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SYNOPSIS

Host-pathogen interactions of different strains of Mycobacterium tuberculosis
INTRODUCTION:

Tuberculosis is the second leading cause of death among all infectious diseases
worldwide. According to World Health Organization (WHO), India ranks the world's second
most heavily affected country, with estimated 2 deaths every 3 minutes [1]. Emergence of
Multi-drug resistance (MDR), extreme drug resistance (XDR) and failure of conventional
vaccination with BCG have made the disease unmanageable. Tuberculosis is acquired through
inhalation of droplets containing live Mycobacterium tuberculosis (MTB), the causative agent
and the lung is the major site of the disease (pulmonary tuberculosis). The bacilli spread from
the site of initial infection through the lymphatics or blood to other parts of the body such as

bones, joints, the nervous system and the lymphatic system (extra-pulmonary tuberculosis).

The internalization of MTB by alveolar macrophages and alveolar epithelial cells is the
first event in the host-pathogen interaction which decides outcome of the infection. Infecting
bacilli are either killed or remain ‘viable but latent’ inside the host macrophage for decades. In
the infected individuals who develop active disease, bacilli appear to evade or subvert the
host’s protective cellular immune responses. Within 2 to 6 wk of infection, cell-mediated
immunity (CMI) develops and there is an influx of lymphocytes and activated macrophages
into the lesion resulting in granuloma formation [2, 3]. The CMI response is necessary to
control MTB infection and it is also responsible for the pathology associated with tuberculosis.
Activated macrophages and T-cells secrete cytokines- like interleukin-1 (IL-1), tumour necrosis
factor (TNF-0) and interferron- gamma (IFN-y)- which play essential role in protection against
TB [4]. In TB infection, Thl-type cytokines seem essential for protective immunity whereas
Th2-type cytokines inhibit the in-vitro production of IFN-y, as well as the activation of

macrophages, and may, therefore, weaken host defence.

Development of active TB is believed to be determined by multiple factors of host, like
genetic background including Major Histocompatibility Complex (MHC) and immune status of
the individual. MHC,Toll Like Receptor-2 (TLR-2) Vitamin D receptor, IFN-y and IL-12R
gene polymorphism of the host were shown to be linked with the susceptibility of the disease.

The impact of the strain variation for human disease has been well established for a number of
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bacterial pathogens, but it is not still well established for tuberculosis. It was believed until
recently that MTB exhibits a clonal population structure and therefore, was regarded as an
organism with little relevant genetic variation. However, after the discovery of molecular
typing methods for MTB, different types and subtypes of bacteria were revealed. Further, the
genotypes were also shown to be restricted to a specific geographic location, for example, it
was shown that MTB from South India were devoid of sulpholipids and less virulent and more
susceptible to oxidative stress as compared to one from Great Britain [5]. Similarly, the F11
strain represents the largest proportion of all isolates from tuberculosis patients in the Western
Cape of South Africa [6].

More recently, it has been established that differences the genotypes of the MTB strain
are responsible for the differences in virulence, antibiotic susceptibility, relapse and prevalence
[7-9]. The precise pathogenesis of TB and the factors determining the highly variable outcome
of infection are only partly understood. Besides, a majority of the studies related to
pathogenesis of TB were using the laboratory strains H37Rv, H37Ra, M. bovis BCG, Erdman
and CDC1551. As the laboratory strains can suffer from artifacts because of their adaptation to
the laboratory, a study using clinical isolates may be advantageous as they may represent the
behavior of wild type pathogen. In view of this, in present study, clinical isolates of specific
genotypes were selected for evaluating the host-pathogen interactions at the cellular and
molecular level. This will facilitate understanding of the mechanisms of different pathways
used by pathogen to subvert host immunity. Such an understanding may help in future for
discovery of new drug targets.

OBJECTIVES

The highly variable outcome of MTB infection varies from life-long asymptomatic infection to
severe disease and is determined by the battle between the host immunity and the virulence of

the MTB strain. Influence of MTB genomic diversity on disease outcome is still unexplored. In
view of this the main objective of the of present study was to evaluate the effect of genetically

diverse strains of MTB on in vivo as well as in vitro host responses.
The study involved

1. Selection of MTB clinical isolates from different genotypes and complete
characterization with respect to drug resistance, MIRU-VNTR and ThD-1.
2. Analysis of consequences like intracellular growth, induction of cytokine and

apoptosis of infected cells by different MTBstrains in monocyte leukemic cell line,
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THP-1

3. Ex vivo infection of monocyte derived macrophages (MDM), monocyte derived
dendritic cells (MDDC) and whole blood from healthy individuals, with different
strains of MTB and assessment of cytokine responses.

