner and an outer layer. The inner layer comprises mycolic acids,
arabi o@;gan, and peptidoglycan. The external layer consists of lipoproteins and
lipopolysaccharides, including mannose-capped lipoarabinomannan (ManLLAM), lipomannan
(LM), phthiocerol dimycocerosate, trehalose-1,6-dimycolate (TDM), sulfolipids, and
phosphatidylinositol mannosides (PIMs). A few of these molecules are soluble and function
as pathogen-associated molecular patterns (PAMPs) that interact directly with the immune

system.*
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The remarkable intracellular survival capability of Mycobacterium tuberculosis is due to its
capacity to reprogram macrophages post-infection, thereby evading elimination, initiating
granuloma formation, and allowing the bacteria to remain isolated from host immune
responses while sustaining a dormant state that is highly resistant to immune attacks and
pharmacological interventions.* In addition to several proteins and enzymes essential for
survival, mycobacterial surface lipids significantly contribute to its pathogeni&. The
depletion of surface lipids correlates with a reduction in pathogenicity.? e-capped
Lipoarabinomannan (ManLAM) and Trehalose-6,6-dimycolate (TD )Qg two highly
effective immunomodulators warranting particular attention. % , typically found

exclusively in slow-growing mycobacteria, can engage any pattern recognition
receptors (PRRs), including the mannose receptor (MR), ritic-cell-specific intracellular
adhesion molecule 3-grabbing nonintegrin ( Ofﬁ\!), and CDI14. ManLAM has
demonstrated the capacity to impede phag@ ormation and IL-12 release in dendritic
cells (DCs), as well as to suppress a.pg)&}dnd IFNy signalling in macrophages.*® It may
also engage with cells in a receptc&@%pendent manner by directly integrating into the cell
membrane, thereby recently’@mstraﬁng the ability to block T-cell signalling.*> TDM, or
the cord factor, is thé@ ominant soluble component of the cell wall in pathogenic
mycobacteria. @nvolved in the suppression of phagosome-lysosome fusion and the
developmen@granulomas.10 Recent findings indicate its interaction with a subset of pattern
reco@rbreceptors known as C-type lectin receptors (CTLRs), including macrophage
inducible C-type lectin (Mincle) and macrophage C-type lectin (MCL), which elicit
Th1/Th17 immune responses.?!

2.7.2 Host Response against Mycobacterium Tuberculosis

Mpycobacterium tuberculosis and humans are believed to have co-evolved in early human

history, potentially explaining the bacterium's effective armament against the human immune
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system's countermeasures. Mycobacterium tuberculosis can exploit both the innate and
adaptive immune responses to its advantage. The prevailing model of mycobacterium
tuberculosis infection and its management posits that the bacterium is internalised by
macrophages, where it proliferates. This results in either the death of the macrophage,
allowing the bacteria to infect healthy cells, or the activation of antigen-specific CD4+ T cell
responses that facilitate bacterial eradication or inhibit its proliferation.!! The (defining
characteristic of tuberculosis infection is the formation of granulomas, whi % caseous
aggregates of immune cells. This dynamic structure is believed to be sustained by adaptive
immunity in an effort to confine and limit the spread of the bacteri &ctivated CD4+ T
cells, along with IL-12, IFNy, and TNFa, are essential fo@ gulation of tuberculosis.
Nevertheless, numerous more host factors influence the %mination of whether an active
disease will manifest.*! The insufficient understa itb%the protective immune response in
the lungs, particularly the function of CD4+ in this response, constitutes a significant
obstacle in the pursuit of developirig >€ effective vaccine for tuberculosis control.!!
Research indicates that the BaciHU\@nette-Guérin (BCG) vaccination is more efficacious

in preventing disseminated” { %ons than lung infections in both people and murine

models.*> The strain \@Qas a deficiency in numerous virulence genes relative to
Mycobacterium@
2.7.2.1 Earl@esponse

Afte@;g transmission, alveolar macrophages (AMs) in the lung alveoli are the initial
host cell types targeted by mycobacteria. Macrophages function as the primary cellular
habitat and reservoir for bacterial survival and transmissibility. The macrophage employs
strategies to eliminate phagocytosed bacteria, including phagosome acidification following
phagosome-lysosome fusion, which activates protein and lipid degrading enzymes, as well as

the production of reactive nitrogen and oxygen species (RNS and ROS), microbial peptides,
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and hydrolytic enzymes. All these events collaborate to eradicate the bacteria by inhibiting its
metabolism and altering its DNA and cell wall. The cell may also engage in autophagy to
eliminate the germs and prevent future dissemination.** The survival of the bacterium is
contingent not only upon the host's immunological status but also significantly influenced by
the virulence of the mycobacterium tuberculosis responsible for the infection.>
Mycobacterium TB is highly proficient in inhibiting phagosome development, hence
significantly enhancing its potential for intracellular persistence.*> Infecti Q&a’veolar
macrophages induces their activation and the secretion of several cytoki es@ling TNF-o,
IL-1pB, IL-6, and IL-12. Collectively, these cytokines facilitate the r@’tgent and activation
of macrophages and neutrophils to the infection site, promoti helper Type 1 (Thl)
response, the proliferation of cytotoxic T cells (Tc), a cells, as well as granuloma
formation. The Thl response induces the synth i!ﬁNy, which is crucial for defence
against intracellular infections.*® IFNG-defici¢ntpmice exhibit a quick decline in health
following tuberculosis infection compar kontrol mice.*> Furthermore, IFNy levels have
been observed to be elevated in @duals with latent infections.* The Thl7 response,
mostly triggered by y6 T & n reaction to IL-6 and marked by the release of IL-17,
promotes leukocyte rec@% and has been demonstrated to contribute to the early stages of
Mycobacteriumd’(@ction. However, they have also been implicated in tissue damage

associated wgth tuberculosis due to excessive neutrophil infiltration.!!
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Figu}&: Innate immune response against mycobacterium tuberculosis as it is

encountered by alveolar macrophages.*

2.7.2.2 Granuloma formation
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In addition to Alveolar Macrophages (AMs), resident Dendritic Cells (DCs) also phagocytise
Mycobacterium tuberculosis and transport them to the nearby lymph nodes to activate T-cells
through MHC class II-mediated antigen presentation. Consequently, dendritic cells function
as a bridge between innate and adaptive defence, while also potentially facilitating the spread
of germs beyond the main infection site.*> Upon activation of T-cells and initiation of the
adaptive immune response, these cells migrate to the infection site in response to chemokines
produced by infected cells, predominantly influenced by macrophages and %pﬂls, a
phenomenon referred to by some authors as a 'innate granuloma.*’ Th r@ ed CD4+ T-

’%circle the infected

cells encircle the uninfected macrophages and neutrophils, which i @
cells, effectively isolating them and inhibiting their growth6$ity, and dissemination.**
Consequently, a structured dynamic formation, referred to granuloma, is established. The
granuloma is considered advantageous for the hos&% iting bacterial transmission, leading
to a latent infection state.’ ’b

2.8 Pattern Recognition Receptors SPW) ih Mycobacterium Immunity
Antigen-presenting cells, such as r@ hages, contain several pattern recognition receptors
(PRRs) on their surfaces that.fagilitate the recognition and phagocytosis of microorganisms.
The activation of the re\%?also initiates particular downstream pathways that result in the
production of ¢ 'a@and chemokines. Mycobacterium tuberculosis is identified by many
receptors, inehuding those from the Toll-like receptor (TLR) and Nucleotide Oligomerisation
Dom@D)-like receptor (NLR) families. Recently, many CTLRs have been identified
that recognise and modulate signalling in response to Mycobacterium TB.** The ligation of
various pattern recognition receptors (PRRs) elicits unique responses at different phases of
infection, hence contributing to a complex network of coordinated interactions among diverse

cells and receptors, which ultimately influences disease outcomes.*

2.9 Toll-Like Receptors (TLRs)

38



Among the pattern recognition receptors, Toll-like receptors have been thoroughly
investigated and precisely defined regarding their interaction with Mycobacterium
tuberculosis and their involvement in modulating bacterial pathogenicity. They are
transmembrane proteins expressed on the cell surface or on endocytic vesicles in immune
cells. Among the ten known members in humans, primarily TLR2, TLR4, and TLR9 are
engaged in the recognition of Mycobacterium TB ligands, including PIMs, lipoprotﬁ LAM,
LM, and the 38-kDa and 19-kDa glycoproteins.*® Signalling via TLRs is facilitated by TIR
domain-containing adaptors, including myeloid differentiation prima %ynse gene 88
(MyD88) and TIR-domain-containing adapter-inducing interferon- ﬁ), which trigger a
cascade of events resulting in NF-xB activation and the ensuing\inflammatory response.*6
TLR2 is likely the most extensively studied among TLRs@xycobacterial infections. TLR2-
/- mice exhibit heightened susceptibility to H3 Qvirulent strain of Mycobacterium
tuberculosis, characterised by an impaire% omatous response, diminished bacterial

o

clearance, and ultimately succumbirigs\' e*infection.*’” A comparable response was also
observed in TLR4 -/- mice. TLR- ,c'g\conjunction with TLR-1 and TLR-6, can activate
signalling in response to ’Q@m ligands from Mycobacterium tuberculosis.*® Double
knockout mice for TL&TLR9 exhibit increased vulnerability to aerosol infection by
Mycobacteriurr@demonstrate modified lung histology.*® In contrast, many knockout
mouse expe@nts indicate a redundant function of TLRs and show that numerous responses
dependi Mycobacterium tuberculosis do not necessitate specific TLR activation. TLR2
is essential for the post-translational regulation of TNF-a release, but it is not required for
transcriptional activation.*® No disparities in pulmonary disecases were noted in TLR2-,
TLR4-, and TLR6-deficient animals following aerosol infection with Mycobacterium TB.

There is evidence that mycobacterium tuberculosis identification may mediate cellular

responses in a MyD88-independent manner.*® Mice defective in Myeloid Differentiation
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main response gene 88 (MYDS88) exhibited comparable NF-kB activity to wild-type mice
during aerial Mycobacterium TB infection.*’ The discrepancies in the outcomes of knockout
mice experiments may be ascribed to various reasons, including the strains of mice and
bacterial pathogens employed, as well as genetic variations; nonetheless, they also imply that
the function of TLRs in mycobacterium tuberculosis infection is superfluous. Nucleotide-
binding Oligomerisation Domain-like (NOD-like) receptors are multi-doma&)attem
recognition receptors (PRRs) situated intracellularly, hence involved in t Qectlon of
intracellular infections. In humans, there are 23 identified members of ‘the,NLR family,
comprising NLRs and LRPs.* NOD-2, or CARDI5, identifies the @1 dipeptide inside
the peptidoglycan layer of bacterial cell walls, and its functi @men examined in relation
to immunity against Mycobacterium TB infection.*’ U@hgand binding, NOD-2 binds

receptor-interacting protein 2 (Rip2/RICK) throu@-CARD contacts, resulting in the
e

nuclear translocation of NF-«B through .a r of steps.* NOD-2 defective mice
demonstrated a diminished inﬂammzito %{mse to aerosol infection with Mycobacterium
TB and displayed an increased ba&&%‘l load compared to their wild-type counterparts six
months post-infection.> H&RPZS protein can identify the ESAT-6 antigen of
Mycobacterium tubercﬁ@ nd initiate the release of protective IL-1f and IL-18 through the
activation of in '@me assembly.* TDB, an analogue of the mycobacterial cord factor,
has recentlysdemonstrated the ability to activate the NLRP3 inflammasome.’® Numerous
inve%@;Qs have revealed such discrepancies in the context of TLRs in mouse research.*
In addition to increasing the complexity of mycobacterial pathogenicity, the discrepancies
suggest the possibility of receptors beyond TLRs and NOD-Like Receptors (NLRs) that may
also significantly contribute to the recognition of Mycobacterium tuberculosis and the

immune response.

