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downregulation of ITGAX and TGFB1 (A). It was also associated with
predicted activation for phagocytosis, upregulation of ITGB3, ATGS5,
CD36, ANXAL, DOCK2, CD93 and FOXP1, downregulation of PIP5K1A,
TGFB1 and AXL and unique expression of HSH2D (B); as well as greater
activation of invasion, no expression cxcr3 and upregulation of PODXL
during early infection in macrophages (C). WT represents HBHA and MTP
proficient strain; DM represents HBHA and MTP deficient strain.
Activation of canonical pathways elicited by HBHA and MTP proficient
and deficient strains during early infection of macrophages. IPA was used
to predict the activation of canonical pathways differentially regulated by
HBHA and MTP during infection of THP-1 differentiated macrophages.
Canonical pathways that displayed greater than 0.5 difference between
activation z-scores elicited by WT and DM are displayed in the heatmap.
Overall, HBHA and MTP were associated with greater predicted activation
of canonical pathways. Gaq signalling canonical pathway displayed the
highest differential regulation by the two infection models. WT represents
HBHA and MTP proficient strain; DM represents HBHA and MTP
deficient strain.

Guogq signalling canonical pathway. Pathways enrichment elicited by HBHA
and MTP proficient strain (A), HBHA and MTP deficient strain (B) and
gene expression associated with pathway (C). Differential regulation of
canonical pathways was investigated using IPA software canonical
pathway enrichment analysis. The presence of HBHA and MTP was
associated with predicted activation whilst HBHA and MTP deficiency was
associated with predicted inhibition of pathway. The HBHA and MTP
proficient strain upregulated the following genes GNAS, PIK3CG,
PPP3CB and RHOB during early infection of macrophages. WT represents
HBHA and MTP proficient strain; DM represents HBHA and MTP
deficient strain.

Acute phase response canonical pathway. Pathways enrichment elicited by:
HBHA and MTP proficient strain (A), HBHA and MTP deficient strain (B)
and gene expression associated with pathway (C). Differential regulation
of canonical pathways was investigated using IPA software canonical
pathway enrichment analysis. The presence of HBHA and MTP was
associated with predicted activation and whilst HBHA and MTP deficiency

was associated with no predicted activation/inhibition of pathway. HBHA
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Figure 2.7:

Figure 2.8:

and MTP proficient strain upregulated the expression of PIK3CG during
early infection of macrophages. WT represents HBHA and MTP proficient
strain; DM represents HBHA and MTP deficient strain.

Role of Pattern Recognition Receptors in Recognition of Bacteria and
Viruses canonical pathway. Pathway enrichment elicited by: HBHA and
MTP proficient strain (A), HBHA and MTP deficient strain (B) and gene
expression associated with pathway (C). Differential regulation of
canonical pathways was investigated using IPA software canonical
pathway enrichment analysis. The HBHA and MTP proficient strain was
associated with greater predicted activation, upregulated PIK3CG and
downregulated TGFB1 during early infection of macrophages. WT
represents HBHA and MTP proficient strain; DM represents HBHA and
MTP deficient strain.

Production of Nitric Oxide and Reactive Oxygen Species in Macrophages
canonical pathway. Pathway enrichment elicited by: HBHA and MTP
proficient strain (A), HBHA and MTP deficient strain (B) and gene
expression associated with pathway (C). Differential regulation of
canonical pathways was investigated using IPA software canonical
pathway enrichment analysis. The HBHA and MTP proficient strain was
associated with greater predicted activation, upregulated PIK3CG and
RHOB during early infection of macrophages. WT represents HBHA and
MTP proficient strain; DM represents HBHA and MTP deficient strain.

The validation of RNA sequencing data using quantitative real time PCR
for 5 genes (cd80, dIx3, nlrp3, tgm5 and tlr2). RNA was extracted at 4 h
from THP-1 cells infected with either WT or DM respectively. Quantitative
real time PCR was carried out using a CFX96 gRT-PCR Detection System
(Bio-Rad) and Ssoadvanced Universal SYBR Green Supermix (Bio-Rad).
The reference gene GAPDH was utilised to normalise the gene of interest
expression data. Quantitative real time gene expression of infected and
uninfected THP-1 differentiated macrophages was compared using the 2~
AACtrelative quantitation method. The quantitative real time PCR expression
results of 3 biological experiments assayed in triplicate and the RNA
sequencing expression results for 2 biological experiments are represented
as log2 (fold change). Pearsons correlation coefficient showed significant
correlation in the expression data between RNA sequencing and

guantitative real time PCR (p-value= 0.00) as indicated by a Pearson
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Chapter 3:
Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

correlation coefficient of 0.97. Paired sample t-test showed no statistical
difference between qRT-PCR and RNA sequencing (p-value= 0.82). WT
represents HBHA and MTP proficient strain; DM represents HBHA and
MTP deficient strain.

Top 5 upstream regulators. THP-1 differentiated macrophages were
infected with WT and DM. RNA extracted at 4 h post-infection was
sequenced on an llumina platform and upstream regulator enrichment
analysis was carried out using IPA. All top 5 predicted upstream regulators
are associated with cytokine production. TNF-o. was the most highly
activated upstream regulator by both WT and DM infection at 4 h post-
infection. WT represents HBHA and MTP proficient strain and DM
represents HBHA and MTP deficient strain.

NF-kB signalling. NF-kB signalling pathway elicited by HBHA and MTP
proficient (A) and deficient strains (B). Mammalian RNA was extracted at
4 h, sequenced and analysed using the tuxedo suite software and IPA
canonical pathway enrichment analysis. WT infection displayed increased
activation for the NF-xB signalling canonical pathway (z-score= 1.89)
compared to DM infection (z-score= 0.66).

Toll-like receptor signalling. Toll-like receptors elicited during WT and
DM infection (A) and Toll-like receptor signalling pathway elicited by
HBHA and MTP proficient (B) and deficient strains (C). Mammalian RNA
was extracted at 4 h, sequenced and analysed using the tuxedo suite
software and IPA canonical pathway enrichment analysis. All TLRs except
TLR6 and 10 were activated. DM infection displayed slightly enhanced
activation compared to WT infection for all TLRs except TLRS which was
the same in both infections (Fig 3A). The TLR signalling canonical
pathway was more activated by WT infection (z-score = 2.12) than DM
infection (z-score = 1.89) (Fig. 3B and C). WT represents HBHA and MTP
proficient and DM represents HBHA and MTP deficient.

IL-1B production in THP-1 macrophages. Inflammasome canonical
pathway elicited by WT (A) and DM infection (B). Mammalian RNA was
extracted at 4 h, sequenced and analysed using tuxedo suite software and
IPA canonical pathway enrichment analysis. WT infection uniquely
expressed NLRP3 and deficient strain uniquely expressed ASC.
Concentrations of IL-1p elicited by WT and DM infection of macrophages
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Figure 3.5:

Figure 3.6:

(C). THP-1 differentiated macrophages were infected with WT or DM for
4 h. Cytokine levels were measured at 24 h, 48 h and 72 h post-infection
using the Bioplex 200 system. Data was analysed for statistical significance
using a one-way ANOVA in SPSS and presented as +SEM of two
independent experiments performed in triplicate. WT represents HBHA
and MTP proficient strain, DM represents HBHA and MTP deficient strain
and N represents uninfected control. WT infection elicited significantly
more production of IL-1p at 48 h (p= 0.001) and 72 h (p= 0.000) post
infection.

IL-1 signalling canonical pathway elicited by HBHA and MTP proficient
strain (A); HBHA and MTP deficient strain (B) infection and genes
associated with pathway (C). THP-1 differentiated macrophages were
infected with WT and DM. RNA was extracted at 4 h and global
transcriptome regulation was investigated using RNA sequencing and IPA
software canonical pathway enrichment analysis. DM infection
differentially downregulated MEKK1 (MAP3K1), PRKACB, GNAQ and
upregulates NFKBIE and WT infection differentially upregulated MRAS.
WT represents HBHA and MTP proficient strain and DM represents
HBHA and MTP deficient strain.

TNF-a network and production. Genes associated with mechanistic
network elicited by WT and DM infection (A). THP-1 differentiated
macrophages were infected with WT and DM. RNA was extracted at 4 h
and genes associated with the TNF network were investigated for
differential regulation using IPA software. WT infection resulted in
differential upregulation of SERPINB2, HBEGF and GCLM. DM infection
differentially upregulated CXCL11, CD80, ICOSLG/LOC102723996,
INHBA, MUC1, SERPINE1, PML, BTG2, TICAM1, DUSP5, HIVEP1,
PLSCR1, NFKBIE and downregulated ITGA4, TGFBR2, IFNGR1 and
VCL.

TNF-a levels elicited by WT, DM infection and uninfected cells 24, 48 and
72 h post-infection (B). THP-1 differentiated macrophages were infected
with WT or DM for 4 h. Cytokine levels were measured at 24 h, 48 h and
72 h post-infection using the Bioplex 200 system. Data was analysed for
statistical significance using a one-way ANOVA in SPSS and presented as
+SEM of two independent experiments performed in triplicate. WT

infection elicited significantly more production of TNF-a at 48 h and 72 h
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Figure 3.7:

Figure 3.8:

post infection. WT represents HBHA and MTP proficient strain, DM
represents HBHA and MTP deficient strain and N represents the uninfected
control.

Chemokine signalling. Chemokine canonical pathway elicited by HBHA
and MTP proficient (A) and deficient strains (B). Mammalian RNA was
extracted at 4 h, sequenced and analysed using tuxedo suite software and
IPA canonical pathway enrichment analysis. WT infection uniquely
expressed MRAS and deficient strain uniquely downregulated GNAQ.
Production of MIP-1p (C) and MCP-1(D) by WT infection (WT), deficient
strain (DM) and uninfected (N) THP-1 differentiated macrophages at 24,
48 and 72 h post-infection. THP-1 differentiated macrophages were
infected with WT or DM for 4 h. Cytokine levels were measured at 24 h,
48 h and 72 h post-infection using the Bioplex 200 system. Data was
analysed for statistical significance using a one-way ANOVA in SPSS and
presented as +SEM of two independent experiments performed in triplicate.
HBHA and MTP proficient strain did not elicit significant production of
MIP-1f or MCP-1. WT represents HBHA and MTP proficient strain, DM
represents HBHA and MTP deficient strain and N represents the uninfected
control.

IFN-y network and production. Genes associated with mechanistic network
elicited by WT and DM infection (A).THP-1 differentiated macrophages
were infected with WT and DM. RNA was extracted at 4 h, and genes
associated with the IFN-y network were investigated for differential
regulation using IPA software. DM infection differentially expressed
CXCL11, CD80, ICOSLG, 1SG20, MUC1, IF144L, NFE2L3, PML, IFIH1,
TRIM22, SAMD9, APOLG6, PIM1, SMTN, IF144, MX2, STAT2, IRF7, OAS3
AND JUNB. IFN-y levels elicited by WT and DM infection and uninfected
cells 24, 48 and 72 h post-infection (B). THP-1 differentiated macrophages
were infected with WT or DM for 4 h. Cytokine levels were measured at
24 h, 48 h and 72 h post-infection using the Bioplex 200 system. Data was
analysed for statistical significance using a one-way ANOVA in SPSS and
data as +SEM of two independent experiments performed in triplicate. WT
infection elicited significantly more production of IFN-y at 48 h and 72 h
post infection. WT represents HBHA and MTP proficient strain, DM
represents HBHA and MTP deficient strain and N represents the uninfected

control.
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Figure 3.9:

Figure 3.10:

Chapter 4:

Figure 4.1:

Production of pro-inflammatory cytokines: IL-2 (A), IL-6 (B), IL-12 (p70)
(C), IL-17; anti-inflammatory cytokines: (D) IL-4 (E), IL-5 (F), IL-10 (G),
IL-13, (D) G-CSF (A) and colony stimulating factors: GM-CSF (B) by
WT, DM infection and uninfected (N) THP-1 differentiated macrophages
at 24, 48 and 72 h post-infection. THP-1 differentiated macrophages were
infected with WT or DM for 4 h. Cytokine levels were measured at 24 h,
48 h and 72 h post-infection using the Bioplex 200 system. Data was
analysed for statistical significance using a one-way ANOVA in SPSS and
presented as £SEM of two independent experiments performed in triplicate.
WT infection produced significantly more IL-2 and IL-12 at 48 h and 72 h
post-infection. WT infection produced significantly greater amounts of IL-
6 and IL-17 at 72 h post infection. WT infection produced significantly
more IL-4 and IL-10 at 24 h, 48 hand 72 hand IL-5at 48 hand 72 h. WT
infection produced significantly more G-CSF and GM-CSF at 48 h and 72
h post-infection. WT represents HBHA and MTP proficient strain, DM
represents HBHA and MTP deficient strain and N represents the uninfected
control.