2.9.1 Discovery of TLRs
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Toll-like receptors (TLRs) derive its nomenclature from their resemblance to the protein
encoded by the toll gene, which was discovered during the embryonic development and
dorsoventral polarisation of Drosophila in 1985 by Christiane Niisslein-Volhard. She
observed an unusual phenotype in mutant fly larvae and exclaimed, “Das war ja toll!”” which

"’

translates to “That was strange or weird!” in German; hence, the protein was named
“Toll.”3!2 The protein produced by the "Toll" gene functions as a receptor on ce&and is
crucial for the host's innate immunity against fungal infections in adult flies.> Q

2.9.2 Structure and characterization of TLRs (J

TLRs are type I transmembrane proteins characterised by 20-27 ¢ t@ucine-rich repeats
(LRR) that facilitate the recognition of PAMP/DAMP, alo %ansmembrane domains
and intracellular toll-interleukin 1 (IL-1) receptor (TIR) @ams essential for the activation
of downstream signalling pathways.>! The extra lb%Qdomains of TLR possess glycosyl
moieties that function as binding sites for li he precise processes governing glycan-

mediated ligand recognition remain uncledy.®’ The primary attributes that differentiate various

TLRs are ligand selectivity, signall&ﬁj\nsduction routes, and subcellular localisation.>!
\§
&
\‘,2’/Z>
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2.9.3 Members of TLR family

Ten members of the human TLR family and thirteen members of the mouse TLR family have
been found, while TLR10 is non-functional in mice.>®> TLR4 was the inaugural toll-like
receptor homolog identified in humans, demonstrating the capacity to promote the expression
of genes associated with inflammatory reactions.®® Its function was corroborated with the
identification of a single mutation in the TLR4 gene within a mouse strain that exhibited
unresponsiveness to lipopolysaccharides (LPS).® TLRs are categorically ¢ &1 into:
I. Cell membrane TLRs, which include heterodimers of TLR2 with TLKI d TLR6, as well
as TLR4, TLR5, and TLRI10, are expressed on @ cell  surface.’®
II. Intracellular TLRs or nucleic acid sensors (TLR3, TL@%, and TLRY) that are

situated in the endoplasmic reticulum (ER), endosomes, a@sosomes.53
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Figure 2.5: egbérs of TLRs family and their location.>
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2.9.4 Expression of TLRs
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The expression of TLR mRNA is remarkable as it is not confined to immune tissues such as
the spleen, thymus, tonsils, lymphatic vessels, and lymph nodes, but is instead disseminated
throughout various tissues, including peripheral blood leukocytes, heart, liver, pancreas,
colon, small intestine, lung, kidney, ovary, placenta, testis, prostate, skeletal muscle, and
brain.** They are present on all innate immune cells, including macrophages, NK cells,
dendritic cells, and circulating leukocytes such as monocytes and neutrophils, as KH as on

adaptive immunity cells like T and B lymphocytes, and on non-immuneg& such as

¢
O

Innate immunity was formerly seen as a nonspecific imm résponse. The discovery of

epithelial, endothelial cells, and fibroblasts.*

2.9.5 TLR signaling pathways

TLRs revealed the significant specificity of innate imm@ and its ability to differentiate
between self and nonself.*>° Cell surface TLRs ?@TLR% TLR4, TLR5, TLR6, and
TLR11) primarily identify microbial me constituents to elicit an inflammatory
response.’! In contrast, intracellular 'ELR*}R& TLR7, TLR8, and TLRY) primarily detect
microbial nucleic acids from ba@ or viruses, eliciting Type I IFN responses and

inflammatory reactions. The&oneous identification of self-nucleic acids may lead to
autoimmune QQ disorders.!
Ligand-mediate '@ation of TLR ectodomains, upon binding to certain ligands, leads to
the simulta\@s dimerisation of the cytosolic TIR domains of each TLR.32%? Dimerised
rece%@r}Q domains are recognised by two receptor-proximal membrane adaptor proteins:
the TIR domain-containing adapter protein (TIRAP; sometimes referred to as MAL) and the
TIRAP-inducing IFN-b (TRIF)-related adaptor molecule (TRAM).>? Peripheral membrane
proteins examine the inner leaflets of plasma and endosomal membranes via the N-terminal
phosphoinositide binding domain of TIRAP or the bipartite localisation domain of TRAM,

which comprises an N-terminal myristoylation motif and a phosphoinositide-binding motif.3*
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TIRAP and TRAM can additionally attract myeloid differentiation main response protein 88
(MyD88) and TRIF, respectively, and promote the formation of a substantial oligomeric
scaffold known as Myddosome or Triffosome.One hundred four These supramolecular
complexes comprise downstream signalling components and kinase enzymes.’* Elevated
local concentrations of signalling molecules enhance the inherently weak allosteric
connections and trigger cytosolic signal transmission.>* TLR signalling pathways can be
primarily categorised into MyD88-dependent pathways, which facilitate the ﬁon of
inflammatory cytokines, and TRIF-dependent pathways, which are reSponsible for the

induction of Type I IFN and inflammatory cytokines, based on t i ic supramolecular

complexes formed.>* Q
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2.9.6 MYD88-dependent pathway

MyD88 is the inaugural recognised member of the TLR family; it is utilised by all TLRs
except TLR3 and stimulates the NF-kB signalling pathway.”®> Upon activation by particular
ligands, MyD88 attracts IL-1 receptor-associated kinases (IRAK)—IRAK4, IRAK1, IRAK2,
and IRAK-M—which assemble into a complex with IRAK kinase family members, known as
the Myddosome.>* During Myddosome formation, IRAK4 is initially activated by I\&SS via

its N-terminal death domain, which is also present in IRAK4. Like MyD88, I@is crucial

for the activation of NF-kB and mitogen-activated protein kinases {%59

MyD88-dependent pathway.> Activated IRAK4 progressively act'v K1 and IRAK2,
™

within the

54

which then undergo autophosphorylation at many locationsQ the activation of both

kinases is essential for the vigorous activation of TLR-in F-kB and MAPK signalling,
the relative significance of IRAK1 and IRAK2 rr%Qvary between humans and mice.>
Activated IRAK1 can engage with tumour %@ actor (TNF) receptor-associated factor 6
(TRAF6), an E3 ligase that facilitat.es }o-mation of Lys63 (K63)-linked polyubiquitin,
leading to the activation of TRAF{.(%RAF@ in conjunction with E2 ubiquitin-conjugating
enzymes Ubc13 and UevlA; @%tes the formation of K63-linked polyubiquitin chains and
enhances K63-linked @quitination of TRAF6 and IRAKI. Preliminary research
indicated that @d polyubiquitination of TRAF6 and IRAKI1 could function as a
scaffold for@ activation of downstream TGFb-activated protein kinase 1 (TAK1) or 1kB
kinase ( .78 Nonetheless, clear biochemical evidence is lacking, and conflicting studies
indicate that the ubiquitination of TRAF6 may be unnecessary for the activation of
downstream protein kinases.>* Consequently, it remains to be determined whether the K63-
linked polyubiquitination of TRAF6 and IRAKI1 directly activates downstream protein

kinases or only functions as an indicator of signalling pathway activation.”® Recent

biochemical investigations demonstrated that the unconjugated K63 polyubiquitin chains
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produced by TRAF6 and Ubcl13/UevlA can directly activate TAK1 in vitro by interacting
with the newly identified zinc finger-type ubiquitin-binding domain of TAB2 and TAB3,
resulting in proximity-dependent transphosphorylation of TAK1 at Thr-187. Nonetheless, the
manner in which these free polyubiquitin chains activate downstream protein kinases in vivo
is still to be elucidated. Phosphorylated TAK1 subsequently activates the IKK complex-NF-
kB pathway and the MAPK pathway.®

The IKK complex consists of the catalytic subunits IKKa and IKKb, to with the
regulatory subunit nuclear factor-kB essential modulator (NEMO), als own as IKKg.>*
K63 polyubiquitin chains may connect TAKI to the IKK ¢ ’%, facilitating the
phosphorylation of IKKb by TAKI1 due to their spatial clos %ulting in the activation
of the IKK complex.®*! Recent findings indicate that Me@u ed ubiquitin dimers, or linear
ubiquitin dimers,%! exhibit a binding affinity to @at is 100-fold greater than that of
K63-linked ubiquitin, suggesting that linear\u@'@mation, facilitated by the linear ubiquitin
chain assembly complex (LUBAC),.pl >tole in the activation of IKK.%> The activated
IKK complex can phosphorylat&% NF-kB inhibitory protein IkBa, leading to its
proteasomal breakdown, wHi&ermits NF-kB to translocate into the nucleus and initiate
proinflammatory gene é@%on.éo

In the MAPK ﬂ@ctive TAKI1 concurrently activates the MAPK family members Jun
N-terminal kimases (JNKs) and p38 via promoting the activation of MAPK kinases 4/7
M 4@rQnd MKK3/6. IKKb catalyses the phosphorylation of pl05, leading to its
degradation by the Skp1-Cull-F-box ubiquitin ligase (SCFbTrCP) complex, resulting in the
production of p50 and the release of tumour progression locus 2 (TPL2), which activates
MKK1/2, subsequently phosphorylating and activating extracellular signal-regulated protein
kinase 1 (ERK1) and ERK2. The MAPKs subsequently phosphorylate cyclic AMP-

responsive element-binding protein (CREB) and the activator protein 1 (AP-1) transcription
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factors, which are composed of a heterodimer of c-Fos and c-Jun subunits, to modulate
inflammatory responses.® TAKI is a pivotal element in MyD88-dependent NF-kB and
MAPK signalling pathways. A prior study indicated that TAK1 is essential for the activation
of the NF-kB and MAPK signalling pathways in mouse embryonic fibroblast cells, B cells,
and T cells.!3>!13% Nevertheless, we discovered that TAK1 functions as a negative regulator in
murine neutrophils.®> Conversely, TAK] may function as a positive regulator &mman
neutrophils, indicating a cell type-specific involvement for TAKI1 in mediated
signalling.®* Recent findings indicate that Takl loss in mice mo i(%) ¢ intestinal
microbiome, which may enhance protective immunity against colitis ’<olorectal cancer.%
In the signalling pathways of TLR7, TLRS, and TLR9 in pla@% dendritic cells (pDCs),
MyD88 stimulates NF-kB signalling and engages with i@aron regulatory factors (IRF)-5
and IRF-7 to induce proinflammatory cytokines n‘@w I interferons (IFN-a and IFN-b)
responses.®>% IRF7 is mostly expressed by. g@cytoid dendritic cells (pDCs), which can
associate with the Myddosome com;.)ris' }{AK4, TRAF6, TRAF3, IRAK1, and IKKa.'*®
IRAKI1 and IKKa subsequently p@\wrylate the IRF7 protein, resulting in its separation
from the Myddosome and stibksequent dimerisation. The IRF7 homodimer translocates to the
nucleus and induces \@Qexpression.‘” According to the contract, IRF5 undergoes
phosphorylatio @b at Ser462, facilitating proinflammatory cytokine transcription, but
does not in ce IFNa production.5’

2.9.7. TRIE-dependent pathway

In macrophages and conventional dendritic cells (cDCs), the production of IFN triggered by
TLR3 or TLR4 is not reliant on MyDS88 but is instead mediated by TRIF, together with the
proteins TRAM and TRAF3.%® Upon the identification of dimerised TLR4 in endosomes,

TRAM is believed to engage with TRIF to facilitate the assembly of the hypothesised

Triffosome,** wherein TRIF interacts with TRAF6 and TRAF3. Activated TRAF6 recruits
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the kinase receptor-interacting protein 1 (RIP1), which then recruits and activates the TAK1
complex and IKK complex, resulting in the activation of NF-kB and MAPKs and the
production of inflammatory cytokines.®® A prior study indicated that TRAF6 may facilitate
the ubiquitination of RIP1.%° Nonetheless, TRAF6 has been indicated as non-essential for
TRIF-dependent TLR signalling, suggesting that other E3 ligases may be accountable for
RIP1 ubiquitination. Recently, the E3 ubiquitin ligase Pelil was discovered to enhance TRIF-
dependent TLR signalling and proinflammatory cytokine production by oting the
ubiquitination of RIP1, suggesting that Pelil may have a redundant functiomwith TRAF6.°
TRIF further facilitates the TRAF3-dependent activation of the I @a ed kinase TANK-
binding kinase 1 (TBK1). TRAF3 activates TBK1 and KK in%ﬁunction with NEMO,
facilitating the phosphorylation and dimerisation of the, interferon-inducing transcription
factor IRF3. Thereafter, the IRF3 homodimer mi rtkarom the cytoplasm to the nucleus,
where it induces the production of Type I @es and IFN-stimulated genes (ISGs).®” A
39-amino-acid pLxIS motif has rece?t%{' en’ found in TRIF (but not in MyD88), which is
subject to phosphorylation by TBK{.CH}G: phosphorylated motif can attract IRF3, resulting in
the phosphorylation and acti n of IRF3 by TBK1.%® Consequently, TLR4 utilises TRIF
rather than MyD88 to\@%te IRF3-mediated IFN production within the endosome. In
contrast to TL :@ is unable of interacting with TLR3 or modulating TLR3 signalling,
suggesting t%TLRf& may directly engage with TRIF or utilise an alternative sorting adapter
to CC\n/&IF to TLR3.

2.9.8 Function of TLRs

The primary purpose of TLRs is to identify various infections.”® Each immune system cell
possesses a distinct set of TLR that perform specialised activities in identifying
PAMP/DAMP and facilitating immune responses.’® The function of TLR in innate immunity

involves the stimulation of antibacterial activity and the synthesis of inflammatory
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cytokines.”® Upon activation by PAMPs or DAMPs, TLRs recruit adapter proteins that serve
as a platform for the recruitment of IL-1R-associated protein kinases (IRAK) 1, 2, 4, and M,
as well as TAB2 and TNF receptor-associated factor 6 (TRAF6), ultimately resulting in the
nuclear translocation of the pro-inflammatory transcription factors nuclear factor kappa-B
(NF-kB), activator protein 1 (AP-1), and interferon regulatory factor 3 (IRF3).”! Each
transcription factor governs the transcription of specific genes that encode distingt sets of
proteins, including pro-inflammatory cytokines (tumour necrosis factor %\IF-(X],
interleukin [IL]-1pB, and IL-6), type 1 interferons (IFN-o and IFN-f), %@nes (CXCLS
and CXCL10), and antimicrobial peptides.’? Q

2.9.9 Consequences of the released cytokines 0%

A major feature of TLRs activation is the secretion of p@ammatory cytokines and typel
interferon. Cytokines are short-lived, long-range %rs that act on different tissues to
mount the systemic response. Although T % playing important role in host defense,
proinflammatory cytokines such as TN - Bd IL-1B have varied effects on the host body
where they are the master contrib \for the behavioral changes during infection such as
weakness, lethargy, fatigue,’a@norexia.73 They affect the physiological processes as they
direct the metabolic p\@%s towards catabolism, preventing muscle protein synthesis,
boosting muscl %@ and inducing liver anabolism. They induce also peripheral lipolysis,
upregulate c@ovo fatty acids synthesis and hepatic triglyceride production, and promote
secra@/& LDL-cholesterol, all of which increase serum triglycerides levels.”

2.9.10 Importance of TLRs

1. TLRs serve as bridging molecules, as they are expressed on dendritic cells that connect
innate and adaptive immunity.*” TLRs identify pathogens and provide signals to antigen-
presenting cells, which eliminate germs through phagocytosis.”> The presence of a complete

set of TLRs on immature DCs facilitates their  maturation process.”
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2. Their significance arises from their capacity to identify invading pathogens, PAMPs, and
endogenous damage-associated molecules, DAMPs, to initiate self-healing and tissue repair
processes.”” The significance of TLR1, TLR2, and TLR6 is in their capacity to identify
bacterial lipoproteins and glycolipids.”” TLR7, 8, and 9 detect nucleic acids, including
bacterial and viral single-stranded RNA (ssRNA) and unmethylated CpG DNA motifs; TLR3
differentiates viral double-stranded RNA (dsRNA); TLR4 identifies fibronectin and
lipopolysaccharides (LPS); TLRS recognises bacterial flagellin; TLR11 and 1@‘[ profilin;
and the function of TLR10 remains unidentified.” (J

3. TLRs induce apoptosis in infected cells. It halts protein synthes@st icts the infection,
and downregulates the immune response in dendritic cells d@ﬁ inflammatory state of
sepsis.”’ Q

4. Toll-like receptors (TLRs) are significant ri @s in the pathogenesis of various
diseases, and the manipulation of their signallj s been proposed for disease management
and treatment.'®® For instance, TLI.U, XZ and TLR8 play crucial roles in allergen
identification and the subsequent d@men‘[ of allergic disorders such as allergic rhinitis.”?
2.9.11 Negative feedback rég{ktors of TLRs

In TLR signalling, mr@?gative regulators have been found that impede ligand-receptor
binding, degr. 'e’\‘sq; t proteins, and hinder the recruitment or transcription of
intermediates?s Soluble versions of TLRs (sTLRs) are pivotal in modulating inflammation
acros&%rgsituations. They comprise soluble variants of TLR2 and TLR4 that serve as a
feedback mechanism to limit excessive TLR activation. The sTLR4 markedly suppresses
LPS-induced TNF-a generation and NF-«kB activation.” The sTLR2 suppresses the
production of IL-8 and TNF produced by bacterial lipopeptides.”> Both membrane-bound
receptors, suppression of tumorigenicity 2L (ST2L) and single immunoglobulin interleukin-1

receptor-related protein (SIGIRR), function as membrane-associated TLR regulators. ST2L
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interacts with MyD88 and MAL, while SIGIRR associates with TLR4, IRAK4, and TRAF6.
Both block the MyD88-dependent pathway.’6-% Additional intracellular TLR regulators,
including as sMyD88, A20, and small heterodimer partner (SHP), have demonstrated a
negative regulatory effect on TLR signalling. MyD88 replaces MyD88 to antagonise the
MyD88-dependent pathway by inhibiting IRAK4 recruitment; IRAKM reduces IRAKI
phosphorylation by targeting the IRAKI-IRAK4 complex. A20 is an inducible
deubiquitinating enzyme that deubiquitinates TRAF6 to end TLR signalling.gl'g‘QP acts as
C

2.10 Toll Like Receptor 2 (TIr2) 6\

Toll-like receptors (TLRs), the mammalian counterparts of t §0phila melanogaster Toll

a regulator of NF-kB and an inhibitor of TRAF6 ubiquitination.®®

receptor identified in 1985, are highly conserved and @ominantly involved in pattern
recognition.?® TLR2, in conjunction with TLR4, 4 tﬁ%g the most extensively researched
pattern recognition receptors; unlike some eptors in this family, TLR2 is recognised
for its ability to create diverse hetero.di e x&th TLR1, TLR4, TLR6, and TLR10.3” Recent
studies indicate that TLR2 may bf;&ﬁg\nost adaptable Toll-like receptor, as it recognises a

wide array of ligands from &rse pathogen sources and interacts with numerous other

receptors.®® QQ
TLR2/1 hetero{rr;@ytect triacylated lipopeptides (LPs) from Gram-negative bacteria or

mycoplasma@ch as lipoarabinomannans and lipomannans, while TLR2/TLR6 heterodimers
iden%@;glated LPs, including lipoteichoic acid (LTA) from Gram-positive bacteria and
mycoplasma.®®%® Depending on the ligand, low-endotoxic atypical LPS can facilitate
TLR2/TLR4 heterodimerization, while the TLR2/TLR10 heterodimer has been identified as
involved in the identification of Helicobacter pylori LPS.Additional coreceptors, such as
clusters of differentiation 14 (CD14), have been identified that facilitate the physical

closeness of CD14 with TLR2 and TLR1 by binding lipoproteins to initiate signalling.®® The

54



mRNA expression of TLR2, unlike TLR1, TLR4, and TLR6, was significantly elevated in
alveolar macrophages following extended LPS exposure (24 hours).”® In addition to
heterodimerization, there is some evidence suggesting the occurrence of TLR2
homodimerization; nonetheless, this remains a subject of controversy.®® Frequently utilised
TLR2 ligands for in vitro and in vivo investigations include synthetic di- and triacylated
lipoproteins such as Pam2CSK4, Pam3CSK4, derived from Escherichia coli, and FSL-1,
which exemplifies a pathogen-associated molecular pattern of lipoprotein % from
Mycoplasma fermentans or Mycoplasma salivarium.”® Additionally, en%ynous ligands
recognised as danger signals for TLR2 have been found, includt shock proteins,
human B-defensin-3, high mobility group box 1 protei (ﬁBl), and hyaluronan
fragments.”! Amyloid-p (AB) and a-synuclein (aSyn) a @ﬁonal ligands of TLR2 that
significantly contribute to neurodegenerative dise etg%)nsequently, alongside PAMPs, the
endogenous activation of TLR2 by host-deriv ger signals is a significant contributor to
the pathophysiology of inﬂammation.an éiated illnesses.

Ligand-induced dimerisation initia&@LR2 signal transduction. Dimerisation positions the
TIR domains of the cytopla’s@%ails in close proximity, facilitating signalling by adaptor
molecules containing \@ domains.®® TLR2 predominantly depends on the myeloid
differentiation faq (MyD88) and the Toll-interleukin-1 receptor domain-containing

>

adaptor pro@

domain actions that facilitate intracellular signalling sequentially. The recruitment of

RAP) for signalling.”! The MyD88-dependent pathway entails death-

MyD88 is indirect and facilitated by TIRAP.°> MyD88 activates and then induces the
phosphorylation of interleukin-1 receptor-associated kinase 4 (IRAK4), IRAK1, and IRAK2
in succession.”? The IRAK complex interacts with tumour necrosis factor (TNF) receptor-
associated factor 6 (TRAF6), which experiences K63-linked autoubiquitination and

subsequently ubiquitinates nuclear factor kappa B (NF«B) essential modulator (NEMO). The
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assembly of transforming growth factor-f-activated kinase-1 (TAK1), TAK1-binding protein
2 (TAB2), and TAB3 is subsequently activated. Subsequently, TAKI phosphorylates
IkappaB kinase alpha (IKKa) and IKKf, which in turn phosphorylate IxB, marking it for
degradation. This process ultimately facilitates the production of pro-inflammatory cytokines
through NF-«B and activating protein-1 (AP-1), as well as the activation of mitogen-activated
protein kinase (MAPK), thereby modulating cell proliferation and survival.2>* The
connection between TIRAP and IRAK1 and IRAK4 can induce the degrad 'Qf IRAP
after its phosphorylation and ubiquitination, hence inhibiting TLR2 sig%@
O
Q
O

56



TLR2

Di/triacylated LPs
Pam2/3CSK4
v
(N_F-iBﬂplmS NF-kB complex |—>
p50) p65/c-Rel
Cwe g > @pssicRe) — / /' SMOOIOR
e (pS0po5/c-Rel)
Activation of
immune
@@mo response genes
W~ "o
SR
Degraded IkB

Figure 2.7. TLR2 MyD88-dependent signalling cascade.



Dimerisation is initiated by ligand binding (diacylated lipopeptides (LPs) or triacylated LPs,
and synthetic Pam2CSK4 or Pam3CSK4), resulting in a signalling cascade that commences
with Toll-interleukin-1 receptor domain-containing adaptor protein (TIRAP) binding to
TLR2, subsequently leading to the recruitment of MyD88. After the activation of interleukin-
1 receptor-associated kinase (IRAK) 4, IRAK1, and IRAK2, TNF receptor-associated factor
6 (TRAF6) experiences K63-linked autoubiquitination and subsequently ubiquitina&uclear
factor kappa B (NF-«B) essential modulator (NEMO). The complex comprisi sforming
growth factor-B-activated kinase 1 (TAK1), TAK1-binding protein 2 g{A@’and TAB3 is
subsequently activated to phosphorylate IkappaB kinase alpha (IKnd IKKp, which in
turn phosphorylate IkB, tagging it for degradation and L % the NF-kB complex
(composed of p50 and p65/c-Rel). This ultimately re@ in the activation of immune
response genes, including the synthesis of cﬁa%mmatory cytokines through the
transcription factor NF-kB. Derived from "NF; ignalling pathway" .

2.10.1 Dimerization and Additional.Cgéptors of TLR2

2.10.1.1 Homodimerization \C)\

Numerous papers in recent @rs have referenced the existence of TLR2 homodimers;
nonetheless, the role of\thi§ iomodimer remains contentious.®** In vitro investigations, like
those by de G b@., indicate that TLR2 operates as a homodimer, although it may
necessitate (%eceptors to attain an active state. Specifically, they demonstrated that TLR2
sign@rgls diminished in the TLRI1- and TLR6-deficient reporter systems, however
remained detectable in response to Mycoplasma pneumoniae and Streptococcus
pneumoniae.”* In a separate study, another research team determined that LTA-activated
TLR2 through the TLR2 homodimer is probably less effective than LPs activating the TLR2
heterodimer, which is restricted to the induction of IRAK-M.?° It has been discovered that

diprovocim-1 as an efficacious inducer for the production of TLR2/TLR1 heterodimers and
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TLR2 homodimers in vitro.®® Contradictory findings indicate that the proline-proline-
glutamic acid 18 (PPE18) protein of Mycobacterium TB promotes TLR2 homodimerization,
hence initiating anti-inflammatory responses that enhance the activation of mammalian p38
MAPK.” Additionally, a CRISPR/Cas9-mediated knockout of endogenous TLR6 in JE6-1
TLR2/6 reporter cells has recently demonstrated the expression of TLR2 homodimers on the
cell surface. Nonetheless, these reporter cells exhibited no response to any of the Jbacterial
TLR2 agonists evaluated, nor were they detectable following diprovoci nduction.
Reporter cell activation transpired exclusively in cells harbouring TL 2@ erodimers.%¢
The latest findings indicate that the functionality of a TLR2 ho@&r is significantly
reliant on undiscovered ligands and co-receptors. Innovativ, ﬁlologies and strategies
may clarify the putative functions of the TLR2 homo@r to resolve these unresolved
enquiries. 6’6Q