Signalling pathways. MAPK signalling pathway elicited by HBHA and
MTP proficient and deficient strains (A) and PI3-K/AKT signalling
pathway elicited by HBHA and MTP proficient and deficient strains (B).
Mammalian RNA was extracted at 4 h, sequenced and analysed using
tuxedo suite software and IPA canonical pathway enrichment analysis. WT
infection enhanced activation of both p38 MAPK signalling and PI3-K/Akt
signalling canonical pathways. WT represents HBHA and MTP proficient
strain, DM represents HBHA and MTP deficient strain and N represents

the uninfected control.

Intracellular replication and global transcriptome of THP-1 infected
macrophages. (A) Intracellular replication of WT, DM, mtp comp, hbhA
comp, AhbhA and Amtp at 4 h, 3 and 6 days. THP-1 cells were infected
with each strain (MOI = 5) for 4 h. At each time interval, cells were lysed
and serial dilutions were plated out on 7h11 agar to determine CFU/mL.
All strains except DM and HC displayed increased intracellular replication
from 4 h to day 3. All strains displayed increased intracellular replication
from day 3 to day 6. At 4 h, M, DM and HC displayed significantly
decreases in bacillary load compared to WT, whilst H and MC displayed
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Figure 4.2:

Figure 4.3:

Figure 4.4:

similar bacillary loads compared to WT. On day 3, M and HC displayed
significantly decreased bacillary loads whilst H, DM and MC displayed
similar bacillary loads. On day 6, M, DM and HC displayed significantly
decreased bacillary loads compared to WT but H and MC displayed similar
bacillary loads.

(B) Venn diagram of all genes elicited by WT and DM infection
respectively. The Venn diagram was created using Venny 2.0 in order to
compare the significantly differentially expressed genes. A common
transcriptional pattern was observed amongst both infections. DM infection
elicited a larger number of unique genes compared to WT infection. (C)
Pairwise comparison scatterplot of differentially expressed genes elicited
by WT, DM and uninfected macrophages. Differentially expressed genes
elicited by both infection models as well as uninfected macrophages were
analysed using R: Cummerbund. WT and DM infection elicited a
differential response relative to the uninfected macrophages. DM infection
elicited a greater response when compared with uninfected macrophages
than WT infection. Key: WT: wild-type; DM: AhbhA-mtp; M: Amtp; H:
AhbhA; HC: hbhA comp in AhbhA-mtp; MC: mtp comp in AhbhA-mtp.
Upregulated (A) and downregulated (B) genes elicited by WT and DM
infection. Gene regulation of DLX3 (C) and TGMS5 (D) determined by qRT-
PCR at different time intervals. Gene expression elicited by both infection
models were compared using a Venn diagram generated by Venny. DM
infection displayed a greater number of up-regulated and down- regulated
genes compared to WT infection. MTP and HBHA individually might play
a greater role in the downregulation of DLX3 at 4 h, but do not play a
significant role in regulation of TGM5.

Comparison of canonical pathway (A), upstream regulator (B) and disease
and biological function activation (C) by commonly expressed transcripts
of WT and DM infections. Commonly expressed transcripts that were
interrogated using IPA induced identical regulation of canonical pathway,
upstream regulators and biological functions. The common transcriptional
pattern was associated with granulocyte adhesion and diapedesis canonical
pathway, TNF upstream regulation and migration of cells biological
function.

Unique transcripts enrichment of canonical pathways elicited by WT
infection (A), and DM infection (B), WT and DM infection elicited
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Figure 4.5:

Figure 4.6:

upstream regulator activation (C) and disease and biological function (D).
Unique elicited transcripts were interrogated using IPA enrichment for
differential regulation of canonical pathways, upstream regulators and
disease and biological functions. The WT uniquely induced transcripts
were associated with the most significant enrichment of Adipogenesis
pathway, whilst DM infection induced the most significant enrichment of
T helper cell differentiation. Unique transcripts elicited by DM infection
displayed less enrichment of NF-kB upstream regulator and were
associated with migration of cells.

Canonical pathways. (A) Top 10 pathways elicited by all transcripts in WT
and DM infections, (B) Pathways elicited only by DM infection. Dark blue
and light blue bars represent WT infection and DM infection respectively.
Significance is indicated by —log (p-value). A —log (p-value) of 1.3 equates
to a p-value of 0.05. The top 10 canonical pathways enriched by all
transcripts were similar between both infections, but differed in molecules
involved and their significance. WT infection enriched the TREM1
signalling pathway to a greater degree than DM infection in macrophages.
DM infection, but not WT, enriched Thl and Th2 Activation, Thl, Th2,
Melatonin degradation, Sumoylation, Methylglyoxal degradation I,
Granzyme A signalling, PCP pathways.

TREML1 signalling. (A) Heatmap of transcripts enriched in the pathway by
WT and DM infection respectively. Gene expression by gRT-PCR of
NLRP3 (B) and TLR2 (C). Colour intensity corresponds to the degree of
regulation: red indicating activation, green indicating repression, grey
represents genes that were not differentially expressed and white represents
genes in the pathway not represented in the dataset, relative to the
uninfected control. All DM and all WT represents DM and WT infection
respectively. WT infection more significantly enriched TREML1 signalling
pathway than DM infection. Investigation of NLRP3 and TLR2
transcription regulation demonstrated that MTP possibly modulates
NLRP3 regulation. Both HC and MC displayed decreased levels of
transcription of TLR2, alluding to a possible compensatory mechanism
during double deletion of HBHA and MTP, as individually, HBHA and
MTP impair expression but double deletion restores TLR2 expression to
WT levels.
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Figure 4.7:

Figure 5.1:

Th1l and Th2 canonical pathway. Heatmap of genes enriched in the (A)
Th1 pathway and (B) Th2 pathway by WT and DM infection respectively.
(C) Gene expression of CD80 elicited by WT, DM, HC and MC infection
at 1 h, 2 h and 4 h post infection as determined by gRT-PCR. Colour
intensity corresponds to the degree of regulation: red indicating activation,
green indicating repression, grey represents genes that were not
differentially expressed and white represents genes in the pathway not
represented in the dataset, relative to the uninfected control. All DM and
all WT represents DM and WT infection respectively. DM infection
uniquely activated the Thl and Th2 canonical pathways. At 4 h, DM
induced significantly greater expression of CD80, whilst both HC and MC
displayed significantly less than up-regulation. This suggests that the dual
deletion of MTP and HBHA at 4 h influences CD80 transcription
regulation.

Chapter 5:

Graphical summary of discussion. The impact of double knockout of
HBHA and MTP on the M. tuberculosis and macrophage interaction is

graphically represented above.
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ABSTRACT

Background: Phagocytic host cells drive both the innate and adaptive arms of the host immune response
during Mycobacterium tuberculosis (M. tuberculosis) infection. M. tuberculosis modulates the host immune
responses and is able to proliferate in macrophages. The structures that mediate M. tuberculosis adherence
(Adhesins) to macrophages are of particular interest for therapeutic development due to their cell surface
localisation and immunogenic characteristics. M. tuberculosis produces numerous antigens that display
adhesin functionality, including heparin-binding haemagglutinin adhesin (HBHA) and M. tuberculosis curli
pili (MTP) that are critical for adherence to host cells. Recently, the independent elucidation of the
immunogenic potential of each suggested that HBHA and MTP may represent a novel combination as a
biomarker for future therapeutic development. This study aimed to elucidate the effect of HBHA and MTP
in combination on adhesion, invasion, replication, cytokine production and transcription regulation of
macrophages infected with HBHA and MTP proficient and deficient strains in an attempt to assess their

immunogenic capacity.

Materials and methods: THP-1 monocytic cells were differentiated into macrophages and infected at a
multiplicity of infection of 5 with single mutants (AhbhA and Amtp), single complements of double mutant
(hbhA comp and mtp comp), MTP and HBHA deficient double mutant AhbhA-mtp (DM) and MTP and
HBHA proficient wild-type (WT) strain. The relative percentage adhesion/ invasion of the mutant and
complemented strains was calculated at 1 h and 2 h post-infection respectively and compared to wild-type.

Intracellular replication was quantified by colony forming units at 4 h, day 3 and day 6 post-infection.

To assess host transcriptomic changes elicited during early infection of THP-1 differentiated macrophages
by WT and DM, RNA was extracted from host cells at 4 h post-infection. For the biological adhesion data
set, raw data were filtered for genes in common with the Gene Ontology biological adhesion dataset sourced
from EntrezGenelds using the molecular signatures database with a False Discovery Rate g-value <1
(Chapter 1). Significantly differentially expressed genes with a p value <0.05 were used for further
enrichment analysis (Chapter 2 and 3). Ingenuity Pathway Analysis (IPA) software (Ingenuity
Systems, USA) upstream regulator, canonical pathway and biofunctions enrichment analysis were
used to further investigate the differential regulation of molecular signatures by MTP and HBHA
proficient and deficient strains. Macrophage cytokine/chemokine production was quantified at 24, 48
and 72 h post-infection using the Bio-Plex Pro Human Cytokine Multi-Plex Panel (Bio-Rad). Real-

time quantitative RT-PCR was used to validate RNA sequencing findings and investigate



transcriptional regulation of HBHA and MTP of following genes: CD80, DLX3, NLRP3, TGMS5 and
TLR2 at 1 h, 2 h and 4 h post-infection

Results: During adhesion, DM induced a similar decrease in percentage adhesion (33.16%) to Amtp
(39.4%), AhbhA (22.78%), mtp comp (24.72%), but statistically lower decrease in percentage adhesion than
hbhA comp (53.85%). During invasion, DM displayed a significant decrease in percentage invasion
(36.49%) compared to Amtp (61.49%) and hbhA comp (53.85%); and significantly higher decrease in
percentage invasion than AhbhA (22.29%) and mtp comp (24.72%). Amtp demonstrated a 39.4% and
61.49% decrease in percentage adhesion and invasion compared to WT respectively. The HBHA-MTP
proficient strain induced greater transcriptional changes resulting in enhanced adhesion to phagocytes and
invasion of cells. Furthermore, the HBHA-MTP proficient strain displayed the sole ability to induce
activation of phagocytosis. Further investigation of canonical pathway differential regulation by HBHA-
MTP proficient strain demonstrated greater induction of canonical pathways. The most differentially
regulated pathway was Gaq signalling canonical pathway, which is vital for migration of phagocytes. In
addition, the HBHA-MTP proficient strain also enhanced activation of the acute phase response, role of
pattern recognition receptors in recognition of bacteria and viruses, and production of nitric oxide and

reactive oxygen species in macrophages canonical pathways.

RNA sequencing analysis showed that the M. tuberculosis adhesins, HBHA and MTP, elicited differential
transcriptional regulation in macrophages, and demonstrated that predicted upstream regulators were
associated with cytokine production. Further investigation of canonical pathways associated with these
upstream regulators and cytokine quantification revealed that HBHA and MTP activate NF-«B, toll-like
receptor, p38 MAPK and PI13-K/AKT canonical signalling pathways. HBHA and MTP elicited greater
production of IL-4 and IL-10 at 24 h; G-CSF, GM-CSF, IL-2, IL-4, IL-5, IL-10, IL-12, IL-17, IFN-y and
TNF-a at 48 h and G-CSF, GM-CSF, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-17, IFN-y and TNF-o at 72 h
respectively, compared to DM infection. IL-1B, IL-2, IL-6, IL-12(p70), IL-17, TNF-a, IFN-y, colony-
stimulating factors G-CSF, GM-CSF and chemokines MCP-1 and MIP-1B were produced in higher

concentrations by M. tuberculosis infection than anti-inflammatory cytokines IL-4, IL-5, IL-10 and IL-13.

The bacillary load of M was significantly less than WT at all time intervals and similar to DM. The
decreased replication ability of the HBHA-MTP mutant was attributed to MTP and not HBHA, suggesting
that MTP facilitates replication during infection of macrophages. A transcriptional response common to
both WT and DM, independent of HBHA-MTP, as well as unique responses induced by HBHA-MTP
presence and deficiency were observed. The common transcriptional pattern exhibited the most enrichment

for granulocyte adhesion and diapedesis canonical pathway, TNF upstream regulation and migration of
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cells biological function. The HBHA-MTP uniquely induced transcripts were associated with the most
significant enrichment of the Adipogenesis pathway, whilst HBHA-MTP deficiency induced the most
significant enrichment of T helper cell differentiation. Unique transcripts elicited by HBHA-MTP
deficiency induced less enrichment of NF-kB upstream regulator and were associated with migration of
cells. The top 10 canonical pathways enriched by all transcripts were similar between both infections, but
differed in molecules involved and their significance. HBHA-MTP enriched the TREML1 signalling
pathway to a greater degree than HBHA-MTP deficiency in macrophages. HBHA-MTP deficiency, but not
presence, enriched Thl and Th2 Activation, Thl, Th2, Melatonin degradation, Sumoylation, Methylglyoxal
degradation 11, Granzyme A signalling, PCP pathways.