2.10.1.2 TLR2 Heterodimers >

The capacity of TLR2 to dimerise v.vit } and various TLRs significantly broadens the
range of identifiable diseases. Ozi{gy\et al. were among the pioneers in identifying that
TLR2 necessitates heterodih@qaﬁon with either TLR1 or TLR6 to trigger appropriate
cellular activation an@&)-inﬂammatory response.”® Structural investigations of the
heterodimers h ’c@aorated the significance of ligand binding in stabilising TLR2/1 and
TLR2/6 dimerisation for subsequent signalling.”> Nevertheless, given that the
hete%@ation of TLR2 with TLR1 or TLR6 has been well examined, we will
concentrate on discoveries regarding alternative TLR2 heterodimerizations. Evidence is
mounting that TLR10 can form functional heterodimers with TLR2.%% This is credible as
TLR10, in mammals, belongs to the TLR1 subfamily and possesses several paralogous genes

in common with TLR1, TLR2, and TLR6.%>%° A study evaluated the capacity of the TLR2/10

heterodimer to trigger downstream signalling by analysing mRNA expression levels of pro-
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inflammatory cytokines following exposure to Helicobacter pylori or LPS, revealing a
notable upregulation of interleukin-1p (IL-1pB) in TLR2/10-transfected HEK293 cells.”® In a
separate investigation, TLR10 was suppressed in the human colon adenocarcinoma cell line
HT-29 and in monocytic THP-1 cells, resulting in enhanced vitality of Listeria
monocytogenes. The researchers identified that the TLR2/TLR10 heterodimer was
responsible for the activation of NF-kB.?® NC1-N87 gastric cells cultured with Helicobacter
pylori, concluding that the TLR2/TLR10 heterodimer enhances NF-xB @on more

significantly than other TLR2 heterodimers.?” A recent research report demonstrated that

TLR10 modulates TLR2-induced cytokine production in s derived from
%

Parkinson’s disease patients.’® Nonetheless, the precise ligan unction of the TLR2/10
heterodimer remain inadequately defined. A 2014 pap icated that the hemoglobin-
induced TLR2/4 heterodimer facilitates inflammato mage in intracerebral haemorrhage

in both in vivo and in vitro models.® An 1%@5 udy show that in HEK293 cells, matrix
metalloproteinase 2 (MMP2) interaczs &b th TLR2 and TLR4 for signalling, indicating
the potential formation of a heter&&}ér between TLR2 and TLR4, which may initiate a
MyD88-dependent signallingﬁ%ade.97 A study further validated the presence of functional
TLR2/4 heterodimers monstrating that low-endotoxic atypical LPS derived from
Ochrobactrum 'ﬁ‘@ﬁium serves as a potent agonist for TLR2/TLR4, a finding
corroborate%hrough molecular docking analysis and fluorescence resonance energy
trans% netheless, the intricate mechanism of these diverse TLR2 heterodimers remains

uncertain, necessitating further research and particular ligands to validate these findings.
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2.10.2 Other Co-Receptors Supporting TLR2

Accessory receptors, which serve as additional co-receptors, are frequently necessary to
enhance TLR2 ligand delivery, pattern recognition, and several other activities.!87193232
Notable adaptors comprise CD14 and CD36, glycoproteins mostly expressed on monocytes
and macrophages that facilitate TLR2-dependent inflammation.”® Immunoprecipitation and
sugar inhibition tests demonstrated that the physical contact between ArtinM, a TLR2 agonist,
and TLR2 as well as CD14 is essential for the activation of M1 macrophages Qin BA
further study indicated that the administration of anti-CD36 to LPS-incubated human

microglia modulated inflammatory cytokine levels in the brains of a mice, leading to a
notable reduction in TLR2 expression, although TLR4 ex6$memained unchanged.”’
Alongside CD14 and CD36, the hyaluronan receptor Cwas considerably increased in
THP-1 wild-type cells compared to TLR2 knocko @s determined by quantitative mass
spectrometry.”® Several publications in re rs have revealed an interaction between
TLR2 and CD44.°7°% A notable case%'ﬂx TLR2 co-receptors comprises heterodimeric
integrin receptors, which are essen&ﬁ'&br promoting cell—cell and cell-extracellular matrix
adhesion during inﬂarnrnatof;?&cesses.99 They consist of an a and a B subunit, enabling the
recognition of many lig@ ertinent to cell adhesion and migration.”® Multiple study papers
indicate that ‘B@ﬁ B3 directly or indirectly engage with TLR2 to activate signalling
pathways that\result in cytokine production.”® A 2019 in vitro study revealed that a-1-acid
glyc%@ enhanced TLR2-dependent P2-integrin-mediated neutrophil adhesion.”
Conversely, it has been demonstrated that Pam3CSK4 elevated a3f1 integrin levels, an effect
that was suppressed by TLR2 silencing. Paracoccidioides brasiliensis infection resulted in
elevated TLR2 levels, while concurrently, a381 integrin levels were downregulated in human

lung epithelial cells.” These findings reiterate that TLR2 regulation is contingent upon the

ligand and cell type.

61



[T 1

o T M e

[T I

[T | T T T HNH

A\
Figure 2.8: TLR2 homo- and hetéjﬁ’\ﬁrs and additional co-receptors. Upon ligand

binding, dimerization is iniﬁ@\)ten requiring additional co-receptors such as cluster
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O
&

2.10.3 Optogenetics, an Innovative Approach to Study TLR Dimerization and Signaling
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Traditional methods for identifying and characterising dimerisation and signalling pathways,
such as pharmacological manipulation, ligand exposure, knockout models, or biochemical
assays, may not necessarily be the most suitable approach. Models utilising TLR2 knock-outs
underscore the significance of TLR2, although they fail to elucidate the intricate signalling
mechanisms or connections with other coreceptors. Nonetheless, novel experimental methods,
including optogenetics, are being developed that do not depend on ligand binding &:tivate
cellular receptors. Optogenetics was initially presented by Deisseroth i 6 within
neuroscience, employing light-sensitive ion channels to remotely regu at@on potentials
and, consequently, neural networks.” This biotechnological approac 'Kg@netic engineering
to merge an effector protein with a light-sensitive protein ﬁerived from microbial,
fungal, or plant photoreceptors, enabling precise regulati@ specific cell activities through

light.'% In recent years, various optically controll%@)rs, including as G protein-coupled

receptors (GPCRs) and receptor tyrosine ki Ks), have been designed to facilitate the
activation and inactivation of signallirg&%vays.100 A study employed the light-oxygen—
voltage (LOV) sensor domain to,&ﬁg\itate receptor tyrosine kinase (RTK) dimerisation
through light activation.!'% L‘(&ofnains in several eukaryotic and prokaryotic proteins bind
a flavin chromophore \696 as blue light sensors. To employ these LOV domains for
optogenetic ap 'c’ﬁq% they were extracted from various organisms, including Arabidopsis
thaliana and@amydomonas reinhardtii.”® Our research group has developed light-inducible
TLR%@;QM models utilising human pancreatic cancer and endothelial cell lines.!! The
LOV domain, extracted from the yellow-green alga Vaucheria frigida aureochrome 1, was
fused at the C-terminus to the whole TLR4 protein. This advanced technology facilitates
accurate on/off switching with temporal and spatial regulation, potentially providing valuable

insights into TLR2 homodimerization and signalling.

2.10.4 TLR2 Mediates Both Pro- and Anti-Inflammatory Responses
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Activation of TLR2 can elicit both pro-inflammatory and anti-inflammatory responses, which
are significantly influenced by the specific cell type, cellular compartment, ligand, and co-
receptors involved. This section will highlight new results that demonstrate the various and
complex impacts of TLR2 activation. The established heterodimerization of TLR2 with
TLR1 or TLR6 induces a conventional pro-inflammatory response across various cell types,
although the anti-inflammatory response, functioning as an immune regulator, appears to be
more diverse. A investigation shown that the elevated quantity and blockwise@ bution of
certain methyl esters of pectins were accountable for a TLR2/1-dependent antizinflammatory
impact.!’! The flavonoid baicalin, derived from Scutellaria baical ’georgi, suppressed
inflammation in rats with chronic obstructive pul §disease through the
TLR2/MyD88/NF«B pathway.!®? The anti-inflammato haracteristics of TLR2 were
demonstrated in response to polysaccharide A (P )‘@Bacteroides fragilis in B cells and
T cells, leading to the generation of IL-10.a erferon-y (IFN-y).M2 macrophages from
healthy individuals or rheumatoid al;thr't >‘tients exhibited diminished anti-inflammatory
activity in the presence of elevated\ﬁa& levels. Soluble TLR2 (sTLR2), produced through
proteolytic cleavage of the 1L®transmembrane protein, referred to as ectodomain shedding,
has been proposed as a@%ﬂ biomarker for infections and systemic inflammation.!?>!% In
this regard, it h '@emonstrated that macrophages release soluble and full-length TLR2
under anti-ipflammatory settings, suggesting that vesicle-bound full-length TLR2 possesses
deco@y@s that may contribute to immune suppression.®®

While pattern recognition is the predominant function of TLR2, it is not its exclusive
biological role. Our previous research shown that TLR2 significantly contributes to the
adhesion and migration of monocytes.'” We conducted multiple functional cell-based

experiments utilising wild-type, TLR2 knockout, and TLR2 knock-in THP-1 cells. Our

findings indicate that TLR2 facilitates a more rapid and robust adherence of monocytes to the
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endothelium, as well as a more significant breach of the endothelial barrier following
endothelial activation. Previous studies have demonstrated the significance of ligand-
activated TLR2 in cell adhesion and migration; however, we highlighted that the activation of
endothelial cells is adequate to elicit a unique function of TLR2 expressed on monocytes.'%
Numerous studies have established the role of TLR2 in coagulation, leading to enhanced
monocyte adhesion, elevation of tissue factor, increased extrinsic pathway coagulatk&active
platelet recruitment, and the development of platelet-monocyte aggregates 2 Notably,
TLR2 was identified in early endosomes, late endosomes/lysosomes, Qll-positive

’ghc reticulum of

compartments, but absent in the Golgi apparatus and

monocytes.Recent studies indicate that IL-10 release in resp, isteria monocytogenes
infection, both in vitro and in vivo (mouse model), is m pminantly TLR2 reliant, while

immunological suppression by phagosome- conﬁg cteria in vivo primarily relies on

106

endosomal TLRs.
°

Table 1. TLR2-dependent pro- and anti-inflammatory responses.
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TLR Dimer Ligand Cytokines/Chemokines
TLR2/1 Triacyl LPs IL-6, IL-8, TNF-a,
Pam3CSK4 IL-1a, IL-1p, IL-12,
IL-13, IFN-a, IFN- B
TLR2/6 Diacyl LPs IL-6, IL-8, IL-12,
Pam2CSK4 TNF-a, IFN-0, IFN&
FSL-1 CXCL-10 Q
O
TLR2/? Listeria monocytogenes IL-10 \J
a-«‘
TLR2/? Bacteroides fragilis PSA IL IBN-y
TLR2/? LPS (jl\hi CXCL10, IL10
N
TLR2/4 Hemoglobin, atypical \) IL-12, IL-6, TNF-o,
LPS &Q
Y o
TLR2/10 TNF- a, IL-1pB

Helicobact@@‘

2.10.5 The Role of TLR2 in Infectious and Neurodegenerative Diseases
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TLR2 and its signalling pathways have been associated with numerous inflammatory
illnesses, including rheumatoid arthritis, inflammatory bowel disease, asthma, and multiple
sclerosis.!?” This discussion will focus on sepsis and COVID-19, both of which can result in
chronic inflammation and neuroinflammation, potentially contributing to neurodegenerative
illnesses such as Alzheimer’s disease (AD) and Parkinson’s disease (PD).