Discussion and conclusion: MTP played a greater role in adhesion and invasion during independent
knockout and complementation in the double knockout strain than HBHA. HBHA and MTP together
induced transcriptional changes that favour adhesion and invasion of macrophages. In addition, these 2
adhesins serve as pathogen-associated molecular patterns that enable host immune recognition during early
infection of macrophages. HBHA and MTP activate intracellular signalling pathways that result in the
longitudinal enhancement of a pro-inflammatory response during M. tuberculosis infection of
macrophages. HBHA and MTP predominately induced a pro-inflammatory cytokine profile instead of an
anti-inflammatory cytokine profile. This suggests that HBHA and MTP play a role in protective immunity
and immunopathology as a consequence of pro-inflammatory cytokines such as TNF-a and minimal anti-
inflammatory cytokines during M. tuberculosis infection. HBHA and MTP deficiency led to advanced
immune activation and decreased intracellular growth. This suggests in the absence of HBHA and MTP,
the presence of multiple, alternate antigens stimulate the intracellular signalling and transcriptional
regulation in vitro. This advanced immune activation would potentially be detrimental to M. tuberculosis
establishing a successful infection and would suggest that HBHA and MTP play a role in host immune
response modulation as a protective measure during initial infection. Further investigation into the identity
of these antigens would possibly result in a more successful, novel therapeutic target combination in
addition to HBHA and MTP.



CHAPTER 1: Introduction and Literature Review

1.1. Introduction

Tuberculosis (TB) is still the leading cause of death from a single infectious agent including Human
Immunodeficiency virus (HIV). The TB incidence is still alarmingly high with 10.4 million cases reported
in 2016 (WHO, 2017). HIV severely impacts the TB burden as indicated by the high TB-HIV co-infection
rates (74%) in Africa, and the 25% contribution to the global TB burden by the WHO African region (WHO,
2017). Drug resistance continues to be a persisting issue confounding TB control, with an estimated 600 000
new cases with rifampicin resistance, of which 490 000 were multi-drug-resistant TB (MDR-TB) (WHO,
2017). In 2016, 123 WHO member states reported extensively-drug-resistant TB (XDR-TB) cases and 6.2%
of MDR-TB cases were attributed to XDR-TB (WHO, 2017). In addition, the first totally drug resistant TB
case was identified in Italy in 2007 (Migliori et al., 2007) and since then, has been reported in South Africa
(Klopper et al., 2013) and India (Udwadia, 2016).

Currently, TB mortality and incidence rates are decreasing by an estimated 3% and 2% yearly respectively,
but these rates need to improve drastically in order to reach the first milestone of the End TB Strategy
(WHO, 2017). TB control is seriously hampered by many factors, including the lack of rapid point of care
diagnostic tests for timeous detection and initiation of treatment (McNerney and Daley, 2011; Dheda et al.,
2013). The emergence of drug resistant strains has rendered the available treatment regimen virtually
ineffective, while the extended treatment duration and drug toxicity has increased patient non-compliance,
leading to increased TB transmission (Mittal and Gupta, 2011; Adane et al., 2013; Dela et al., 2017).
Moreover, TB control is also challenged by the lack of an effective vaccine to provide adequate protection
against TB in adult (Mangtani et al., 2014). Novel biomarkers for improved, new diagnostic tests, and
therapeutic targets are urgently required to initiate earlier case detection and effective treatment, thereby

decreasing TB morbidity and mortality.

The search for novel biomarkers is reliant on new knowledge of Mycobacterium tuberculosis pathogenesis.
Attachment and entrance into host cell types including macrophages, facilitates intracellular replication and
survival of M. tuberculosis in the host (Kline et al., 2009). Alveolar macrophages together with dendritic
cells drive the induction of the cytokine and chemokine response to the stimulus of M. tuberculosis
phagocytosis. These cytokine/chemokines activate anti-microbial responses and recruitment of leukocytes
culminating in the formation of the granuloma (Guirado et al., 2013). Mycobacterial antigens have
previously been shown to modulate the macrophage response by inducing pro-inflammatory cytokine

secretion (Kim et al., 2011). The interactions between M. tuberculosis antigens and host immune response

4



signalling pathways and receptors are essential for protective host immune response initiation during M.

tuberculosis infection (Jo et al., 2007).

Adhesion of pathogens to host cells is an important virulence characteristic of bacteria. Bacterial adhesins
specifically target molecules or receptors on host cells, and are often present on the cell surface, thus making
them attractive diagnostic and therapeutic targets (Kline et al., 2009). M. tuberculosis possesses a plethora
of adhesins such as alanine- and proline rich antigenic Apa (Pasula et al., 1997), 19 kDa lipoprotein
(Neyrolles et al., 2001), heparin binding haemagglutinin adhesin (Pethe et al., 2001), laminin binding
protein (Pethe et al., 2002), Cpn60.2 (Stokes et al., 2004), malate synthase (Kinhikar et al., 2006), curli pili
(Alteri et al., 2007), membrane protein, N-acetylmuramoyl-L-alanine amidase, and L,D-transpeptidase
(Kumar et al., 2013).

Heparin-binding haemagglutinin adhesin (HBHA) and M. tuberculosis curli pili (MTP) are antigens that
are critical for adherence to host cells. HBHA is a 28kDA, cell surface exposed antigen with the ability to
enhance mycobacterial auto-aggregation and mediate interaction of M. tuberculosis and epithelial cells
(Menozzi et al., 1996). In addition to its role as an adhesin of epithelial cells, HBHA promotes
dissemination during M. tuberculosis infection (Pethe et al., 2001; Menozzi et al., 2006; Esposito et al.,
2011). Gene expression studies demonstrated that hbhA is differentially regulated during M. tuberculosis
infection and M. tuberculosis infecting bone marrow-derived macrophages exhibit low expression of hbhA
(Delogu et al., 2006). HBHA has also been implicated in apoptosis (Sohn et al., 2011; Choi et al., 2013)
and explored as a possible biomarker for latent TB infection (Hougardy et al., 2007). Multiple studies have
explored the potential of HBHA as a booster to vaccines (Kohama et al., 2008; Rouanet et al., 2009;
Guerrero et al., 2010; Guerrero and Locht 2011), and most recently, as part of multi-antigen vaccine
boosters (Teimourpour et al., 2017; Copland et al., 2018). In addition, HBHA has demonstrated
immunogenic characteristics against M. tuberculosis infection (Menozzi et al., 1996; Masungi et al., 2002;
Temmerman et al., 2004; Shin et al., 2006; Kim et al., 2011). Despite extensive advances in the
development of HBHA as a vaccine candidate, there has been limited success suggesting that a possible

multi-antigen booster may improve efficacy and immunogenicity.

It was believed that M. tuberculosis did not produce pili, until Alteri, et al., (2007) showed that
mycobacteria produce fine, aggregative, comprising protein subunits and two distinct morphotypes (Type
IV and MTP) (Alteri et al., 2007). MTP binds to the extracellular matrix protein laminin in vitro and is
recognised by IgG in sera of patients with active TB (Alteri et al., 2007). Recently, MTP’s role in biofilm
formation and the essentiality of Rv3312A (mtp) gene for piliation (Ramsugit et al., 2013) was described

using a mtp deletion mutant and complemented strain. The mtp gene was absent in non-tuberculous
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mycobacteria and other respiratory bacteria suggesting that the pilin subunit protein of M. tuberculosis may
be a suitable diagnostic marker (Naidoo et al., 2014). MTP has been described to be involved in adhesion
and invasion to macrophages (Ramsugit and Pillay, 2014) and epithelial cells (Ramsugit et al., 2016). MTP
has been demonstrated to be a strong immunogen in mice and epithelial cell models (unpublished), despite
a previous study showing minimal influence on cytokine production (Ramsugit et al., 2016). These studies
together provided evidence of the utility of MTP as a possible therapeutic and vaccine candidate biomarker,
however, this has not yet been evaluated. The significant role of HBHA and MTP in pathogenesis was
established independently of each other in the studies described above. The current study aimed to assess
the combined potential of HBHA and MTP as possible multi-immunogen for further vaccine and drug
development. This was achieved by functional genomics and global transcriptomics, using a double hbhA-
mtp gene knockout and complemented strains to elucidate the role of the two adhesins in adhesion, invasion,
replication and cytokine quantification in THP-1 macrophages.

1.2. Epidemiology of TB

Tuberculosis caused by Mycobacterium tuberculosis, one of the world’s deadliest airborne diseases, was
responsible for an estimated 10.4 million new cases and 1.4 million deaths in 2016 (WHO, 2017). TB is
currently the ninth leading cause of death worldwide, resulting in approximately 1.3 million TB deaths
among HIV-negative people and 374 000 deaths among HIV-positive in 2016 (WHO, 2017). South Africa
was recently identified as one of the 30 high TB burden countries (WHO, 2017). The TB incidence in 2016
was 781 per 1000 000 population of which 461 per 1000 000 population was attributed to HIV and TB co-
infected patients (WHO, 2017). TB was the leading underlying cause of death in nearly half of South
African 52 districts that combined form the 9 provinces of South Africa (Statistics South Africa, 2016).
Mpumalanga, Eastern Cape and KwaZulu-Natal provinces reported the highest number of deaths due to TB
in 2016 (Statistics South Africa, 2016). Drug-resistance and HIV co- infection continue to be threats to TB

control.

1.2.1. TB drug resistance
Drug-resistant strains include multidrug-resistant (MDR) which are resistant to rifampicin and isoniazid,
extremely drug-resistant (XDR) strains that are MDR, in addition to any aminoglycoside and
fluoroquinolones (WHO, 2017) and totally drug resistant (TDR), resistant to all first- and second-line drugs
(Velayati et al., 2009). TDR cases have been documented in Italy (Migliori et al., 2007), India (Udwadia,
2016) and South Africa (Klopper et al., 2013). There were 600 000 new cases of rifampicin resistance and
490 000 cases displayed multi-drug-resistance in 2016 (WHO, 2017). In South Africa, 3.4% of new cases
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and 7.1% of previously treated cases were infected with MDR or rifampicin resistant strains (WHO, 2017).
MDR TB cases were more prevalent than previously surmised in Msinga sub-district of KwaZulu-Natal,
South Africa (Gandhi et al., 2006). In a cohort of 475 culture confirmed TB cases, 39% were attributed to
MDR and 6% to XDR TB (Gandhi et al., 2006). In South Africa, there were an estimated 8200
MDR/rifampicin resistant cases among identified pulmonary TB cases (WHO, 2017). Furthermore, XDR
TB cases were widespread in KwaZulu-Natal (Moodley et al., 2011). In a cohort of 20858 culture confirmed
TB cases, 20% and 11% were MDR- and XDR- TB cases respectively (Moodley et al., 2011). Additionally,
XDR TB cases were associated with transmission to HIV co-infected population and high mortality rates,
indicating that control of TB drug resistance and treatment is further complicated by HIV co-infection
(Gandhi et al., 2006).

1.2.2. HIV co-infection
TB greatly impacts HIV associated morbidity and mortality in sub-Saharan Africa (Mukadi et al., 2001).
In 2016, 74% and 59% of new and relapsed TB cases were HIV-positive in Africa and South Africa
respectively (WHO, 2017). HIV co-infection interferes with the host pathogen interactions, consequentially
increasing bacillary loads, active disease and poor immune control (Lawn et al., 2011). Therefore, TB and
HIV are major public health concern, in South Africa and worldwide (Karim et al., 2010).

1.3. General characteristics of M. tuberculosis

Mycobacteria are acid-fast bacilli due to the presence of mycolic acids in the cell wall. M. tuberculosis
bacilli are slightly curved, rod-shaped, of an approximate 1 to 4 mm length and 0.3 to 0.6 mm width. M.
tuberculosis belongs to the Mycobacterium tuberculosis complex (MTBC) and is the causative agent of TB
in humans. M. tuberculosis exhibits slow growth, is nonsporulating and non-motile (Sakamoto, 2012). The
MTBC is made up of various species including M. africanum, M. canettii, M. caprae, M. bovis, M. microti,
M. mungi, M. orygis, M. pinnipedii and M. suricattae, that are the causative agents of TB in various hosts
(Alexander et al., 2010).

1.3.1. Mycobacterial cell wall

The mycolic acid layer impairs nutrient entry, thus accounting for the slow growth of mycobacteria and
aids in resistance against lysosomal enzyme degradation (Sakamoto, 2012). The external layer consists
mainly of mycolic acids and mannose-capped lipoarabinomannan (Man-LAM), the related lipomannan

(LM), and mannoglycoproteins (Torrelles and Schlesinger, 2011). The inner layer of cell wall consists of



arabinogalactan, phosphalidyl-myo-inositol mannosides (PIMs) and peptidoglycans. The outer capsule and

surface is composed of Mannan and arabinomannan (Torrelles and Schlesinger, 2011).

1.3.2. Strain families

The MTBC has been classified into 7 lineages based on whole genome sequencing analyses and these
lineages have associated with specific geographical regions. Lineages 1 to 7 are also known as Indo-
Oceanic, East-Asian, East-African-Indian, Euro-American, West-Africa (5 and 6) and Ethiopia respectively
(Coscolla and Gagneux, 2014). Lineages 2 and 4 are more broadly distributed, and lineage 2 includes the
Beijing strain family which has been found in East and central Asia, Russia and South Africa (De Jong et
al., 2010; Gehre et al., 2013; Coscolla and Gagneux, 2014). M. tuberculosis strain families found in South
Africa include W/Beijing, S, T and F15/LAMA4/KZN (Chihota et al., 2012; Pillay and Sturm, 2007). Drug-
susceptible TB cases were most often attributed to W/Beijing, S and T strain families (Gandhi et al., 2014),
whereas the W/Beijing strain family was related to MDR and XDR TB cases in the Western and Eastern
Cape (Chihota et al., 2012). In KwaZulu-Natal, the F15/LAM4/KZN strain family was responsible for the
MDR and XDR TB cases (Pillay and Sturm, 2007; Chihota et al., 2012; Gandhi et al., 2014).

1.4. TB pathogenesis

M. tuberculosis infection can be described as three related but separated stages (Cooper, 2009). The first
stage involves the transmission of M. tuberculosis via aerosol exchange between infected and healthy
individuals (Cooper, 2009). Following inhalation of infectious droplets, M. tuberculosis infects and
multiplies within alveolar macrophages and dendritic cells (DCs). Initial infection control relies on the host
and M. tuberculosis strain genetics (Cooper, 2009). During primary infection, macrophages fail to
adequately function due to M. tuberculosis evasion strategies such as reduction of acidification of
phagosomes, reactive nitrogen and oxygen species and production of anti-inflammatory cytokines (Cooper,
2009). This supports M. tuberculosis proliferation and induces mild inflammatory response (Cooper, 2009).
The second stage is the cell-mediated immunity and granuloma formation (Cooper, 2009). Once M.
tuberculosis is able to proliferate within the macrophages, macrophage death attracts monocytes and
inflammatory cells such as neutrophils from blood (Cooper, 2009). Monocytes differentiate into
macrophages and DCs that phagocytose M. tuberculosis but fail to control M. tuberculosis proliferation.
During this stage, M. tuberculosis proliferates with minimum tissue damage (Cooper, 2009).
Approximately 6-8 weeks post-infection, T lymphocytes are differentiated and recruited in lymph nodes by

antigen presenting DCs, and migrate to site of infection resulting in initiation of granuloma formation
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(Cooper, 2009). Sustained T cell activation results in granuloma formation leading to the persistence stage
of infection, during which 90% of individuals are asymptomatic, however, M. tuberculosis are possibly still
present in alveolar macrophages (Cooper, 2009). The final stage is reactivation of persistent M.
tuberculosis, due to changes in host immunity or failure to sustain immune response resulting in pulmonary

disease and lung cavitation (Sasindran and Torrelles, 2011).

1.5. Immune response to TB

The innate immune system is supported by macrophages, DCs, neutrophils and natural Kkiller cells (NK)
(Sia et al., 2015). Phagocytic cells are responsible for the activation of adaptive T-cell immunity due to the
presentation of mycobacterial antigens and the resultant secretion of chemokines and cytokines (Cooper et
al., 2011). M. tuberculosis infected DCs have been shown to be less efficient at activating antigen-specific
T cells compared to uninfected DCs (Wolf et al., 2007), as a possible immune evasion strategy by M.
tuberculosis.

The adaptive immune response is responsible for generating immunological memory that assists pathogen
elimination during the late phases of infection (Gupta et al., 2011). The adaptive immunity involves both
humoral immunity which is facilitated by B lymphocytes and cell-mediated immunity which is facilitated
by T lymphocytes. Naive T and B cells are activated by professional antigen presenting cells that process
and present antigens on the cell-surface of major Histocompatibility complex (MHC) molecules (Gupta et
al., 2011). Activated T cells clonally expand and differentiate into CD4+ effector cells and migrate to sites
of infection from lymph nodes stimulated by chemokines (Gupta et al., 2011).

Cytokines are an important part of the adaptive immune response. CD4+ T cell cytokine expression pattern
is responsible for the th1-like response that is associated with control of M. tuberculosis infection (Cooper
etal., 2011).

1.5.1. Macrophage and M. tuberculosis interaction

Macrophages are an important part of the innate immune system and are regarded to be one of the first cells
encountered by inhaled bacilli (Pieters, 2008). Once phagocytosis has taken place, the bacilli form a
phagosome which fuses with a lysosome to form a phagolysosome which favours degradation (Pieters,
2008). However, some bacilli are able to escape this environment by delaying phagosome maturation or
escaping to cytosol and survive within the macrophages (Pieters, 2008). This induces a cascade of signalling
pathways that result in the ultimate control of intracellular growth by the production of innate immune and

antimicrobial mediators (Guirado et al., 2013).



Many macrophage models have been used to study M. tuberculosis-macrophage interactions including
mouse macrophage cell lines, human monocyte derived macrophages and THP-1 monocytic cell line. The
reproducibility of data from the human monocyte derived macrophage models is questionable due to genetic
variability from donor to donor. The transcriptional profile for intracellular M. tuberculosis in the THP-1
model did not respond to a low-iron environment as observed for intracellular M. tuberculosis in the mouse
macrophage model suggesting variability between mouse and human macrophage model results (Fontan et
al., 2008). The THP-1 monocytic cell lines is differentiated into mature macrophages using phorbol-
myristate acetate and displays similar characteristics to monocyte-derived macrophages after infection with
M. tuberculosis such as low levels of oxygen radicals and nitric oxide (Sly et al., 2001). Transcriptional
analysis of intracellular M. tuberculosis in the THP-1 model has shown that the major transcriptional
changes were related to the metabolism of lipids, cell envelope, PE/PPE, the ESAT-6-like families of
proteins and TAT system of secretion suggesting that secretion and expression of surface components and
cell wall structure are altered in intracellular M. tuberculosis (Fontan et al., 2008).

1.6. Pattern-recognition receptors

Pattern-recognition receptors found on various cells of the innate immune system enable pathogen
recognition by identifying the microbe through pathogen associated molecular patterns (PAMPS) (O’Garra
et al., 2013). M. tuberculosis components interact with various pattern-recognition receptors on the cell
surface of phagocytes (Hossain and Norazmi, 2013) and airway epithelial cells (Li et al., 2012) including
Toll-like receptors, nucleotide-binding-oligomerization-domain (NOD)-like receptors, complement
receptors, mannose receptors, surfactant protein A, scavenger receptors and the dendritic cell specific

intercellular adhesion molecule grabbing nonintegrin (DC-SIGN) (O’Garra et al., 2013).
1.6.1. Toll-like receptors

Toll-like receptors (TLR) have been shown in mammals to comprise 12 forms (Kawasaki and Kawai, 2014).
TLRs are found on the cell membrane surface or on endocytic vesicle membranes of immune cells such as
DCs and macrophages. Initial interaction of M. tuberculosis and TLRs has been shown to lead to activation,
but not ingestion of the bacillus (Kawasaki and Kawai, 2014). Following this activation, TGF-activated
protein kinase 1, IL-1 receptor-associated kinases (IRAK), mitogen-activated protein kinase (MAPK) and
TNF receptor-associated factor 6 are employed via a signalling cascade, resulting in activation of
transcriptional factors like nuclear transcription factor (NF)-xB (Kawasaki and Kawai, 2014). This results
in production of nitric oxide and pro-inflammatory cytokines such as TNF, IL1p, and IL-12 which play

vital roles in the innate immune response (Kawasaki and Kawai, 2014). Fremond et al., (2007)
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demonstrated that signalling pathways involving adaptor molecule myeloid differentiation primary
response protein 88 (MyD88) knockout mice were more susceptible to M. tuberculosis infection compared
to wildtype mice, thus highlighting the vital role of MyD88 in innate immune activation during M.
tuberculosis infection. TLR4 has previously been demonstrated to elicit signalling via an alternate pathway,
which utilizes the adaptor molecule Toll/IL-1R domain containing adapter inducing interferon (IFN)-B
(TRIF), leading to autophagy induced by lipopolysaccharides produced by gram negative bacteria (Xu et
al., 2007). M. tuberculosis recognition has been reported for the following TLRs; TLR2, TLR4, TLR9 and
probably TLR8 (Means et al., 1999, 2001; Tapping and Tobias, 2003; Bafica et al., 2005; Davila et al.,
2008). Various mycobacterial proteins and lipids (Table 1.1) are associated with TLR signalling.

Table 1.1: TLR recognition of mycobacterial components (Jo et al., 2007). List of literature describing
known M. tuberculosis TLR ligands.

Mycobacterial components TLR usage Species Reference

19 kDa lipoprotein (LpgH]) TLRz2 M. tuberculosis, M. bovis Brightbill ef al. (1999); Noss etal. (2001)
27 kDa lipoprotein TLRz2 M. tuberculosis Hovav et al (2004)

33 kDa lipoprotein TLRz2 M leprae Krutzik ef al. (2003)

38 kDa glycolipoprotein TLR2, TLR4 M. tuberculosis Jung ef al. (2008)

Ara-LaM TLRz2 M. smegmatis Wieland et al. (2004)

GPL TLR2 M. avium Sweet and Schorey (2008)
H5P65 TLR4 M. tuberculosis Bulut et al. (2005)

HSP70 TLR2, TLR4 M. tuberculosis Bulut ef al. (2005)
Lipomannan TLR2 M. tuberculosis, M. bovis Quesniaux et al. (2004b)
LprA lipoprotein TLR2 M. tuberculosis, M. bovis Pecora et al. (2006)

LprG lipoprotein TLRz2 M. tuberculosis, M. bovis Gehring ef al. (2004)
Man-LaM — M tuberculosis, M. bowis, M. kansasii Quesniaux ef al. (2004b)

PE _PGRS33 TLR2 M tuberculosis Basu ef al. (2007)

PIM 2, PIM & TLR2 M tuberculosis, M. bovis, M. smegmatis Gilleron etal. (2003)

PILAM TLRz2 M. smegmatis Heldwein and Fenton (2002)
Soluble tuberculosis factor TLRz2 M. tuberculosis Means efal. (1999)

TLR2 was reported to induce tumour necrosis factor alpha (TNF-o) when stimulated with whole M.
tuberculosis, thus identifying TLR2 as a major pro-inflammatory signal inducer (Underhill et al., 1999)
and contributor to host protection against infection with this pathogen. This was supported by mice deficient
in TLR2 displaying host resistance and neutrophil impairment in response to a virulent strain of
Mycobacterium avium (Feng et al., 2003) and inadequate granuloma formation in response to high-doses
of M. tuberculosis (Reiling et al., 2002; Drennan et al., 2004). In addition, TLR2 stimulation is required
for 1L-12 production by macrophages and not in DCs (Pompei et al., 2007).

TLRA4 has also been described to be involved in host protection against M. tuberculosis infection. In murine
TB models, non-functional TLR4 resulted in increased bacillary load and mortality (Abel et al., 2002;
Branger et al., 2004). However in M. avium infection, TLR4 deficiency did not play any role in overall
progression of disease (Feng et al., 2003). TLR4 plays a role in M. tuberculosis recognition by murine

macrophages and Chinese hamster ovary cells (Means et al., 1999; Means et al., 2001). Murine
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macrophages isolated from TLR4-deficient mice were reported to reduce but not completely eliminate
TNF-a production (Reiling et al., 2002). TLR9 identifies bacterial DNA, specifically the unmethylated
CpG motifs. IL-12 production by DCs was observed to be TLR9-dependent (Bafica et al., 2005; Pompei et
al., 2007). TLR9 deficient mice were characterized by advanced disease progression (Bafica et al., 2005).
TLR8 was able to identify single-stranded RNA, present in pathogens such as RNA viruses, however, it
was also shown to be upregulated in macrophages infected with Mycobacterium bovis bacillus Calmette-
Guerin (BCG) (Davila et al., 2008). Recently, genetic polymorphisms in TLR7 and TLR8 have been
correlated to susceptibility to M. tuberculosis infection due to impaired phagocytosis and TLR signalling
(Lai et al., 2016).
1.6.2. NOD-L.ike Receptors

Mammalian nucleotide oligomerization domain (NOD) like receptors (NLRs) consist of more than twenty
variation receptors that are characterized by conserved structures (Lu et al., 2014). The NLRs are composed
of central nucleotide binding domain (NACHT) or NOD (Lu et al., 2014). Leucine rich repeats form the C-
terminal and are considered the domain that identify the PAMPSs and result in activation of the receptors
(Lu et al., 2014). The N-terminal consists of an effector molecule which is either a caspase activation and
recruitment domain (CARD), pyrin or baculovirus inhibitor of apoptosis repeat domain (Proell et al., 2008).
NLRs that consist of CARD (NOD1 and NOD?2), form oligomers subsequently resulting in recruitment of
receptor-interacting protein 2 (or CARD containing kinase) via CARD-CARD association, which

ultimately results in NF-kB recruitment (Lu et al., 2014).