2.10.5.1 Sepsis *

Sepsis is characterised as a systemic dysregulated immune response to an ian s reaction

2<108

illness injures the body's tissues and organs, ultimately resulting 'nn failure and death,

induced by pathogens, such as bacteria, viruses, fungi, and parasit is perilous
with fatality rates ranging from 20% to 70% if untreated.!% Rrogress in medical healthcare
has enabled the majority of patients to endure the early \@inﬂammatory period of sepsis.
However, the shift to the subsequent immunosu rtﬁ% phase remains crucial, as 30% of
patients succumb to secondary infections.'?] y, TLR2 and TLR4, present on immune
cells including monocytes, endotheli.al e hnd platelets, have garnered interest regarding
human sepsis.'” Due to TLR2's fu@ntal involvement in acute and chronic inflammation,
it must be meticulously reg %to prevent an aberrant host response. Failure of this
regulation can precipita\@s through infections that activate platelets, which subsequently
engage with en 't@nd immune cells, resulting in the rupture of the endothelium barrier,
fluid extrav%on, and eventually, tissue destruction and organ failure.!'® Another scenario
illus%& activation of the endothelium by pathogens, leading to the secretion of
chemokines and cytokines (cytokine storm) that initiate the recruitment of platelets and
immune cells, ultimately resulting in a hyperinflammatory response that induces apoptosis,
disrupts the endothelial barrier, causes fluid leakage, and exacerbates tissue damage.''
Research indicates that Streptococcus pneumoniae triggers platelet activation through TLR2,

and its suppression entirely prevents platelet aggregation, suggesting TLR2's role in the
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thrombotic problems associated with sepsis.!'! A separate research group examined 59
patients with Staphylococcus aureus bacteremia and discovered that TLR2 downregulation,
together with elevated IL-6 and IL-10 levels, suggestive of immunological dysregulation in
the early stages of bacteremia, may correlate with mortality.!” Moreover, A study
demonstrated that TLR2 is significantly increased during the immunosuppressive phase of
systemic inflammatory response syndrome (SIRS) and in patients with sepsis.®® In
accordance with prior studies, the experimental model of polymicrobial se Qaused by
cecal ligation and puncture demonstrated elevated TLR2 levels in the ki nQy intestine in

U2

ed caspase-3 activation in

one group.!!" In the identical sepsis animal paradigm, another group récently shown that
group p p g g Yy

TLR2-deficient mice have diminished levels of IL-10 and dgetea
the spleen.'!? Collectively, our data highlight the com;@involvement of TLR2 in both
hyperinflammation and sepsis-induced immunosu %

2.10.5.2 COVID-19 >

Severe acute respiratory syndrom.e 0 ﬁ’virus 2 (SARS-CoV-2), which has posed
significant challenges to human h{%‘\ and public safety in recent years, belongs to the
Coronaviridae family of B-cb@wmses, characterised as positive-stranded, enveloped RNA
viruses.!!® Clinical cha\@r?stics encompass an elevation in inflammatory monocytes and
neutrophils, alo&@vigorous inflammatory environment characterised by cytokines such
as IL-1B, 116 and TNF-a.!'3 Cytokines are integral to innate immunity and crucial for
pathq&/ arance; nevertheless, their unregulated release can induce hyperinflammation,

resulting in cellular apoptosis and tissue injury.!'4

thousand two hundred ninety-six Zheng et
al. established that TLR2 can identify the SARS-CoV-2 envelope (E) protein and is essential
for the production of inflammatory cytokines during B-coronavirus infection.!'® Furthermore,

it was discovered that the SARS-CoV-2 E protein can elicit TLR2-dependent inflammation in

the pulmonary tissues of mice.!'!® In accordance with this, an additional study shown that the
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interaction between E protein and TLR2 results in the subsequent activation of the
transcription factor NF-kB, which promotes the synthesis of IL-8.!'> It has been suggested
that prophylactic intranasal delivery of a TLR2/6 agonist diminishes SARS-CoV-2
transmission and offers protection against Covid-19. Sepsis and COVID-19 patients exhibit
numerous pathophysiological and clinical characteristics, including thrombocytopenia,
coagulopathy, vascular microthrombosis, elevated cytokine levels, septic shock, multiorgan
failure syndrome, fever, leukopenia, hypotension, and leukocytosis.''* T Qervations
underscore the significance of timing reliance regarding TLR2, which m@sult in either

2.10.5.3 Neuroinflammation Q s

protective or detrimental effects.

TLR2 is expressed on many immune cells as well as on na and glial cells in the central,
peripheral, and enteric nervous systems, allowi %% to function as immune cells.!!
Numerous recent papers indicate that T ’@ays a crucial role in neurological and
neurodegenerative illnesses by affe(.:ti Xan cells and plasticity. Neuroinflammation is
defined by the activation and proliﬁx@n of microglia and astrocytes, together with elevated
concentrations of pro-inflani ry cytokines, chemokines, and cytotoxic substances.!!”!18
This ultimately results\@?e permeabilization of the blood-brain barrier, infiltration of
peripheral im '@, and neuronal cell death.!'® While neuroinflammation serves as a
crucial mec@sm for safeguarding the central nervous system, a sustained inflammatory
respQns erred to as chronic inflammation, may result in neuronal damage and death,
increasing susceptibility to neurodegenerative disorders such as Alzheimer's disease or

Parkinson's disease.'!?

2.10.5.4 Alzheimer’s Disease
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Alzheimer's disease (AD), the most common neurodegenerative disorder among the elderly,
is pathologically defined by the aggregation of AP plaques, hyperphosphorylated tau in
neurofibrillary tangles, and resultant increased neuroinflammation.'”® Given that
inflammation substantially influences the aetiology of Alzheimer's disease (AD), various
inflammatory mediators have been suggested as potential indicators for AD, including IL-1p,
TNF-a, NF-xB, and TLR2.Three hundred twelve A substantial body of evidenc&iicates
that inflammation can induce AP or tau accumulation, thereby -eliciting.inflammatory
responses that perpetuate a cycle of neuroinflammation and disease.'? Microglia, the primary
cellular element of the brain's innate immune system, exhibit e levels of TLR2,
rendering them a significant target in the onset, adva nﬁ and maintenance of
Alzheimer’s disease.'?! TLR2, in conjunction with C@and TLR4, is crucial for the
activation of microglia triggered by fibrillar AB IZ%Qudy demonstrated that selectively
inhibiting the TLR2-MyD88 connection %%'ated Alzheimer's disease pathogenesis,
encompassing hippocampus glial aftiV 'o}and diminished AP accumulation.!?® In the

context of TLR2, a delicate distil@ exists between acute, protective inflammation and

chronic, neurotoxic inflamimtation, necessitating the identification of an appropriate

framework for therapeu\é%egies.
2.10.5.5 Parkir@;@ease (PD)

Parkinson's @ase is the most prevalent type of a-synucleinopathy and the second most
freql@ rodegenerative disorder.'?? The clinical characteristic of Parkinson's disease is
Lewy bodies, which are proteinaceous inclusions primarily composed of misfolded and
aggregated a-synuclein.'?! Analogous to Alzheimer's Disease, the dissemination and
mechanism of aSyn misfolding remain ambiguous; nonetheless, in vivo methodologies along
with diverse in vitro investigations have yielded compelling evidence that environmental and

genetic variables, along with inflammation, are significant contributors.'?* TLR2 recognises
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alarmins, including aSyn, produced from injured neuronal cells, prompting cytokine
production and the recruitment of other immune cells, such as T cells and B cells, to initiate
an adaptive immune response.'?* TLR2 is proposed to be elevated in the aetiology of
synucleinopathies in the brains of Parkinson's disease patients, indicating that TLR2 mediates
both pro-inflammatory and neurotoxic effects of extracellular a-synuclein aggregates. Kim et
al. demonstrated that inhibiting TLR2 decreased aSyn accumulation in neurgnal and
astroglial cells, as well as neuroinflammation, neurodegeneration, and functio %airments
in a Parkinson's disease mice model.'>* In accordance with prior researchy cwrrent findings
indicate that neuronal TLR2 activation abruptly disrupts the lysoso ’g@phagy system and
exacerbates aSyn pathology induced by a-Syn produced ilS\in human cell cultures.
Moreover, the ablation of TLR2 in a human neurob@ma cell line, along with the
application of the small molecule TLR2 inhibitor 0-321) in induced pluripotent stem
cell-derived neurones from a Parkinson's di%gb lent, has shown that aSyn pathology can
be mitigated.'** A recent study indic.ate \aPtargeted suppression of the TLR2 interaction
region of MyD88 and the NEMO t@g\@ domain can impede aSyn propagation both in vitro

and in vivo.'?? Collectively, ?Qk%e studies suggest TLR2's involvement in the pathogenesis

of PD; nevertheless, thé@% mechanism by which TLR2 influences aSyn pathophysiology

remains ambigltﬁi\%\
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Figure 2.9: Concise summary of TLR2's role in many pertinent inflammatory disorders.

Sepsis. Immune regulation failure can induce

a hyperinflammatory state characterised by

increased cytokine production (cytokine storm), which may trigger sepsis through TLR2

activation. This process further stimulates platelets and other immune cells, resulting in

interactions with endothelial cells that cause endothelial barrier disruption, cellular apoptosis,
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and subsequent tissue and organ damage. Furthermore, TLR2 has been demonstrated to be
upregulated during the immunosuppressive phase of sepsis, potentially resulting in
multiorgan failure. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). TLR2
can identify the SARS-CoV-2 envelope (E) protein, resulting in an elevation of inflammatory
monocytes and neutrophils, which triggers a hyperinflammatory response that may result in
cellular death and tissue injury. Parkinson's disease (PD) and Alzheimer's disease (AD).
TLR2 can identify a-synuclein (aSyn), amyloid-f (AP) plaques, and tau induces
neuroinflammation marked by reactive astrocytes and activated microglia, which then elevate
TLR2 levels, resulting in a feedback loop of neuronal cell death, o@&Z overexpression,
and neuroinflammation.'?* 0%

2.10.6 Future Perspectives Q

In the past two decades, a significant revelation i @ne has been the association of the
immune system and consequent inflamma esses with not just a limited number of
specific diseases but also a wide arr.az\'kntal and physical health disorders.'?> Chronic
inflammatory disorders are increasi glg\ecognised as the primary cause of mortality globally,
accounting for almost SO%Qkal deaths attributable to inflammation-related diseases,
including stroke, c&@, ischaemic heart disease, autoimmune diseases, and
neurodegenerati 'e’\ﬁi,%egses.m TLR2 is a pivotal component in inflammation-mediated
processes a@s among the most thoroughly examined pattern recognition receptors.'?¢ A
sign% mber of in vitro and in vivo investigations have been performed to thoroughly
clarify the function of this protein. Among all identified TLRs, TLR2 is distinctive due to its
ability to heterodimerise with various TLRs, hence expanding the ligand spectrum and
demonstrating both pro- and anti-inflammatory properties®**° Evidence has accumulated
indicating that TLR2 signalling is activated by SARS-CoV-2, resulting in significant pro-

inflammatory cytokine expression that may exacerbate severe COVID-19. Additionally,

73



TLR2 has been recognised as a crucial mediator of neuroinflammation, which is significantly
pertinent to the pathogenesis of neurodegenerative disorders.'?’” Notwithstanding these
advancements, significant gaps remain in our understanding of TLR2 processes in both health
and illness. We have merely begun to explore the mechanistic connection between TLRs and
neurodegenerative disorders, for instance. Additional investigations, particularly utilising
patient-derived samples, are essential to better evaluate the complexity. Moreover, ﬂ&s must
be made on in silico approaches, which offer valuable tools for both d Qsign and
discovery methodologies, as well as for cellular models of diverse illnesses.@ 1S imperative
to address these deficiencies to formulate therapeutic solutions ammation-related
diseases, particularly neurodegenerative disorders, which will-increasingly burden society as

the population ages. Recent findings emphasise tha rological illnesses present a

é@we. 127

(&

significant challenge to the sustainability of glob
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& Chapter Three
’bé' Material and Methods

3.1 g&ite

This study was conducted in three (3) TB treatment centres (DOTs) in Abeokuta, Ogun State
(FMC Abeokuta, State Hospital Ijaiye, Abeokuta and Sacred Heart Catholic Hospital,
Lantoro, Abeokuta

Abeokuta is the largest city and capital of Ogun state in South-West Nigeria. It is situated on

the East bank of River Ogun, near a group of rocky outcrops in a wooded savannah; 48 miles
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[77km] North of Lagos by railway, or 81 miles [130km] by water. Abeokuta produces timber,
rubber, yams, rice, cassava, maize, cotton, and Shea butter which are chief articles of trade. In
addition, it is a principal player in the exportation of cocoa, palm, and associated products,
kola nuts, and fruits. Prominent disease outbreaks in this area include malaria,

schistosomiasis and other soil-transmitted helminths, HIV/AIDS, leprosy, diabetes,

tuberculosis, and cholera. *

3.2 Study participants
This comprised of males and females consenting participants diagi@; pulmonary
e

tuberculosis and accessing treatments at the DOTS clinics in F;?(@
o

as negative controls.

kuta, Ogun state.

Participants that are negative for pulmonary tuberculosis were@

3.3 Sample size Q

The sample size (N) was determined using sarrga determination formula for health

studies. The prevalence of TB in Ogun state js %
N\

N = Z’P (1-P) 1 10% attrition rate

<\§§%\5

2
= sample s
V4 = t’n@e level at 95% (standard value of 1.96)

P = Bstlmated prevalence of TB in Ogun state is 8.0% (0.08)

D
N =1.962X 0.08 (1-0.08)

Z
|

margin of error at 5% (standard value = 0.05)

0.052

3.8416 X 0.08(0.92)

0.0025
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N=113
Note: Population of TB positive patients in Ogun State is 300.

Using the Finite population correction formula

Nadj = n
1+ (-1)
N
Nagj = 113 Q\

1+ (13- 1) | (,Q
300 O&

Nadjusted = 113 . Q

300 6
Nadjusted = 113 . @fb

1+ 0.3733
Nadjusted = 113 . &é\\%

1.3733 N
Q
Nadjusted = 82.27 Q

Rounding up t '@sd sample size would be approximately 83. Therefore the adjusted

sample size @he population of 300 was 83.

A to@% participants were recruited for the present study comprising of 83 TB positive
participants and 47 TB negative healthy individuals forming the control group.

3.4 Study Design

This was a cross-sectional prospective quantitative study.

Sampling technique
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The sampling technique that was adopted for the purpose of this research was the purposive
sampling technique which was used to select 130 participants.

3.5 Sample Collection and Transportation

One spot sputum sample was collected in a labelled standard sterile screw-capped leak proof
sputum container with specific clinic identification and study numbers according to the
National TB program guidelines. Sputum smear microscopy was performed at the study sites,
and AFB smear-positive and negative participants was identified. Five millili Q(SmL) of
venous blood was obtained from the anterior cubital vein of qualified a@ using sterile
venipuncture procedure using Sml disposable, sterile syringe. T was collected in
ethylene diamine tetra acetic acid anticoagulated sample bot‘v@r enomic analysis and was

stored between -20°C to -80°C until required for analyse@e samples were labelled P with

corresponding number (P1, P2, P3 ...... P83) fo s@s from TB positive participants .
Also the samples were labelled N with corre ing number (N1, N2, N3 ...... N47) for

samples from TB negative participants, Q

3.6.1: Deter@atlon of TB status by microscopy

Dete%@ n of TB status by microscopy was done employing Ziehl Neelsen’s Staining.
3.6.1.1 Principle: Ordinary aniline dye solutions do not readily penetrate the substance of the
tubercle bacilli and therefore it is not suitable for staining. By the use of powerful staining
solution that contains phenol and with the application of heat, which act as a mordant, it can
be made to penetrate the bacillus. Once stained the tubercle bacillus will withstand the action

of powerful decolorizing agents, thus retains the stain.?
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3.6.1.2 Requirements: Strong carbol fuchsin, 20% H2SO4, 95% alcohol or acid alcohol,
methylene blue solution, distilled water, spirit lamp, compound microscope and cedarwood
oil/liquid paraffin.

3.6.1.3 Composition of strong carbol fuchsin: Basic fuchsin - 10 g Absolute alcohol - 100
mL 5% phenol in water - 1000 mL

3.6.1.4 Procedure:

A drop of the mucopurulent sputum was smeared on a clean grease fre using a
applicator stick and it was air dried for 15-30minutes. When dry, the Sj%(f%mg upward it
was fixed by applying heat from below. Q

Primary staining and mordanting: The fixed smear was flo ﬁ strong Carbol fuchsin
for 5 minute and heated intermittently. Until the steam r@a ing care to see that the stain
does not boil and that the smear does not get a@fhe smear was washed well with
distilled water. The basic fuchsin in strong Ca @chsin, basic stain while carbolic acid acts
as a mordant. On heating, the mycczlic abﬁn the cell wall of the acid fast organisms is
liquefied and the basic stain imbib@ the organism is fixed by the mordant. On washing,

the smear was cleared of excﬁx&{te stain or any deposits.

Decolorisation: The sm@% covered with 20% H>SO4 for 2—3 minutes and washed with

water. This ste(;%,r eated till the smear becomes colorless. With this, only acid fast

organisms r the basic stain, while the cells and other organisms are rendered colorless.
Afte\th/%rbwas decolorized with 95% alcohol. By decolorising with alcohol; saprophytes
can be differentiated from Mycobacterium tuberculosis, as saprophytes are only acid fast
whereas mycobacterium tubercle bacilli is acid as well as alcohol fast.

Counter Staining: The slide was covered with methylene blue or 1-2 minutes, washed with

water and blotted to dry. Acid fast organisms (M.tb) remain pink while the other organisms

and cells, take up the counter stain and turn blue.
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A drop of cedarwood oil or liquid paraffin was placed on the stained smear. The microscope
was adjusted for increased light by raising the condenser and the smear was examined under
the oil immersion objective using the plane mirror.

3.6.2: Determination of M.tb by GeneXpert

The sputum sample was mixed with sample reagent (SR) and shaked manually for 10 to
15times and it was incubated for 15minutes at room temperature.

2ml of the processed sample was transferred to the test cartridge, the barco Q scanned
and it was loaded into the Gene Xpert instrument following the manufa3< ’s instructions.

After 2hours of sample loading, the results was interpreted by §‘k®

system from the measured fluorescent signals which was dis@

ne Xpert diagnosis
utomatically as detected,
not detected or invalid/error for M.tb.? Q

3.6.3: Determination of M.tb drug susceptibilit)&y@eXpert

The sputum sample was mixed with samp%géent (SR) and shaked manually for 10 to
15times and it was incubated for 15m.inu e >oom temperature.

2ml of the processed sample was tn&@ed to the test cartridge, the barcode will be scanned
and it was loaded into the Géa&pert instrument following the manufacturer’s instructions.
After 2hours of samp@%g, the results was interpreted by the Gene Xpert diagnosis
system from '@ured fluorescent signals which was displayed automatically as
susceptible sistant to rifampicin.’

3.6.4:Participants’Genomic analysis

Genomic DNA was isolated from EDTA anticoagulated whole blood using the standard
protocol (NIMR Kit).*

Reagent preparation

1. 8mls of absolute ethanol was added to each bottle of wash buffer 1 concentrate.

2. 32mls of absolute ethanol was added to each bottle of wash buffer 2 concentrate.
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3.6.4.1 Procedure

1. 100ul of specimen was added into a microcentrifuge tube.

2. 500ul of the lysis buffer was added.

3. The mixture was votexed and incubated at 56°C for 10minutes.
4. It was centrifuged at 10,000 RPM for 1minute.

5.200pl of absolute ethanol was added to the tube

6. The mixture was transferred into the spin column and centrifuged at I@M for
30seconds. (J

7. The flow-through was discarded and the collection tube was blotta issue paper.

8. 500ul of wash buffer 1 was added to the spin column. O

9. It was centrifuged at 10,000RPM for 30seconds. Q

10. The flow-through was discarded and the colle 'm‘@e was blotted on a tissue paper.

11. 500ul of wash buffer 2 was added to the.spi umn.

12. It was centrifuged at 10,000 RPM. fo Xue.

13. The flow-through was discardeK@the collection tube was blotted on a tissue paper.

14. The spin column was centrifiged at 12,000-14,000RPM for 3minutes to remove all traces

of ethanol. QQ

15. The spin co ”@; placed into another microcentrifuge tube.

16. 50ul of %on buffer or nuclease free water was added to the center of the column.
17. I%@ubated at room temperature for 1-2minutes.

18. It was centrifuged at 10,000RPM for Iminute to elute the DNA.

19. Step 16 to 18 was repeated.

20. The DNA was stored at -20 to -80°C.

3.6.5 Genotyping of Toll Like Receptors (TLRs)
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A PCR-based restriction fragment length polymorphism (PCR-RFLP) analysis was
performed for TLR1 (Rs Number: rs7656411), using genomic DNA isolated from peripheral
blood. The forward (F: ACGTTGGATGCCTTTAAATTACTGTGTATC) and reverse
(R:ACGTTGGATGGTACATGTGAGCTAAATAG) primer sequences, chromosome
position (chr4:154627655), gene location (ear gene-3) and restriction enzymes (BspL 1) was
used to detect the restriction digestion patterns for the different alleles.>® Each of e PCRs
consisted of a pre-denaturation step of 4minutes at 94°C and 40cycles eac Oseconds
denaturation at 94°C, 30seconds annealing at 55°C and 30seconds 610’\<Qn)a 72°C. This
was followed by a post-elongation step of 7minutes at 72°C. Q

3.7 Ethical considerations %

3.7.1 Approval from health research ethics commlttee

Ethical approval to conduct the research was o rom “Federal Medical Center and
State Hospital Abeokuta Research and b§Vlew Committee”. Written informed
consent was obtained from the partlclg)\'\fore the administration of questionnaires (for
collection of respondent’s bio-data,{@ collection of sample. The participant’s decision to
participate in the study was s voluntary.

3.7.2 Confidentiality oﬁ?artmpant’s Data

Confidentiality a@red as information obtained from participants was solely handled by
the researc and used for this study. The lack of identifiers guaranteed respondents'
prlva&&ymlty)

3.8 Data Management and Analysis

The result obtained were organized and subjected to appropriate statistical analysis. Statistical
Package for Social Science (SPSS) version 26.0 was used in all the statistical analyses.

Results were described in percentages and proportions and displayed in appropriate tables
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and figures. For the eliciting association between variables Chi-square test, ANOVA, or
student t-test were used and the p<0.05 was considered statistically significant.

3.9 Budget

This study is a self-sponsored program. The price of transportation, reagent, and tools

purchased was covered by the researcher. The researcher covered the majority of the research

study’s estimated cost 920,000 \

3.10 Work-pla @dget presentation

Table 4: Work-plan and budget presentation

Task \/’b Materials required Cost Duration

Ethical approval, Protocol for submission to| 20,000 7% December to 6%
research ethics committee January, 2024

Participant recruitment,| Sputum  and  blood| 100,000 January -April,

sample collection ,| samples containers for 2024

transportation, and laboratory| sputum and blood|
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analysis samples collection from

participants after

obtaining informed|

consents

Primers and other] 500,000 January-February,
molecular biology 2024

reagent & bioinformatics Q\
cQ

Analysis of data Generated research data | 50,000 7thJ aw to 14

@ﬂ, 2024

RN

Report and thesis writing Draft of thesis for final IO0,000Q\ 15  January to 3lst

correction Q May 2024

Submission of completed Corrected thesis E

thesis

L\
@00 Ist February to 8"

D
N\

June, 2024

Publication % ~ two| 100,000 July-August,
N\
manuscﬁga) 2024

9

T 'Q%Et 920, 000
N
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. ,& Chapter Four
2 0 Results and Discussion

4.1 Res@

Table 49, shows the socio-demographic characteristics of the participants. In relation to age,
16.9% of the participants were within the age group 20-30years, 31-40years (40.0%), 41-
50years (20.8%) while the remaining 22.3% were above 50years. Majority (60.0%) of the
participants were males while the remaining 40% were females. Majority (68.5%) of the
participants were Christians, Muslims (29.2%) while the remaining 2.3% were traditionalists.

Majority (71.0%) of the participants were of the Yoruba ethnic group, Igbo (19.2%), Hausa
94



(8.5%) while the remaining 2.3% were of other ethnic group in the study setting. Majority
(60.8%) of the respondents were married, single (31.5%), divorced (6.2%) while the
remaining 1.5% were widowed. 20.0% of the participants were artisans, traders (40.0%), civil
servants (30.8%) while the remaining 9.2% were unemployed. Majority (66.9%) of the
respondents had attained tertiary educational level, none (4.6%), primary (8.5%), while the
remaining 20.0% had only attained secondary educational level. 36.9% of the partich&ﬁs had
a family size less than 4, 4-6 (54.6%) while the remaining 8.5% had a familGQ above 6.
34.6% of the participants stays in a self-contain, flat (51.5%) while the ‘tremaining 13.9%
stays in a single room apartment. 43.9% of the participants ’gistory of alcohol
consumption. 35.4% of the participants had a history of s '%ajority (63.8%) of the
participants stated they were TB positive while the rem@lg 36.2% stated they were TB
negative. be
Table 4.2, shows the Comparison of the sensi Cb; and specificity of microscopy result and
GeneXpert screening of TB. The resglt Xnalysis shows a 100% specificity of the result
of microscopy detection of TB con@ to the result of GeneXpert detection of TB and also
a 100% sensitivity of the ré@g{microscopy detection of TB compared to the result of
GeneXpert detection o ;
Figure 4.1, sho '@Valence of MTB among TB patients in relation to their gender. The
prevalence @/l B was higher among male subjects (58%) compared to female subjects
(42%),\/@’6
Findings from the analysis of Mycobacterium tuberculosis-positive patients (n=83; 48 males
and 35 females) in Ogun State, Nigeria. The study investigates TLR2 polymorphisms to:

1. Identify receptor molecules in male and female patients.

2. Examine gender-based variations in receptor molecules and their association with TB

susceptibility, severity, and treatment outcomes.
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4.2 Receptor Molecule Polymorphisms and Their Frequencies
The receptor molecules analyzed were TLR2 gene fragments, identified through PCR and
restriction digestion. Three key polymorphisms were observed:

e CC Allele: Single band at 50 bp.

e TT Allele: Single band at 113 bp.

e TC Allele: Double bands at 50 bp and 113 bp.
4.3 Distribution of TLR2 Polymorphisms Between Genders é
The frequencies of these polymorphisms in male and female participag(@:mmarized in
Table 3. Q
4.4.1 Gender-Based Differences %
The result of the analysis shows a 100% specificity of tl@u t of microscopy detection of
TB compared to the result of GeneXpert detectio G@ and also a 100% sensitivity of the
result of microscopy detection of TB comparte e result of GeneXpert detection of TB.