The inflammasome represents one of the signalling pathways important for the host antimycobacterial
defence, which is activated by caspase-1 leading to the processing of IL-1 procytokines into either IL-1p or
IL-18. Pyrin-domain containing NLRs also possess the potential to form different forms of the
inflammasome which consist of either NLRP1, NLRP3 or NLRC4 (Jo et al., 2016) and apoptosis-associated
speck-like protein containing a caspase recruitment domain (ASC) (Nguyen and Nguyen, 2014). NOD2
and TLR/TLR6 receptors have been implicated in inducing IL-1B production during M. tuberculosis
infection (Kleinnijenhuis et al., 2009). Contradictory data obtained by (Master et al., 2008) suggested that
M. tuberculosis infection results in inflammasome inhibition and IL-1f production. These differences could
be due to different models of infection used in both studies. NOD2 identifies bacterial peptidoglycans
(Girardin et al., 2003), and pro-inflammatory cytokines and nitric oxide production were reduced during
M. tuberculosis infection of mice deficient in this receptor, but the susceptibility to the infection was
variable (Divangahi et al., 2008).
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1.6.3. C-Type Lectin

C-type lectins are pathogen recognition receptors associated with polysaccharide recognition. Mannose
receptors (MR) are composed of one cysteine-rich and eight carbohydrate recognition domains, and are
expressed on alveolar macrophages (Kleinnijenhuis et al., 2011). During M. tuberculosis infection, MR
stimulation induces production of 1L-4 and IL-13, decreased IL-12 production and decreased activation of
oxidative responses (Kleinnijenhuis et al., 2011). MR has the ability to bind to Man-LAM and M.
tuberculosis cell wall components such as PIMs resulting in induction of phagocytosis, but limited

phagosome-lysosome fusion (Vergne et al., 2003; Hmama et al., 2004; Kang et al., 2005).

1.6.4. Complement, scavenger, surfactant protein A and DC-SIGN receptors

Complement receptors (CR) are expressed on cell surface of phagocytic cells and interact with complement
components. CR1, CR3 and CR4 involvement in M. tuberculosis internalization has been previously
described (Ferguson et al., 2004). CR facilitate uptake of both virulent and avirulent M. tuberculosis strains
and CR blocking results in inhibition of M. tuberculosis phagocytosis (O’Garra et al., 2013). The interaction
of CR3 and M. tuberculosis has been noted to inhibit the formation of respiratory bursts and production of

inflammatory response (Kleinnijenhuis et al., 2011).

Upon CRS inhibition, scavenger receptor class A may facilitate M. tuberculosis entry by phagocytosis
(Zimmerli et al., 1996). In addition, scavenger receptor B class 1 facilitates M. tuberculosis recognition,
but is minimally involved in host immune response to M. tuberculosis infection (Schéfer et al., 2009).
Scavenger receptor class A deficiency delayed progression of disease by enhancing formation of
multinucleated giant cells and subsequent M. tuberculosis containment but did not influence early formation

of granulomas (Sever-Chroneos et al., 2011).

DCs express DC-SIGN, which functions as a recognition receptor for carbohydrates that mediates adhesion
and the interaction between DCs and T-cells (Kleinnijenhuis et al., 2011). DC-SIGN recognition of M.

tuberculosis Man-LAM and lipomannans results in production of IL-10 (Geijtenbeek et al., 2003).

Surfactant protein A (SP-A) enhances phagocytosis of M. tuberculosis by macrophages (Gaynor et al.,
1995; Pasula et al., 1997) and decreases production of reactive nitrogen intermediates (Pasula et al., 1999)

thus facilitating intracellular survival of M. tuberculosis. HIV-M. tuberculosis co-infected patients exhibit

13



enhanced expression of SP-A in their lungs and this correlated with higher risk of active disease (Downing
et al., 1995).

1.7. CDA4+ T-cells

CD4+ T-cells are divided into groups according to the cytokine profiles which are dependent on antigen
presenting cells. Naive CD4+ T-cells differentiate into Thl, Th2, Th9, Th17, Th22 and T-follicular effector
cells (Akdis et al., 2011). Thi, Th2, Thl17 and T regulator cells have been described to play vital roles in

M. tuberculosis infection (Romero-Adrian et al., 2015).
1.7.1. Th1 cells

Thl cells are induced by infection of intracellular pathogens, produce interferon-gamma (IFN-y) and
activate macrophages, thereby facilitating protection during infection (Wei et al., 2010; Evans and Jenner,
2013; Zhu et al., 2013). Thl inducing cytokines are mainly IL-12 and IFN- y. IL-12 is mostly produced by
antigen-presenting cells and induces the transcription factor signal transducer and activator of transcription
(STAT) 4 when interacting with receptors on T cells, thereby inducing transcriptional factor T-bet and IFN-
y production (Wei et al., 2010; Evans and Jenner, 2013; Zhu et al., 2013). T-bet is an important regulator
of Thl cells and inhibits the differentiation of Th2 and TH17 cells by negative regulation of the expression
of their specific genes (Wei et al., 2010; Evans and Jenner, 2013; Zhu et al., 2013). IFN-y induces STAT1
which synergizes with STAT4, thereby activating Thl gene activation (Lighvani et al., 2001; Mikhak et
al., 2006). Multiple studies have demonstrated that Thl cells are central to protection against TB by
initiation of IFN-y production, resulting in activation of macrophage activities (Flynn et al., 2011; Weiss
and Schaible, 2015) and increased susceptibility to TB has been associated with mutations in gene encoding
Th1 cytokines (Cooke et al., 2006; Ding et al., 2008; Stein et al., 2008). TB patients with good clinical
outcomes have been associated with greater Th1/Th2 ratio than patients with poor outcomes (Lienhardt et
al., 2002).

1.7.2. Th2 cells

Production of IL-4, IL-5, IL-9, IL-13 (Akdis et al., 2011) induces a Th2 and inflammatory response, which
in turn, results in production of IL-25, IL-31 and I1L-33 (Kang et al., 2005; Bilsborough et al., 2006; Kakkar
and Lee, 2008). Th2 cytokines counteract the host protective immune response by inhibiting IFN-y
production and macrophage activation. TB patients have previously shown high levels of Th2 cytokines

(Barnes et al., 1993a). Effective clearance of M. tuberculosis requires both Th1 and Th2 responses, but the

14



balance of both is important for effective immune response and thus, the outcome of the disease (Infante-
Duarto and Kamradt, 1999).

1.7.3. Th17 cells

Th17 cells are regulated by transcription factor RORyt and are independent of Th1 and Th2 transcription
factors (lvanov et al., 2006). IL-17 is the most important effector cytokine but IL-22, IL-26 and GM-CSF
also play a role in Th17 differentiation (Ling et al., 2013; Zambrano-Zaragoza et al., 2014). The role of
Th17 cells during primary infection has been controversial. In the mice model, 1L-17 was deemed to play
an unimportant role in primary immunity (Khader et al., 2005), in contrast to other studies that have reported
increased levels of 1L-17/Th17 cells in mice infected with HN878. IL-17 deficient mice were impaired in
induction of chemokines, co-localization of macrophages and T-lymphocytes, leading to elevated bacillary
loads in lungs (Gopal et al., 2014). In support of this, Th17 cells have also previously shown partial
inhibition of M. tuberculosis growth (Gallegos et al., 2011).

1.7.4. T regulator cells

Regulatory T (Treg) cells are differentiated by transforming growth factor f (TGF-f) and influence M.
tuberculosis infection by producing IL-10 and TGF- B (Romero-Adrian et al., 2015). These cells have been
found in larger amounts in peripheral blood of TB patients with active disease compared to previously BCG
vaccinated individuals (Scott-Browne et al., 2007) and are capable of suppressing the immune response.
Decreased numbers of Treg cells were reported in peripheral blood during TB treatment (Ribeiro-Rodrigues
et al., 2006).

1.8. Cytokine production upon M. tuberculosis infection

Cytokines are important mediators of the host immune response and are produced by a plethora of immune
cells. Cytokines possess regulatory functions and participate in inflammatory, immune and tissue repair
responses (Gupta et al., 2011). Various bacterial cell components and mycobacterial components (Table
1.1) are able to induce cytokine production (Jo et al., 2007; Rakotosamimanana et al., 2010). During TB
infection, immune and non-immune cells generate specific cytokines and chemokines (Manca et al., 2004;
Lee et al., 2009; Carmona et al., 2013). The cytokine responses to M. tuberculosis infection can be broken
down into pro- and anti-inflammatory responses. The generation of pro-inflammatory cytokines induce an
inflammatory response via a cascade of pathways and networks that are involved in the regulation.
Interleukin-1 (IL-1), IL-7, IL-12, IL-15, IL-18, IL-23 and IL-27 have been identified as important for
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effective control of TB (Cavalcanti et al., 2012). Post-inhalation, M. tuberculosis bacilli are ingested by
macrophages and other antigen presenting cells such as DCs. These cells together initiate production of
pro-inflammatory cytokines; interleukin (IL)-12, IL-1B and TNF-o. (Flynn et al., 2011).

1.8.1. Pro-inflammatory cytokines involved in M. tuberculosis infection

Macrophages and epithelial cells contribute to the local inflammatory response by producing pro-
inflammatory cytokines (Lee et al., 2009). Multiple studies have described mycobacterial antigens that
induce a pro-inflammatory response including 38-kDa glycolipoprotein (Jung et al., 2006), 19 kDa
Lipoprotein (Rao et al., 2005), FMN binding nitroreductase domain containing protein (Peddireddy et al.,
2016), macrophage-activating protein, Rv2882c (Choi et al., 2016) and HBHA (Kim et al., 2011).

1.8.1.1. Interleukin 1-g (IL-1p)

IL-1p is a pro-inflammatory cytokine that is synthesised by macrophages, monocytes and DCs (Dahl et al.,
1996) and is involved in activating mycobactericidal activity, promotes anti-microbial molecules, increases
TNF-o and Tumour necrosis factor receptor-1 expression and activating caspase-3 (Jayaraman et al., 2013;
Krishnan et al., 2013). IL-1 was implicated in protection against M. tuberculosis during early infection
(Yamada et al., 2000). Deficiency in IL-1p and IL-1R resulted in defective granuloma formation and
increased growth (Juffermans et al., 2000). IL-1p production during M. tuberculosis infection does not
require caspsase-1 or TLR signalling (Mayer-Barber et al., 2010). IL-1p production by DCs and bone
marrow-derived macrophages infected with M. tuberculosis in vitro is facilitated by NOD like receptor
family, pyrin domain containing 3 (NLRP3)-inflammsome mediated activation of caspase-1 (Koo et al.,
2008; TeKippe et al., 2010).

1.8.1.2. Interleukin 2 (IL-2)

IL-2 is produced most often by CD4+ and CD8+ T cells, DCs and natural killer cells stimulated by antigens
(Akdis et al., 2011). IL-2 plays a role in the activation of T-cells and B-cells. High expression and
production of IL-2 which demonstrates a synergistic relationship to IFN-y was observed during early stages
of M. avium infection in the mice model but the same effect was not seen during late stage infection
(Mannering and Cheers, 2002). TB patients have reduced response to IL-2, due to a defective IL-2 receptor
or polymorphisms in the IL-2 gene (Sivangala et al., 2014). IL-2 has been proposed to be used as a possible

diagnostic marker to distinguish between active and latent TB cases (Biselli et al., 2010).
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1.8.1.3. Interleukin 6 (IL-6)

IL-6 which is produced at the sites of early infection, possesses properties of both pro- and anti-
inflammatory cytokines (Romero-Adrian et al., 2015). The lack of IL-6 resulted in increased bacterial
burden and delay in IFN-y production. However, it was reported to be not essential for the protective host
response to M. tuberculosis infection (Saunders et al., 2000). IL-6 is possibly detrimental in M. tuberculosis
infections due to its ability to inhibit TNF-o and IL-1p (Schindler et al., 1990).

1.8.1.4. Interleukin-7 (IL-7)

IL-7 produced by keratinocytes, DCs, B cells, epithelial cells and macrophages, is a lymphopoetic cytokine.
It induces the synthesis of inflammatory cytokines in macrophages (Akdis et al., 2011) and prolongs
survival of pre-T-cells by induction of bcl-2 expression (Niu and Qin, 2013). Prolonged survival of IL-7
treated M. tuberculosis-infected mice was postulated to be due to IL-7 activating immune cells, thereby,
enhancing the anti-mycobacterial activity in infected macrophages. Even though IL-7 promoted survival in
mice, it can also exhibit a deleterious effect on disease. IL-7 also enhanced the concentrations of IL-4 and
IL-10 and decreased IFN-y during early infection of mice (Maeurer et al., 2000). Memory CD8+ cell
proliferation was enhanced by IL-7 and IL-15, but these cytokines were shown to be not necessary for
memory CD4+ cells (Tan et al., 2002). However, IL-7 and IL-15 treated mice displayed increased CD4+
and CD8+ T-cell memory response, Thl cytokine production and production of M. tuberculosis specific

memory T-cells (Singh et al., 2010).