The prevalence of MTB was higher among mdle subjects (58%) compared to female subjects

N
(42%), Cg\
S

CC Allele (Single band at 50
o Detected\ -9% of the population (12 males, 7 females).

o tfg)@%ore prevalent in males than females.

o@SSOCiated with higher TB susceptibility and severity.
TT %@ngle band at 113 bp):

o Found in 8.4% of participants (5 males, 2 females).

o Lower prevalence and equally distributed across genders.

o Linked to a protective effect against TB severity.

TC Allele (Double bands at 50 bp and 113 bp):
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o The most common polymorphism, detected in 55.4% of cases (24 males, 22
females).

o Slightly higher frequency in males but with minimal gender variation.

o Associated with moderate susceptibility and better treatment outcomes.

No Band:

o Present in 13.3% of participants (7 males, 4 females). *

e The CC allele was strongly associated with increased TB ;ility and severity,

o Indicates absence of the receptor molecule gene.
Association With TB Susceptibility and Severity
reflecting compromised immune response due to redu functionality.
e The TT allele was associated with reduced TB %Hy, highlighting its protective
role in immune regulation. be

e The TC allele demonstrated moderat eptibility and better treatment outcomes,

likely due to balanced immune @ion.

. $
Association with Mulﬁ\@gResistant TB (MDR-TB)

e CC Al e@%ﬁer association with MDR-TB cases, indicating reduced immune
efﬁc@
-\”/QrbAllele: Associated with lower MDR-TB rates, reflecting effective immune
response modulation.
o TT Allele: Negligible association with MDR-TB, suggesting robust immune control.
Figure 4.2, Labeled electrophoresis gel showing allelic interpretation of samples after
restriction enzyme digestion. A 100 bp ladder was used as a molecular weight marker to

confirm fragment sizes. Lane annotations indicate the following allele interpretations: a 50 bp
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band alone represents the CC allele, a 113 bp band alone represents the TT allele, and the

presence of both 50 bp and 113 bp bands corresponds to the TC allele

Table 4.1: Soci('d@raphic characteristics of the participants.
a )

Variables 6 Options Frequency (n) Percentage (%)
N
Age (yearfs)” 20-30 22 16.9
31-40 52 40.0
41-50 27 20.8
Above 50 29 22.3
Gender Male 78 60.0
Female 52 40.0
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Religion

Ethnicity
Marital Status
Occupation

Education status

O
Nur@(bamily

Nature

accommodation

of

Christianity
Islam
Traditionalist
Yoruba

Igbo

Hausa
Others
Single
Married
Divorced
Widowed
Artisan
Trader

Civil servant

Unemploye;{c-)\

Noné

Q&

QJ\’@secondary

Tertiary
Less than 4
4-6

Above 6
Self-contain
Flat

Single room

38

91

25

11

41

(o)}

11

26

87

48

71

11

45

67

18

99

9.2

4.6

8.5

20.0

66.9

36.9

54.6

8.5

34.6

51.5

13.9



History of alcohol Yes 57 43.9

consumption No 73 56.1
History of smoking  Yes 46 354
No 84 64.6
TB status Positive 83 63.8
Negative 47 36.2

&
O

TABLE 4.2: Comparison '@e sensitivity and specificity of microscopy result with

GeneXpert result. QQ

A
GeneXpert
Negative  Positive Total
Microscopy Negative Count 47 0 47
% within GeneXpert 100.0% 0.0% 36.2%
Positive  Count 0 83 83
% within GeneXpert  0.0% 100.0% 63.8%
Total Count 47 83 130

% within GeneXpert 100.0% 100.0% 100.0%
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B Male

B Female

Figur

e 4.1: Prevalence of MTB among TB patients in relation to their gender.

101



Table 4.3: Distribution of Band Patterns of TLR2 Po@) isms by Gender with

Frequency.

O\
Band Pattern Male ie@e‘ Total Frequency

(=48) [0@=35) (@=83) (%)
Q0

(50 bp - CC) 1,2& ~ 7 19 22.9

113 bp - TT) .&Ca)\ 2 7 8.4
(50 & 113 bp - TC) \{Q’ 24 22 46 55.4

No Band QQ 7 4 11 13.3

O
&

102



R

Table 4.3: Comparison of the distribution of band pattern §®2 polymorphism

between subjects and control group.
Band Pattern Participants < ;otal p-value

Subjects (n=83) Controéﬂb%
(50 bp - CC) 19 @% 21

113 bp - TT) 7 11
-
(50 & 113 bp-TC) 46 .&C—; 33 79 <0.0001
No Band 1 ° @ 8 19
R
Total 83) 47 130

LeveQ/%g’Qiﬁcance p<0.05
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Table 4.4: Comparison of the distribution of Band Patterns of g@olymorphisms by

Gender
Band Pattern Male Female< %Total p-value
(n=48) @ (n=83)

(50 bp - CC) 19

(50 & 113 bp - TC) (& 22 46 0.225

No Band ‘ AQJ 4 11
N\
NN

113 bp - TT) 7

Total ’&V 48 35 83

E C
Leve@g"?iﬁcance p<0.05
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Table 4.5: Comparison of the distribution of band pattern of T&Qy ymorphism

among subjects in relation to alcohol consumption.

Band Pattern Alcohol consumption Tota AN p-value
Yes 1=35)  No (n=48) Q
(50 bp - CC) 14 5 )

113 bp - TT) 5 2 ®%6 7
46 <0.0001

S

S0& 113bp-TC) 23

No Band 3 11
o2
Total 35 \Q 48 83

N

¢
Level of sig ance p<0.05
\3”6
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among subjects in relation to smoke intake.

Band Pattern Smoking Tota . p-value

Yes (n=35) No (n=48) Q

(50 bp - CC) 11 8 b@

113 bp - TT) 4 3 SO 7
p \Q

S0 & 113bp-TC) 10 . &3% 46 0.040
No Band 1 &C')\O

14 )

Total 26 Q\* 57 83

N

¢
Level of sig ance p<0.05
\?:b
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Table 4.7: Comparison of the distribution of band pattern of TLR-2 @orphism

among subjects in relation to age group. (J
Band Pattern Age group (years) Total* p-value
20-30 31-40 41-50 Above-§0 s
PV — N N
(50 bp - CC) 3 7 4 5 \) 19

113 bp - TT) 2 3 1 @ 7
(50 & 113bp-TC) 6 20 {Q’b 11 46 0.908

No Band 4 2 %3 2 11
2N
Total 15 32" 17 19 83
QO

ND
Level of signiﬁcfn}’&ﬁﬂ.%

O
&
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Digested

113 bp

Undigested

Figure 4.2: Labeled electrophoresis ’@wing allelic interpretation of samples after

restriction enzyme digestion. K‘o\
QJ
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Distribution of Band Patterns of TLR2 Polymorphisms by Gender

Gender
. Male
401 B Female
mmm Total
> 301
O
c
[}
S
o
L 20r
[
101
0
(JO I,é\ :\O Q,'b(\é
o oY Y

\J
Figure 4.3: Distribution of band patterns of TLR2 polymorph'@@ender.
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4.3 Discussion
4.3.1 Socio-Demographic Characteristics of Participants

The socio-demographic attributes of participants provided significant insights into the
population most impacted by tuberculosis in Ogun State, Nigeria. The bulk of participants
were aged 31-40 years (40%), followed by those aged 41-50 years (20.8%), and persons over
50 years (22.3%). The age distributions underscore the unequal effect of tubercylosis on
individuals during their productive years, aligning with the global epidemiolog'@*icure of
tuberculosis as reported by the World Health Organisation.! The wo kiQ—ye population
frequently faces elevated risks from employment settings, socio-ec@n ¢ difficulties, and
behavioural influences that heighten vulnerability to infectiou@& such as tuberculosis.?
The gender distribution indicated that males (60%) were@ impacted than females (40%),
with a prevalence of MTB at 58% among mal % 42% among females. The gender
discrepancy in tuberculosis prevalence has ensively documented in the literature.>*
The elevated frequency among mal.es %\e ascribed to various interconnected causes,
including: \c—;\\'

o Behavioral Pattern’s@en are more prone to partake in hazardous activities,
including smokﬁéu?excessive alcohol intake, all of which have been demonstrated
to detri '@ffect pulmonary health and weaken immunological function.* This
stud@und that 35.4% of participants had a history of smoking, while 43.9%

V@Qed alcohol intake, with these behaviours being disproportionately prevalent
among males.

e Occupational Exposure: Men in the study group may have a greater propensity to
engage in labour-intensive occupations with increased exposure to respiratory dangers,
a conclusion corroborated by research undertaken in other locations with a high

prevalence of tuberculosis.’
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o Biological Differences: Hormonal factors contribute significantly, as testosterone
may suppress immunological responses in males, but oestrogen may augment immune
activity in females.®

The ethnic and religious demography provide further background for the prevalence of
tuberculosis in the research area. The predominant participants were Yoruba (71%) and
Christians (68.5%), indicative of the cultural and religious demographics of Ogun State. This
distribution indicates that TB risk factors transcend ethnic and religio Qundaries,
highlighting the global necessity for effective TB  preyentio programs.
Education levels indicated that 66.9% of participants possessed ndary education,
which is significant as higher education is frequently linked enﬁced health literacy and
access to healthcare. Notwithstanding this, the prevalenc@u erculosis remained elevated,
indicating that socio-economic and environmenta ft@ including housing conditions and
occupational hazards, surpass the protective %ﬁ‘@ce of education in this demographic.®
4.3.2 Comparison of Microscopy an.d e\pert in TB Detection

The comparison of microscopy anK@}teXpert in detecting tuberculosis among participants
demonstrated a flawless sen’s@y and specificity of 100% for both diagnostic techniques.
These data indicate @%der regulated settings, both approaches are dependable
instruments fo T@ing MTB. Nevertheless, situating these findings within practical
environmen erscores the subtleties of each diagnostic method.

Micr%@rba longstanding and prevalent diagnostic technique for tuberculosis, is both
economical and accessible, particularly in resource-constrained environments. Nonetheless,
its dependence on operator proficiency and incapacity to identify smear-negative instances
considerably restrict its sensitivity in standard clinical practice.” In contrast, GeneXpert, a
molecular diagnostic instrument, has revolutionised tuberculosis diagnosis by facilitating

swift and precise identification of Mycobacterium tuberculosis and drug resistance, especially
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to rifampin. The WHO has designated GeneXpert as the optimum diagnostic instrument for
tuberculosis owing to its enhanced accuracy and capacity to deliver results within hours.®
Despite the evident advantages of GeneXpert, its substantial cost and infrastructural demands
provide considerable obstacles to its extensive deployment in resource-limited environments.
Previous studies underscored the necessity of investing in diagnostic infrastructure to enhance
the availability of GeneXpert and guarantee fair access to sophisticated tuberculosis
diagnoses.’ This study highlights the ideal alignment between microscopy g)(pert,
emphasising the necessity of refining microscopy methods and edueating healthcare
professionals to enhance its diagnostic efficacy while expanding G r@ implementation.
The result of the present study revealed that expression of t@%c and TC genotypes of
TLR-2 was significantly higher among TB patients com to controls. The result of the
present study was in line with that of previou s.%% A study reported that TLR-2
polymorphism including TT and TC gen«%@a specific loci, were significantly more
frequent in TB patients indicating t.hei le*in susceptibility to infection.® Another study
confirmed that polymorphisms K@R-Z including CC, TT and TC genotypes wee
significantly correlated witﬁﬁk Susceptibility across diverse populations.” The increased

susceptibility associate&s@‘t these polymorphism in TLR-2 can be attributed to the evidence

that alteration i(‘l’)@ignaling can disrupt phagosome maturation, enabling MTB to evade

immune res%ées.9

4.3.3{/Q;ane of MTB Among Male and Female Participants

The research revealed that 63.8% of subjects tested positive for MTB, with a greater
incidence in males (58%) than in females (42%). This finding corresponds with global trends
documented in the WHO Global Tuberculosis Report, which consistently indicates a greater

TB burden among males.' A multitude of variables contributes to this gender disparity:
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1. Biological Vulnerability: Testosterone in males has been demonstrated to inhibit
specific immunological responses, thus heightening vulnerability to diseases such as
tuberculosis.* In contrast, oestrogen in females possesses immune-enhancing
characteristics, offering certain protection against the advancement of latent
tuberculosis to active disease.®

2. Behavioral Risk Factors: The increased prevalence of smoking and, alcohol
consumption among guys raises their susceptibility to tuberculosis. S ehaviours
compromise lung defences and elevate the risk of getting active j{c%ly)sis?

3. Health-Seeking Behaviors: Men are more prone to pc%@g
e lln

perhaps leading to extended infectious durations and \@

edical attention,
ess advancement.?
The increased incidence of MTB in males highlights@necessity for gender-sensitive
interventions. Public health initiatives must focus avioural risk factors and encourage
early diagnosis and treatment compliance w%’@ ¢ demographics.
4.3.4 TLR2 Polymorphisms and Th.eir biation With TB Susceptibility and Severity
This study discovered three signiﬁigrg\TLR2 polymorphisms (CC, TT, and TC alleles) in
MTB-positive patients, demni afing notable correlations with tuberculosis susceptibility,
severity, and treatment @t?
e CC Al é@%): The CC genotype correlated with heightened susceptibility to
tube@ms and its severity, indicating impaired immunological responses attributed
\/ minished TLR2 activity. This discovery corroborates previous study, which
indicated that the CC allele hinders the identification of MTB by immune cells,
resulting in protracted pathogen clearance and exacerbated illness severity. '
e TT Allele (8.4%): The TT allele exhibited protective effects by mitigating TB

severity via improved immunological modulation. A study emphasised the
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significance of particular TLR2 polymorphisms, such as TT, in facilitating vigorous
immune responses, thereby constraining disease progression.!!

TC Allele (55.4%): The TC allele, the predominant variant, was linked to
intermediate vulnerability and improved treatment outcomes. Their balanced immune

regulation likely aids in successful pathogen clearance while reducing tissue

damage.'? *

4.3.5 Gender-Based Variations in TLR2 Polymorphisms
The study identified slight yet significant gender-related variations ’iktge ;1stribution of

TLR2 polymorphisms:

CC Allele: Slightly more prevalent in males (25%) %ales (20%), reflecting
higher TB susceptibility among males. Q
TT Allele: Equally distributed across g d@vith protective effects against TB

severity. \Q’b

TC Allele: The most common al }both genders, with minimal variation.

The findings indicate that whereas @tary variables significantly contribute to tuberculosis

susceptibility, they interact V\’/@ender-speciﬁc behavioural and biological elements to affect

illness outcomes. Simih@?dicated that genetic predisposition interacts with socio-cultural

factors to influenc ’fs&culosis occurrence and severity among communities. '3

4.3.6 Associ@n of TLR2 Polymorphisms With MDR-TB

The @nﬁﬁed distinct associations between TLR2 polymorphisms and MDR-TB:

CC Allele: Firmly correlated with MDR-TB, signifying impaired immunological
responses and heightened disease severity.
TC Allele: Correlated with reduced MDR-TB rates, indicating successful

immunological modulation and improved treatment results.
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e TT Allele: Minimal correlation with MDR-TB, underscoring its preventive function
against severe illness.

These results corroborate that of previous study which established that genetic variables

substantially affect treatment resistance in tuberculosis. The robust correlation between the

CC allele and MDR-TB highlights the necessity for focused strategies to identify and address

high-risk people.'*
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Summary, Conclusion, and Recommendations
This chapter offers a summary of the findings, conclusion and and making relevant
recommendations within the framework of global tuberculosis research and control initiatives.
5.1 Summary Of Findings
The present study assessed toll like receptor 2 (TLR2), prevalence of mycobacterium
tuberculosis (mtb) and associated risk factors between male and female tuberculosi{positive
patients in Ogun state Nigeria. The result revealed a 100% specificity o result of
microscopy detection of TB compared to the result of GeneXpert detectiom\of I B and also a
100% sensitivity of the result of microscopy detection of TB ’gi to the result of
GeneXpert detection of TB. The prevalence of MTB was hi@a ong male subjects (58%)
compared to female subjects (42%). The result of @)resent study also shows the
distribution of band pattern of TLR2 polymorphi@ng the subjects in relation to their
gender. Three key polymorphisms were obs 56
CC Allele: Detected in 22.9% of the I-)O‘P\' tioh (12 males, 7 females).
TT Allele: Found in 8.4% of paﬂic&@(S males, 2 females).

TC Allele: The most com Qoryrnorphism, detected in 55.4% of cases (24 males, 22

females). QQ

5.2 Conclusion(}&

This study mplished its goals, offering significant insights into the socio-demographic,
gene{@liagnostic factors of tuberculosis. The results highlight the essential interaction
of behavioural, genetic, and environmental factors in determining tuberculosis susceptibility

and outcomes. Principal findings encompass:
1. Socio-Demographic Factors: Tuberculosis disproportionately impacts males and
those in their prime working years, underscoring the necessity for tailored

interventions.
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2. Diagnostic Tools: GeneXpert exhibits enhanced precision in identifying TB and

MDR-TB, whereas microscopy continues to be vital in resource-constrained
environments.

TLR2 Polymorphisms: Genetic variations substantially affect tuberculosis
susceptibility, severity, and treatment outcomes, with the CC allele presenting

increased risks.

4. Behavioral Risk Factors: Smoking and alcohol consumption raise s@lity to

tuberculosis, especially in males. (J
5.3 Recommendations Q

1. Integrate Genetic Screening: Include TLR2 p@%ism analysis in TB
management protocols to identify high-risk ir@iuals and guide personalized
treatment strategies. be

2. Expand Diagnostic Access: Stren availability of GeneXpert in rural and
underserved areas to enhance ear énosis and reduce MDR-TB rates.

3. Promote Behavioral Inte&(g\ions: Develop public health campaigns targeting
smoking and alcohol’t@yarticularly among male populations.

4. Enhance Gend!@?sitive Programs: Address gender disparities in TB prevalence
and out @implementing tailored interventions.

5.

Inve@ esearch: Explore additional genetic markers and their interactions with

\i@bonmental factors to support precision medicine approaches for TB control.

5.4 Contribution to Knowledge

1. The research indicated that in the geographical areas analysed, around 50% of the patients

with MTB possess the TC allele polymorphism in their TLR2 expression.
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2. Furthermore the differences in TC allele variations of the TLR2 receptor between male and
female patients with MTB are not statistically significant.

5.5 Further Research

Further research that may be pursued include the followings:

1. Investigation of the impact of hormonal differences on TLR2 expression and MTB
susceptibility between male and female TB patients.

2. Analysing the effect of co-infections (eg HIV, malaria) on TLR2 expres@@ MTB
susceptibility in TB patients in Ogun state.

3. Developmen and validation of a predictive model for TB sus;e@’\iy based on TLR2

gene polymorphysms and associated risk factors in Nigerian patien
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(@ Appendix I:

Informed C@ent Form

To participate in this research study, it is necessary that you give your informed consent

By signing this form, you are indicating that you understand the nature of the research study

and your role in the research, and that you agree to participate in the research (having read the

subject information form).

Please consider the following points before signing
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I understand that I am participating in a research

I understand that my participation will be anonymous (that is, my name will not be linked
with my personal information) and that all information I provide will remain confidential I
understand that I will be provided with an explanation of the research in which I am
participating:

I understand that my participation in this research is voluntary, and that I ma;&use to

N3

By signing this form, I am stating that I understand the above infong{i&gu; consent to
4
Signature/Thumbprint of Participant/Date &@amre of Investigator/Date

Good day Sir/Ma I am a post gradu&gj\‘udent in the department of Biological sciences, Lead

participate further at any time without having to offer an explanation

participate in this study

APPENDIX 2

QUESTIONNAIRE

City University Ibadan, coridbeting a research titled “Frequency and pattern of genetic
y Y

variation between gen\@% Pulmonary Mycobacterium tuberculosis positive cases at

DOTs clinics @uta, Ogun state”. Kindly avail me few minutes of your time to
peruse and gﬁé the information required in this questionnaire. I assured you that all
infonﬁl@rbsupplied shall be used only for the research purpose which is necessary for the
control and prevention of complications associated diabetes mellitus. Please respond honestly
to the question below. The confidentiality of your response to the questionnaire is guaranteed.
Thank you.

SECTION A: DEMOGRAPHIC AND CLINICAL DATA:

Instruction: Please tick () and fill in the gap as appropriate
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1. Age (years): 20-30 [ ],31-40[ ]141-50[ ] Above 50 ]

2. Gender: Male [ | Female [ ]

3. Religion: Christianity [ ] Islam [ ] Traditionalist [ ]

4. Ethnic group: Yoruba [ ] Igbo [ ] Hausa [ ] Others (specify) ...................

5. Marital status: Single [ ] Married [ ] Divorced [ | Widowed [ ]

6. Occupation: Artisan [ | Trader [ ] Civil servant [ | Unemployed [ ]

7. Education status: None [ ] Primary [ ] Secondary [ ] Tertiary [ ] Q\

8. Number in family: less than 4 [ ]4-6 [ ] above 6 [ ] (JQ

9. Nature of accommodation: self-contain [ ] Flat [ ] single room [ 0&

10. History of alcohol consumption: Yes [ | No [ ] Q$

11. History of smoking: Yes[ | No[ ] Q

12. TB Status: Positive [ | Negative f&Q

13. If Positive, what is the duration of trea Baseline [ ]; two months [ ]; five

months; sevenmonths [ ] 18 mon@] others ( pls specify) [ ]

(° © Bio-Data
ABUBAKRE, R@'ah Opeyemi
kemta ok%@;g-aba Abeokuta Ogun state Nigeria.

Telephone: +234(0)8112465625, +234(0)9012589821

E-mail: hazeldoyen@gmail.com

PERSONAL DETAILS

FULL NAME: ABUBAKRE, Rodiah Opeyemi.

STATE OF ORIGIN: Ogun State.
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NATIONALITY: Nigerian

MARITAL STATUS: Single
PERMANENT HOME ADDRESS: 11, Kemta, Oke-Odo, Idi-Aba, Abeokuta.
PHONE NUMBERS: 08112465625, 09012589821

PERSONAL OBJECTIVES

A\

What I love about science is that it has yet to offer the 'best' way for anything. M@Ql always find

ways to do things better than before, quote: "Wherever the knowledge takes’Q 11 empower us to
do more." I want to be part of the cutting-edge science that optimizes r the good of medicine

and man. Q

SKILLS AND TECHNOLOGICAL KNOW-HOW Q

5. Medical Laboratory Management G

Quality laboratory practice and stan@’gwrating procedures

Office Package and Technolog@
Excellent Commumcatloréggrgamzation

% ¢ or No Supervision

. Ability to Work §‘
10. Proactive, D111 ent;’Loyal and Dedicated to Work

11. Dedlcate h&a layer

o

~

*®

O

EDUCA%’&AND QUALIFICATIONS

e M.Sc. Molecular Biology and Genomics In-view
Attained from: Lead City University, Ibadan
o Certificate of National Service (NYSC) 2022

e 2022 Batch A
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e  B.MLS Medical Laboratory Science 2020

Attained from: Achievers University, Owo, Ondo State.

e Second Class Degree 2022
o West Africa Examination Council Secondary School Certificate Examination 2014
Attained from: Aminat International College \

6. Nine credits (including Mathematics and English) Q

, O
Q& 2007

e Primary School Leaving Certificate

Attained from: Ima International School s
TRAININGS ATTENDED Q

Q\
8. 21 Century Biomedical Sciences Conference gb\ 2022
9. Annual AMLSN Scientific Conference and \\@ 2021
10. YMLS Annual Conference, Akure, O,p@te 2019
CLINICAL POSTING \c')

e State Hospital, [jaye, A ; QQ 2016-2017

e Federal Medical Cent 2017-2020
e Federal Medwa@ter Abeokuta 2019-2020
WORK EXP CE
@
e  FederaMledical Center, Abeokuta 2021-2022
3. Intern
o Federal Medical Center, Abeokuta 2022-2023

4. Medical Laboratory Science Corp Member
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LEADERSHIP POSITIONS HELD

e  Member 2016-2018
Student Representative Council, NIMELSSA, Achievers University Chapter.

e  Speaker of House 2019-2020
Achievers University Student Representative Council.

-2020

e Ameerah (Chairperson)

2018
Muslim Student Society of Nigeria, Achievers University Chapter. QQ

e Project Director &(J 2022-2023

Drug free community development service NDLEA Abeokuta. E

PUBLICATIONS Q
<

Emokpae, M.A., Ogboru, E. and Abubakre, R.O. (2020). R chip between Luteinizing Hormone

and Follicle Stimulating Hormone Ratio and Body M@dex in Women with Polycystic Ovarian

Syndrome. Journal of Medical @%mny Science; 30 (4): 1-10.
http://doi.org/10.5281/zenod0.4364696 '5&

HOBBIES \Q

Reading, research and sg&g humanity.

\g;’b
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Thé.@versity Compliance Certification
This is to certify that,\@chesis was written by Rodiah Opeyemi ABUBAKRE with

Matriculation E’%&LCU/PG/O(BZ@ Department of Biological Sciences, Faculty of
1e

Natural and d Sciences, Lead city university, Ibadan, Oyo State, in full compliance

Signature Date
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