1.8.15. Interleukin 12 (1L-12)

IL-12, which is produced by phagocytic cells, is an important cytokine that is involved in the host immune
response to M. tuberculosis infection (O’Garra et al., 2013). IL-12 plays a vital role in inducing production
of IFN-y and thereby, influencing the adaptive immune response to M. tuberculosis infection (O’Neill and
Greene, 1998). Patients with mutations in either IL-12R or IL-12p40 genes demonstrated reduction in the
produced IFN-y and T-cell response resulting in enhanced susceptibility to M. tuberculosis infection (Raja,
2004). 1L-12 plays an important role in CD4* T cell differentiation into Thl cells (Hamza et al., 2010).
Mice infected with CDC1551 M. tuberculosis strain elicited early production of IFN-y and IL-12 ensuring

control of M. tuberculosis growth and therefore prolonged survival (Manca et al., 1999).

1.8.1.6. Interleukin 15 (IL-15)

IL-15 displays similar biological characteristics to IL-2, but is synthesised primarily by macrophages and

monocytes unlike IL-2. IL-15 expression has been shown to be associated with a Th1l-mediated chronic
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inflammatory disease of the lung (Muro et al., 2001). M. tuberculosis infected animals treated with IL-7 or
IL-15 elicited increased TNF-o and decreased IFN-y in spleen cells (Maeurer et al., 2000). 1L-15 was shown
to be required for induction of effector mechanisms dependant on lectin-like stimulatory receptor natural
killer group 2D in CD8+ T cells (Rausch et al., 2006). BCG infected mice that over expressed IL-15 offered
enhanced protection due to NK and T cytotoxic 1 response augmentation (Umemura et al., 2001). I1L-15
was also reported to have the ability to differentiate VY9V62 T cells via generation of effector memory and

terminally differentiated cells (Meraviglia et al., 2010).

1.8.1.7. Interleukin 18 (1L-18)

IL-18 is a pro-inflammatory cytokine similar to IL-1 (Akdis et al., 2011) and has been shown to stimulate
production of transcriptional factors, pro-inflammatory cytokines and chemokines (Schneider et al., 2010).
IL-18 deficient mice demonstrated increased susceptibility to BCG and M. tuberculosis (Sugawara et al.,
1999). M. tuberculosis-stimulated peripheral blood mononuclear cells from patients with active disease
produced reduced levels of IL-18 and IFN-y compared to healthy individuals (Vankayalapati et al., 2000).

These studies suggest that I1L-18 plays a protective role in M. tuberculosis infection.

1.8.1.8. Tumour necrosis factor alpha (TNF-a)

TNF-a belonging to the pro-inflammatory group of cytokines, functions in synergy with IFN-y, and
supports the function of macrophages by assisting the production of reactive nitrogen intermediates (Flynn
et al., 1995; Scanga et al., 2000). In addition, TNF-a encourages immune cells to migrate to sites of
infection, thus assisting in granuloma formation and disease control (Mohan et al., 2001). Both the TNF-a
and the 55 kDa TNF receptor have been demonstrated to be essential for the protective immune response
against M. tuberculosis in mice (Flynn et al., 1995). In the murine TB model, TNF-o neutralization resulted
in reactivation of TB depicted by increase in bacillary burden and histopathological deterioration (Mohan
et al., 2001). TNF-a was also found expressed during the latent infection in infected tissue (Flynn et al.,
1998). Increased levels of TNF-a were observed in pulmonary TB patients when peripheral blood
mononucleated cells were stimulated with mycobacterial antigens (Al-Attiyah et al., 2012). Muramyl
dipeptide interactions with NOD2 in human alveolar macrophages resulted in production of IL-1f, IL-6,
and TNF-a and improved control of intracellular growth of M. tuberculosis (Juéarez et al., 2012). TNF-a
also increased phagocytosis and apoptosis of macrophages, thereby leading to enhanced DCs presentation
(Keane et al., 2000). Increased mortality was demonstrated during chronic infection of mice with M.
tuberculosis and this was attributed to the role of TNF-a in granuloma formation and maintenance

(Robinson et al., 2013). M. tuberculosis utilizes surface antigens to modulate the host immune response by
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inducing production of IL-4 and IL-10 which counter the pro-inflammatory effects of TNF-a. (Manca et al.,
2004). IL-4 has been shown to exacerbate the tissue damage associated with TNF-o (Seah and Rook 2001).
Recently, Cpn60.2 was demonstrated to induce TNF-a production in both mouse-derived bone marrow-

derived macrophages and human THP-1 cells (Torres-Huerta et al., 2017).

1.8.1.9. Interferon gamma (IFN-y)

Interferons (IFN) are divided into two major types: type | and type Il. Type | IFN is secreted in response to
viruses and type Il IFN (IFN-y) is secreted by T lymphocytes and NK cells in response to immune and
inflammatory signals (Cavalcanti et al., 2012). In the murine TB model, IFN-y knockout mice produced
granulomas but not reactive nitrogen intermediates, leading to defective restriction of bacillary burden
(Flynn et al., 1993). IFN- vy is integral in the protective immune response to M. tuberculosis infection and
is synthesised by CD4, CD8 T lymphocytes and NK cells (Tavares et al., 2006; Cooper and Khader, 2008;
Nienhaus et al., 2008; Costa et al., 2010). Patients with defective IFN-y receptor genes have demonstrated
susceptibility to M. tuberculosis infection (Newport et al., 1996) and a complete absence of IFN-y receptor
was characterised by advanced disease progression, defective granuloma formation and multibacillary
lesions (Cavalcanti et al., 2012). Macrophage activation is the main function of IFN-y, thus enabling their
mycobactericidal activity. IFN-y also enhances antigen presentation by inducing the expression of MHC
and promoting CD4 T lymphocyte differentiation to Thl cells (Cavalcanti et al., 2012). Exposure to IFN-y
results in transcription of greater than 200 genes in macrophages inclusive of genes involved in production
of various antimicrobial factors which facilitate the eradication of M. tuberculosis infection (Cooper 2009).
Mycobacterial antigens, for example, the 19 kDa lipoprotein, has moderated the macrophage response by
altering the transcription of genes that respond to the IFN-y signal (Gehring et al., 2003; Pai et al., 2003).

1.8.2. Anti-inflammatory cytokines involved in M. tuberculosis infection
Anti-inflammatory cytokines serve to antagonize the effects of pro-inflammatory cytokines, thereby
preventing inflammatory diseases (Slight and Khader, 2013). Chemokines are also produced during M.
tuberculosis infection and play a role in chemotactic response involving circulating granulocytes, T-cells,
DCs and macrophages (Jang et al., 2008; Vesosky et al., 2010; Yu et al., 2012; Slight and Khader, 2013).

1.8.2.1. Interleukin 4 (1L-4)

IL-4 has been noted for its involvement in suppression of IFN-y production and macrophage activity
(Romero-Adrian et al., 2015). In the mouse model, increased production of IL-4 was found during
progressive disease (Hernandez-Pando et al., 1996) and reactivation (Howard and Zwilling, 1999). IL-4

deficiency led to normal susceptibility to mycobacteria (Erb et al., 1998; North, 1998). In contrast, IL-4
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deficiency was related to increased granuloma size and mycobacterial burden (Sugawara et al., 2000). IL-
4 has also been detected in some TB patients (Kaplan et al., 1993; Sanchez et al., 1994) but this finding has
not been consistent (Barnes et al., 1993b; Hernandez-Pando and Rook, 1994; Lin et al., 1996; Lai et al.,
1997).

1.8.2.2. Interleukin 10 (IL-10)

IL-10 is an anti-inflammatory cytokine that is produced by monocytes, macrophages, T cells, NK cells,
DCs and B cells (Deniz et al., 2008). Binding of mycobacterial lipoarabinomannan to macrophages has
been shown to elicit IL-10 production (Dahl et al., 1996). Treatment with recombinant IL-10 reduced levels
of IL-12, and the neutralization of IL-10 resulted in minor increases in IL-12 levels in human monocytes
infected with M. tuberculosis H37Ra (Fulton et al., 1998). DCs were demonstrated to produce IL-10 that
targeted IL-10Ra TH17 CD4 T cells specifically (Doz et al., 2013). In the mouse model infected with M.
tuberculosis, deficiency of IL-10 permitted the formation of granulomas that were mature and fibrotic,
suggesting that IL-10 is involved in prevention of protective immunity development (Cyktor et al., 2013).
Deficiency of IL-10 in mice resulted in reduction of bacterial load due to enhanced IFN-y responses,
together with an increase of CD4+ T cells in the lung as well as cytokines and chemokines (Redford et al.,
2010). IL-10 was also observed to negatively regulate macrophage functions, thereby decreasing the
inflammatory response in mice (Murray and Young, 1999). Deficiency in IL-10 terminated the ability of
DNAX-activating protein of 12 kDa (DAP12)-competent antigen presenting cells to supress activation of
the Th1 cell response (Jeyanathan et al., 2014).

1.8.2.3. Interleukin-11 (1L-11)

IL-11 displays both pro- and anti-inflammatory characteristics and is produced by stromal cells, osteoblasts,
fibroblasts, epithelial cells, tumour cell lines and synoviocytes (Akdis et al., 2011). IL-11 functions include
epithelial cell protection and immunomodulation, suppressing pro-inflammatory production, neuronal
development, bone marrow recovery and adipogenesis, platelet production and haematopoiesis (Paul and
Schendel, 1992; Akdis et al., 2011). IL-11 neutralization with antibodies resulted in decreased lung

pathology and cytokine production in M. tuberculosis infected mice (Kapina et al., 2011).

1.8.2.4. Interleukin 13 (I1L-13)

IL-13 is an anti-inflammatory cytokine from the Th2 cytokine family and is produced by mast cells, T-
cells, basophils and eosinophils (Akdis et al., 2011). IL-13 is generally involved in eosinophil and mast cell
recruitment during parasite infection (Akdis et al., 2011). It can also play a role in B-cell regulation and

functions by inhibiting macrophage activation and down-regulating TLR2 signalling pathway and nitric
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oxide synthesis (Akdis et al., 2011). In murine and human macrophages, IL-13 negates autophagy-mediated
killing of M. tuberculosis (Harris et al., 2007).

1.8.2.5. Transforming growth factor beta (TGFp)

TGF is induced by monocytes and DCs in response to mycobacterial products (Van Crevel et al., 2002),
including lipoarabinomannan (Dahl et al., 1996). TGFf has been described to suppress the cell mediated
immunity, including T cell proliferation and IFN-y production (Van Crevel et al., 2002). TGFf and IL-10
were shown to be involved in the down-regulation of IFN-y produced by T-cells during M. tuberculosis
infection (Othieno et al., 1999). Fibrosis and tissue repair during drug treatment in active TB disease was
shown to be related to the production of TGFp (Difazio et al., 2016).

1.8.3. Chemokines

Chemokines and chemokine receptors have been shown to be involved in communication between various
cell types, thereby facilitating immune cell trafficking to affected tissues and supporting immunity (Slight
and Khader, 2013). The four chemokine subfamilies based on the position of cysteine residues: C, CC,
CXC, and CX3C, bind to their corresponding receptors on various cell types (Zlotnik et al., 2006). The CC
chemokine family generally bind to CCR receptors, and the CXC chemokine bind to CXCR receptors
(Slight and Khader, 2013). XCL and CX3C chemokines bind to XCR and CX3CR receptors respectively
(Zlotnik et al., 2006). Macrophages produce chemokines upon stimulation with M. tuberculosis antigens
(Flynn et al., 2011). CCL2 (monocyte chemoattractant protein, MCP-1) production results in defective
control of M. tuberculosis infection by increasing differentiation of CD4* T cells to Th2 phenotype (Hasan
et al., 2009). In addition, CCL2 deficiency has been linked to inhibition of granuloma formation in murine
models (Lu et al., 1998). CCL2 have been found to be present in serum during TB disease and treatment.
CCL3 (macrophage inflammatory protein 1 alpha, MIP-10) induces more Thl than Th2 cells. CCL5
(Regulated upon Activation, Normal T cells Expressed and Secreted, RANTES) is involved in recruiting
Th1 cells to form granulomas and plays a vital role in early responses of IFN-y producing T-cells. CCL7
(monocyte chemoattractant protein-3, MCP-3) induces NK cells, phagocytic cells and T lymphocytes. IL-
8 (CXCLS8) is involved in chemoattraction of monocytes, T-cells and neutrophils (Zhang et al., 1995;
Zlotnik and Yoshie 2000). Increased levels of CXCL8 were present in plasma and bronchoalveolar lavage
fluids of TB patients (Nibbering et al., 1993; Meddows-Taylor et al., 1999).
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1.9. The role of bacterial adhesins in pathogenesis

Adhesins are expressed by pathogenic and saprophytic organisms, highlighting their overall importance as
a bacterial pathogenesis and ecological factor. Bacterial adhesins are cell surface molecules that are either
monomeric or filamentous in structure, and display selectivity for specific target ligands that recognise
various motifs. Attachment to mucosal surfaces and host cells are important steps in the pathogenicity of
various bacterial groups (Kline et al., 2009). Many pathogens possess a plethora of adhesins that are
expressed at various stages during the infection process and are vital for virulence. An example of a bacterial
adhesin that functions as a virulence factor is the fimbrial adhesin (Bien et al., 2012). Most commensal
isolates of E. coli and Salmonella express curli pili that bind and assemble the contact-phase system on the
bacterial surface, which result in the release of bradykinin leading to fever, pain, and hypotension (Herwald
et al., 1998). Curli pili produce an inflammatory response in the host. Infection with curli piliated E. coli
resulted in a dramatic drop in blood pressure as compared to noncurliated mutants. Curli pili are also
recognized by TLRs and activate the innate immune system, resulting in the production of IL-6, IL-8, and
TNF-a (Bian et al., 2001). Disrupting this integral step in bacterial pathogenesis using specific antibodies
that target the adhesin might prove to be successful vaccine or drug targets. But this approach has been
confounded by the multitude of adhesins present in bacteria. Targeting several adhesins may offer a solution

in these cases, as in the case of vaccines against Human enterotoxigenic E. coli (Wizemann et al., 1999).

1.10. M. tuberculosis adhesins

Various studies have described M. tuberculosis antigens that interact with receptors on mammalian host
cells and therefore, have been identified as M. tuberculosis adhesins. Some of the known adhesins in M.
tuberculosis include alanine- and proline rich antigenic (Apa) (Pasula et al., 1997), 19 kDa lipoprotein
(Neyrolles et al., 2001), heparin binding hemagglutinin adhesin (Pethe et al., 2001), laminin binding protein
(Pethe et al., 2002), Cpn60.2 (Stokes et al., 2004), malate synthase (Kinhikar et al., 2006), pili (Alteri et
al., 2007), membrane protein, N-acetylmuramoyl-L-alanine amidase, and L,D-transpeptidase (Kumar et
al., 2013). The potential of adhesins as biomarkers that can be targeted for the design of therapeutics was

reviewed by Govender et al. 2014.
1.10.1. Heparin-binding hemagglutinin adhesin (HBHA)

Several respiratory pathogens including bacteria (Isaacs, 1994; Menozzi et al., 1994; Van Putten and Paul,

1995), parasites (Frevert, 1993; Love et al., 1993), mycoplasma (Krivan et al., 1989) and viruses (Nahmias
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and Kibrick, 1964), have been shown to possess HBHA that bind specifically to sulphated
glycosaminoglycan receptors present on cell surface or extracellular matrix of epithelial pneumocytes.
Menozzi et al (1996) first characterised HBHA in mycobacteria as a 28kDa, surface exposed (Fig. 1.1) and
secreted protein from M. tuberculosis and M. bovis BCG broth culture and cell wall extracts. Other
mycobacteria such as M. avium and Mycobacterium leprae (Reddy and Kumar, 2000) express heparin-like
proteins, while similar proteins were not observed in M. smegmatis (Menozzi et al., 1996; Pethe et al.,
2002). HBHA was also described as an adhesive molecule that induces hemagglutination, bacterial-host
cell- and auto-aggregation, thereby promoting communication between mycobacterial and host cells,
suggesting that HBHA could possibly be an adhesin (Menozzi et al., 1996). Further studies corroborated
hemagglutination activity and HBHA was further classified to be unique glycoprotein capable of
glycosylation (Menozzi et al., 1998). HBHA was shown to comprise 3 major subunits, an a- helical coiled-
coil region, transmembrane domain, and the methylated C-terminal Lys-Pro-Ala-rich region (Delogu and
Brennan, 1999). The binding capacity of HBHA to sulphated glycoconjugates is facilitated by the
methylated C-terminal Lys-Pro-Ala-rich region (Menozzi et al., 1996).

B

Fig. 1.1: Immuno-electron micrographs of M. tuberculosis labelled with monoclonal antibodies (mAbs)
that specifically recognize HBHA. (A) M. tuberculosis H37Ra visualized (x29, 500) post incubation with
mAb 3921E4; (B) M. tuberculosis H37Ra visualized (x61, 200) post incubation with mAb 4057D2 and

gold-labelled (10 nm) goat anti-mouse immunoglobulin (Menozzi et al., 1996).
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1.10.1.1. Adhesin potential of HBHA

A HBHA-deficient strain was reported to have a reduced ability to adhere to epithelial cells, but did not
influence adherence to macrophages (Pethe et al., 2001). This study also demonstrated the role of HBHA
in extrapulmonary dissemination by using a mouse infection model to show impaired dissemination of the
HBHA-deficient strain to the spleen, but no influence on bacillary load in lungs. In addition, the use of
antibodies targeting the C-terminal domain inhibited binding of HBHA to sulphated glycoconjugates
receptors present on epithelial cells, suggesting that the HBHA induced humoral response could assist in
protection against extra-pulmonary dissemination of M. tuberculosis (Pethe et al., 2001). HBHA was shown
to promote infection of epithelial cells (Menozzi et al., 2006) by binding to actin and inducing actin
polymerization and depolymerisation which in turn prompted cytoskeletal re-arrangement, facilitating
epithelial cell transcytosis (Esposito et al., 2011). Mueller-Oritz et al., (2002) corroborated the findings of
Pethe et al. (2001) also by using a HBHA-deficient strain demonstrating that HBHA was required for extra-
pulmonary dissemination, but not for adherence of M. tuberculosis to, and its growth in  macrophages
(Mueller-Ortiz et al., 2002). Expression of hbhA at various stages of in vitro and in vivo M. tuberculosis
infection was assessed using RT-PCR. Expression levels of hbhA remained similar at the initial stage of
infection, whilst increased at the early stationary phase of in an axenic culture. A549 human pneumocytes
and the lungs of mice displayed increased hbhA expression compared to low or constant hbhA expression
in bone marrow derived macrophages and the spleen of mice (Delogu et al., 2006). Since the initial studies
by Pethe et al., 2001, little research has been conducted on adherence of HBHA to macrophages. However,
a previous study showed that the C3 binding protein of M. tuberculosis matched the amino acid sequence
of HBHA and was demonstrated to bind specifically to the cell membrane. Furthermore, J774.A1
macrophages displayed increased phagocytosis of and adherence to HBHA-coated polystyrene beads.
These findings suggested that HBHA possibly uses C3 and C3 binding receptors to mediate adherence to
macrophages and phagocytosis of M. tuberculosis (Mueller-Ortiz et al., 2001). However, it was
subsequently shown that M. tuberculosis binding to C3 was not impaired in the absence of HBHA (Mueller-
Ortiz etal., 2002). Recombinant HBHA was seen to induce apoptosis of murine macrophages by generating
reactive oxygen species and reducing mitochondrial transmembrane potential (Sohn et al., 2011), During

HBHA induced apoptosis, the endoplasmic reticulum pathway was deemed essential (Choi et al., 2013).

1.10.1.2. Biomarker potential of HBHA

HBHA'’s potential as a biomarker and diagnostic tool have been evaluated by numerous studies since
Menozzi et al., (1996) first described that M. tuberculosis-infected patients produce antibodies that

recognise HBHA. HBHA’s lys-pro-ala-rich region of the C-terminus has been identified to be methylated
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(Pethe et al., 2002). Methylated HBHA was more strongly recognised compared to rHBHA by antibodies
of infected patients (Zanetti et al., 2005), thereby highlighting the importance of methylation to the
antigenic functioning of HBHA. In addition, latently-infected TB individuals elicited a stronger response
to methylated HBHA when compared with TB patients with pulmonary TB (Masungi et al., 2002)
suggesting that HBHA may potentially be a suitable biomarker for latent infection. This finding was
corroborated by Interferon gamma response assays (IGRA) using HBHA. HBHA IGRA exhibited the
highest sensitivity and specificity for detection of latent TB when compared with similar assays using Early
Secreted Antigenic Target of 6kDa protein and purified protein derivative (Hougardy et al., 2007). In
contrast, a similar study carried out in Finland, demonstrated that BCG vaccinated and unvaccinated
individuals elicited a response to HBHA, suggesting that an innate immune response may have been due to
either HBHA or the possible presence of cross-reactive peptides (Savolainen et al., 2008). Recently, more
TNF-0 CD4+ T cells induced by HBHA were observed in QuantiFERON-TB gold positive diagnosed latent
M. tuberculosis-infected individuals compared with individuals that were negative for latent infection
(Smits et al., 2015). Greater amounts of HBHA-triggered IL-2, IFN-y and TNF-a CD4+ T lymphocytes
were present in positively diagnosed latently-infected individuals than those with active pulmonary TB.
In support of these findings, individuals with pulmonary TB were shown to elicit lower amounts of HBHA-
specific CD4+ T cells compared with latently infected individuals, suggesting that HBHA may be a
potential diagnostic marker for latent TB infection (Hutchinson et al., 2015). However, HBHA has been

described as a poor biomarker for pulmonary and extra-pulmonary TB differentiation (Sun et al., 2011).

1.10.1.3. Vaccine potential of HBHA

HBHA has previously been reported to stimulate pro-inflammatory cytokines, TNF-a and IL-6 in bone
marrow derived macrophages by induction of NF-kB and MAPKs pathways (Kim et al., 2011), using RT-
PCR and ELISA to investigate a selected number of cytokines and pathways. HBHA was also shown to
induce IFN-y, IL-2 and IL-17 co-expressing CD4* T-cells in household contacts, but not in active TB cases
(Loxton et al., 2012). Kuvar (2016) using a HBHA-deficient strain, demonstrated that HBHA modulates
host-pathogen interactions and immune response by inducing differential gene regulation in a mouse
infection model (unpublished). Rampersad (2018) demonstrated HBHA was most involved with the
induction of chemokines, I1L-8, MIP-1 and MCP-1 (unpublished).

HBHA also demonstrated a strong immunogenic and antigenic response, thereby enabling host protection
against M. tuberculosis infection, suggesting that HBHA could be a suitable vaccine candidate (Parra et al.,
2004). Kohama et al. (2008) showed that the use of rHBHA together with cholera toxin (CT) as an
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intranasally administered booster to BCG vaccine, was able to prevent dissemination of bacilli from the
primary site of M. tuberculosis infection to other sites in the host (Kohama et al., 2008).

HBHA prime-booster vaccines also require aTh17 immune response, in addition to the Thl response
(Verwaerde et al., 2014). HBHA and Cholera Toxin fusion together with the BCG vaccine resulted in
induction of both Th1 and Th17 immune responses and was effective at bacillary load reduction (Fukui et
al., 2015). Recent studies have used a multi-antigenic approach in order to fully capitalise on the
immunogenic properties of HBHA. Nanoparticle formulation of a combination of antigen85B and HBHA
was used as a booster to BCG vaccination and resulted in decreased bacillary loads in lungs of M.
tuberculosis-infected mice (Stylianou et al., 2014). Most recently, a novel fusion protein of MTB32C-
HBHA was tested for immunogencity in the mouse model and demonstrated the ability to induce a Thl
response (Teimourpour et al., 2017). A novel vector (Bacillus subtilis spores) coated in a novel fusion
protein consisting of Ag85B, ACR, and HBHA used as a booster to BCG vaccination demonstrated
reduction in bacterial load in lungs and elicited a superior Th1l-, Th17-, and T-reg-type cytokine production
(Copland et al., 2018). Rampersad (2018), using RNA sequencing and HBHA deficient and proficient
strains, demonstrated that HBHA is involved in differential regulation of canonical pathways and upstream
regulators during M. tuberculosis infection. Of note, the HBHA deficient strain induced increased levels of
pro-inflammatory cytokines (TNF-a, IL-1p and IFN-y), predicted activation recruitment of phagocytes and
significant enrichment of role of pattern recognition receptors in recognition of bacteria and viruses

compared to HBHA proficient strain (unpublished).
1.10.2. M. tuberculosis pili (MTP)

Bacterial pili are composed of a minor tip-associated adhesin and a major repeating subunit (Kline et al.,
2009) and function in various roles during infection including biofilm formation, agglutination of
erythrocytes, aggregation, colonization of mucosal surfaces and host tissues, cell to cell communication
and twitching (Telford et al., 2006; Proft and Baker, 2009). In addition, bacterial pili modulate host cytokine
and chemokine production thereby contributing to the host inflammatory response (Bian et al., 2000; Kai-
Larsen et al., 2010).

A study by Alteri in (2005) demonstrated by transmission electron microscopy (Fig. 1.2) that M.
tuberculosis produces structures resembling pili, and scanning electron microscopy further delineated these
structures into two different pili types, M. tuberculosis curli pili (MTP) and type IVB pili (Alteri, 2005;
Alteri et al., 2007).
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Fig. 1.2: M. tuberculosis pili. Electron micrographs of (A) M. tuberculosis H37Ra, (B) M. tuberculosis
H37Ryv, (C) M. tuberculosis CDC1551, (D) M. bovis BCG, (E) M. smegmatis mc2155, and (F) M. fortuitum

visually confirming the presence of pili by mycobacteria (Alteri, 2005).

In M. tuberculosis, the MTP pilin subunit is encoded by Rv3312A. In vitro studies demonstrated that MTP
and laminin, which is an extracellular matrix protein, bind to each other, highlighting that MTP displays
adherence properties to host cellular matrix proteins and suggested that MTP possibly plays a role in host
colonization (Alteri et al., 2007). This finding was supported by in vitro studies by Ramsugit and Pillay
(2014 and 2016), using a MTP-deficient and -complemented strains and demonstrated that MTP is
important for adhesion and invasion to macrophages and epithelial cells respectively (Ramsugit and Pillay,
2014; Ramsugit et al., 2016). In addition, MTP was also seen to be instrumental in the production of in
vitro biofilms (Ramsugit et al., 2013). MTP was also explored as a possible biomarker and (Naidoo et al.,
2014). Non-tuberculous mycobacteria and other respiratory bacteria demonstrated absence of mtp gene
suggesting that the pilin subunit protein of M. tuberculosis is possibly a suitable biomarker for a point care
test development (Naidoo et al., 2014). Mann et al., (2016) showed that MTP was not required for M.
tuberculosis survival in the mouse model but contributes to biofilm formation and isoniazid tolerance
(Mann et al., 2016).

Unpublished studies in our research group have also suggested that MTP is possibly a strong immunogen

in mouse infection model (Nyawo, 2016) and epithelial cell model (Dlamini, 2016) respectively but further
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experiments are needed to investigate the mechanism of MTP immune modulation. Nyawo (2016)
demonstrated that MTP is involved in growth of M. tuberculosis under in vitro conditions and plays a
substantial role in host-pathogen interactions by activating the innate immune and inflammatory responses,
thereby impacting host immune responses critical to host defence (unpublished). Dlamini (2016)
demonstrated that MTP plays a vital role in gene regulation of epithelial cells and influence host immune
responses by modulating signalling pathways during infection. These studies provide evidence that MTP
has the ability to modulate immune responses and therefore should be further investigated as a possible
vaccine candidate (unpublished). MTP induced similar quantities of IL-1p, IL-4, IL-6, IL-8, G-CSF, IFN-
v, MCP-1 and TNF-a in the epithelial cell model. It was noted that MTP induced significantly higher
concentration of TNF-a at 48 h and MTP-deficient mutant induced higher levels of IL-8 at 72 h post-
infection (Ramsugit et al., 2016). Unpublished studies by Ramsugit (2014) and Balgobin (2018) suggests
that cytokine production by macrophages was not influenced by MTP. More recently Naidoo et al., (2018)
demonstrated MTP is detected in larger patient populations including HIV positive patients during M.
tuberculosis infection and therefore is potentially useful in a reliable point of care test (Naidoo et al., 2018).
MTP is not associated with host cell cytotoxicity but influence the intracellular survival of M. tuberculosis
(Ramsugit and Pillay, in press). An unpublished study by Balgobin (2018) interrogated the whole
macrophage global differential transcriptional regulation elicited by MTP using MTP deficient and
proficient strains. RNA sequencing analysis revealed that MTP was involved in canonical pathway and
upstream regulator enrichment. MTP also enhanced predicted activation of migration of phagocytes,
inflammatory response and significant enrichment of role of pattern recognition receptors in recognition of

bacteria and viruses.

1.11. Whole transcriptome analysis

Survival of pathogens in the host relies on the expression of specific gene products. These genes are
regulated depending on environmental pressures (Fuchs et al., 2012). Understanding the pattern of up and
down regulation of genes provides vital information about characteristics of a bacterium that could possibly
translate into novel therapeutic target. Recent technological advances have enhanced the prospects for
elucidating bacterial gene regulation. Revolutionary techniques for studying gene regulation during host-

microbe interactions include microarrays, real time RT-PCR and RNA sequencing.
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1.11.1. Techniques to study whole transcriptome analysis

Real time Polymerase chain reaction (PCR) offers greater sensitivity which is useful for studying gene
expression of limited M. tuberculosis mMRNA in macrophage cultures and infected tissues (Fraga et al.,
2008). However PCR analysis is limited in number of genes that can be analysed in a single experiment.
Microarray technology addressed this shortcoming (Rak et al., 2014). DNA microarray analysis is a high-
throughput hybridization-based approach for simultaneous screening of mMRNA levels of thousands of genes
under varied environmental conditions (Git et al., 2010). Microarray and real time PCR analysis has
enabled the interrogation of complex host-pathogen interaction thus elucidating further M. tuberculosis
pathogenesis.

1.11.1.1. Microarray

Activation of macrophages with IFN-y enhances transcriptional regulation of genes involved in
inflammation and immunity (Ehrt et al., 2001). Transcriptional profiles in blood samples between healthy
control individuals, BCG vaccinated individuals and active TB patients varied in molecular signatures
(Lesho et al., 2011). Transcriptional biosignatures were altered during TB treatment, rapid
mycobacteriocidal activity coincided with initial down-regulation of inflammatory mediators, suggesting
that transcriptional biosignatures measurement is a useful during clinical trials for drug development (CIiff
et al., 2013). An extensive microarray analysis of the macrophages infected by an extensive of range
bacterial pathogens depicted commonly expressed genes by the host in response to various bacterial strains.
The commonly expressed gene patterns encoded host cell receptors, signal transduction molecules and
transcriptional factors. Further interrogation of M. tuberculosis specific response showed that M.
tuberculosis inhibits IL-12 production during macrophage infection suggesting that this is possibly a
survival mechanism (Nau et al., 2002). Macrophage global transcriptomic response during early infection
of M. tuberculosis was investigated using microarrays analysis depicted induction genes encoding for
ribosomal proteins, interferon-response gene STAT1, and cytokine and chemokine (Wang et al., 2003).
Analysis using apoptosis pathway-specific microarray displayed differential regulation of inhibitors of
apoptosis (bcl-2 and Rb) and pro-apoptotic (bad and bax) between M. tuberculosis-infected macrophage
and epithelial cells (Danelishvili et al., 2003). Investigation of transcriptional regulation of M. tuberculosis
during infection of macrophages up to 7 days revealed up-regulation of IL-1p, IL-8, MIP-1a, epithelial cell-
derived neutrophil-activating peptide-78, macrophage-derived chemokine, matrix metalloproteinase-7 and
growth-related oncogene-f. Macrophage colony-stimulating factor-receptor and CD4 were found to be
down-regulated in M. tuberculosis infected macrophages (Volpe et al.,, 2006). M. tuberculosis’s

involvement in the initiation of cytosolic surveillance pathway by partial perforation of phagosomal
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membrane was facilitated by the ESX-1 secretion pathway. This perforation leads to exposure of M.
tuberculosis DNA to cytosolic receptors inducing Sting/Tbkl/Irf3 signalling culminating in IFN-B
production during infection of macrophages (Manzanillo et al., 2012). Infection of macrophages with cell
wall deficient and normal M. tuberculosis were observed to induce differentially expressed genes involved
with cytokine-cytokine receptor interaction, nitrogen metabolism, focal adhesion and mitogen-activated
protein kinase signalling pathways (Fu et al., 2015). Microarray technology is limited in the accuracy of
transcripts present in low abundance and also only a limited selection of genes are interrogated by specific
probes (Zhao et al., 2014).

1.11.1.2. Real time PCR

Using real time PCR analysis of intracellular and extracellular immune mediators’ levels secreted by
patients with infectious lung diseases, active TB patients were shown to demonstrate higher levels of
mediators (SOCS, IRAK-M, IL-10 and TGF-BRIIL, IL-1Rn, and IDO) that counteract Th1-type and innate
immunity (Almeida et al., 2009). Real time PCR exhibits high accuracy and sensitive and therefore is
currently employed in validation of microarray and RNA sequencing analyses (Nau et al., 2002;
Danelishvili et al., 2003; Volpe et al., 2006; Fu et al., 2009; Manzanillo et al., 2012).

1.11.1.3. RNA sequencing

RNA sequencing has demonstrated strong potential to replace microarrays as a whole transcriptome
profiling. Numerous studies have displayed concordance between microarray and RNA sequencing data
(Bottomly et al., 2011; Sirbu et al., 2012; Zhang et al., 2012). RNA sequencing is more sensitive than
microarrays for low abundance transcripts and can profile gene expression in strains for which genome
sequences and gene annotations are not available (Haas et al., 2012). RNA sequencing was used to elucidate
immune responses specific to M. tuberculosis compared to other bacterial pathogens. M. tuberculosis
infection specific genes were associated with phagosome maturation, response to vitamin D, sialic acid
synthesis, superoxide production and macrophage chemotaxis (Blischak et al., 2015). The transcriptomes
of M. bovis-infected bovine macrophages were analysed by RNA sequencing revealing differentially
expressed genes involved in transcriptional suppression of host defence and innate immune signalling
(Nalpas et al., 2015). RNA sequencing analysis of epithelial cells infected with clinical strains dominant in
KwaZulu-Natal, South Africa demonstrated strain-specific induction of immune associated pathways
(Mvubu et al., 2016). Macrophage infection with hyper- and hypovirulent Beijing M. tuberculosis strains
induced differential gene expression and further pathway analysis depicted activation of growth inhibitory

and stress-induced Gadd45 signalling pathway by the hypervirulent strain. The hypovirulent strain was
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predicted to induce upstream regulators involved in interferon activation (Leisching et al., 2017). Unique
transcriptional analysis technology, CAGE (cap analysis gene expression), of IFN-y and IL-4/IL-13
stimulated macrophages infected with M. tuberculosis, differentially expressed up-regulated genes were
shown to be associated with inflammation and host immune protection response and dis-regulation of
cellular function was associated with down-regulated differentially expressed genes (Roy et al., 2018).

Gene expression studies using CAGE and RNA sequencing were comparable (Kawaji et al., 2014).

1.12. Significance of this work

Since both HBHA and MTP have been identified as major adhesins in M. tuberculosis for epithelial cells
and macrophages respectively, together, HBHA and MTP represent a powerful target for therapeutic
interventions. Even though HBHA was shown not to play a role in adhesion of the M. tuberculosis to
macrophages in previous studies (Pethe et al., 2002), deletion of HBHA in a strain that has impacted drug
resistance and overall TB burden in KwaZulu-Natal (F15/LAM4/KZN) may yield a dissimilar finding. Dual
deletion of HBHA and MTP will enable assessment of the effect of HBHA and MTP together on the
pathogenicity of M. tuberculosis during host-pathogen interactions thereby permitting the interrogation of
these antigens independently and in combination on the TB pathogenesis.

1.13. Research design

1.13.1. Aim of study
To evaluate the role of HBHA and MTP on TB pathogenesis, using a double hbhA-mtp gene

knockout and functional genomics.

1.13.2. Specific objectives

e Toevaluate the adhesion, invasion and replication capacity of the wild-type and hbhA-mtp gene
knockout mutant and complemented strains in THP-1 macrophages.

e To determine the role of the hbhA-mtp gene knockout on the host immune response by
comparing cytokine and chemokine production by THP-1 macrophages cells relative to the
wild-type.

e To evaluate host gene regulation in THP-1 macrophages infected with the hbhA-mtp gene

knockout mutant by whole transcriptome analysis using RNA sequencing.
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1.14. Thesis overview

This thesis is divided into 5 chapters. The first chapter comprises a review of the relevant literature.
Chapters 2 to 4 are research chapters written in manuscript format. Chapter 5 is a synthesis of the research

chapters, demonstrating how the chapters are linked, conclusion and recommendations for future work.

Chapter two:

Host cell colonization is dependent on initial adhesion and subsequent invasion of bacterial pathogens. M.
tuberculosis possesses multiple adhesins/invasins of which Heparin-binding hemagglutinin adhesin
(HBHA) and M. tuberculosis curli pili (MTP) are two major and well characterised adhesins. This paper
investigated the combined effect of HBHA and MTP on adhesion, invasion and transcript regulation
elucidated using RNA sequencing during early infection in a THP-1 human macrophage model. HBHA and
MTP were revealed to not act in synergy during adhesion and invasion. MTP demonstrated a more
substantial role in these initial interactions with macrophages compared to HBHA. In addition, these

adhesins were involved in immune recognition during early infection.

Chapter three:

Host cell signalling defines the progression of pathogenesis of M. tuberculosis. Cytokines are important
effector molecules that activate innate and adaptive arms of immune response. HBHA was previously
shown to induce the pro-inflammatory cytokines and chemokines, whilst MTP exhibited a limited role in
cytokine modulation. The impact of loss of both these adhesins on transcriptional regulation using RNA
sequencing and cytokine secretion using a multiplex assay were outlined in this paper. HBHA and MTP
enhanced activation of NF-«B, toll-like receptor, p38 MAPK and PI3-K/AKT canonical signalling
pathways. These activated patterns resulted in a predominately pro-inflammatory response during M.

tuberculosis infection of macrophages.

Chapter four:

Transcriptional regulation during M. tuberculosis pathogenesis impacts host immune response and
molecular signatures. HBHA and MTP individually have displayed immunogenic characteristics in
macrophages and mice. HBHA and MTP combined immunogenic ability was investigated by intracellular
replication assays, RNA sequencing of host global transcriptome and real time quantitative PCR of specific
transcripts. The data generated in this paper proposed the engagement of alternate antigens in the absence
of HBHA and MTP. Further studies to elucidate the identity of these antigens would possibly result in a

more successful, novel therapeutic target combination in addition to HBHA and MTP.
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