4. In vivo infection study in BALB/c mice with aerosols of different strains of MTB.

ORGANISATION OF THE THESIS

The work reported in the thesis is organized into five chapters: Chapter 1 deals with
general introduction about the scientific information available related to the present work and
its objectives. The characterization of the selected strains using different molecular typing
methods is described in Chapter 2. Chapter 3 presents the results obtained for the innate
immune parameters such as apoptosis, intracellular growth, phagocytosis and cytokine
responses in THP-1 cells, infected with strains of MTB from different genotypes. To evaluate
the innate immune responses in different hosts, ex vivo infection with different clinical isolates
was carried out in macrophage, DCs and whole blood isolated from healthy individuals and the
results are described in Chapter 4. The results of the responses to in vivo infection in BALB/c
mice with different strains are given in Chapter 5. The overall discussion and summary of the
work will be presented at the end of all chapters.
EXPERIMENTAL

All MTB strains were grown in Middelbrook 7H9 medium till in their mid log phase
and then harvested either for DNA extraction or for preparation of single cell suspension. The
genomic DNA of all strains was extracted by CTAB method and utilized for strain typing.
Spoligotyping, PCR for Spoligotyping of MIRU-VNTR, RDI1, TbD1 loci, and mutation
analysis and antibiotic sensitivity assays were performed to characterize the clinical isolates
[10, 11]. THP-1 cells, maintained in RPMI were infected with MTB for four hours at a
multiplicity of infection (MOI) of 10. After the initial period of co-culture, the extracellular
bacteria were washed off thoroughly and fresh medium was added for desired time. The
internalization of bacteria was scored by ZN acid fast and Rhodamine-auramine staining under
visible and UV light microscope respectively. The post-infection cytokine and chemokine
expression were monitored by quantitative real time PCR and ELISA. The intracellular growth
of the bacterium was monitored by the radiorespirometry technique [12] and counting Colony
Forming Units (CFU). Apoptosis in infected host cells was assessed by apoptosis ELISA kit,
flowcytometric analysis (PI and Annexin V staining) and by monitoring apoptosis related

protein expression by Western Blot. MDM and MDDC were generated from peripheral blood
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mononuclear cells (PBMC) of healthy individuals and GM-CSF and IL-4 were used for the
generation of DC. Finally, BALB/c mice were infected by aerosolization using different strains
of MTB and intra-pulmonary bacterial growth was monitored as CFU in lungs [13]. Both the
infected and uninfected lungs were evaluated by histopathology. In all the experiments,
uninfected cells were considered as negative control and H37Rv/ H37Ra and M.bovis BCG

were used as laboratory reference strains.
RESULTS & DISCUSSION:
Characterization of Mycobacterium tuberculosis Strains:

The primary difficulty in trying to link genomic diversity to phenotypic diversity in
MTB strains is the lack of appropriate tools to index and classify strains. MTB is a genetically
monomorphic organism and some of the genotyping tools applied to other bacterial pathogens
are uninformative for this pathogen. One single molecular technique is not sufficient to

describe the strains properly. Hence, several techniques were used in present study for this

purpose.

The strains obtained from different hospitals were first plated on TCH (thiophene-2-
carboxylic acid hydrazide) containing Middlebrook medium and stained with Zeal-Nielson to
reconfirm the species. Further, spoligotyping was performed for these strains. The most recent
international spoligotyping database version, SpolDB4 [14] contained about 39,295 patterns
distributed into 1,939 STs (shared-types, which are patterns shared by 2 or more clinical
isolates), and 3,370 orphans (patterns reported for a single isolate). After comparing the spoligo
patterns obtained for different clinical isolates, three strains from different clades, EAIS, LAM6

and Beijing having SIT numbers 763, 64 and 1 respectively were selected.

Recent developments in comparative genomics revealed differences in the presence or
absence of regions of differences (RDs) and tuberculosis-specific deletion 1 (TbD1) between
the strains of MTB. These genomic landmarks have been described as potential m arkers  for
understanding the virulence and historical origins respectively. RD1 may encode a novel
secretion system, but the mechanism by which this region affects virulence is unknown. TbD-1
region harbours mmpL6 gene and its presence or absence could help to identify various
lineages into ancestral strains or modern strains. Among our strains, EAI-5 represented ancient
strain having intact TbD-1 region (2.6kb) and rest of the strains, including H37Ra and H37Rv

exhibited truncated TbD-1 region confirming their modern lineage. The truncated TbD1 region
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is due to deletion of an internal DNA segment which was further confirmed by nested PCR. All
the strains exhibited presence of an intact RD1 region which confirms their probable virulent

nature.

The MTB genome contains several repetitive elements; only a few are polymorphic and
widely studied. A large number of genotyping tools for MTB fingerprinting exist, of which
spoligotyping and MIRU-VNTR (Mycobacterial interspersed repetitive units- Variable
Number of Tandem Repeats) typing are the most commonly used. The development and
application of the MIRU-VNTR typing for MTB became an important methodological
achievement towards a better understanding of the genotype of the pathogen. The lengths of
MIRU repeat units are in the range of 50-100 bp, and it belongs to the “minisatellite” VNTR
category and located mainly in intergenic regions dispersed throughout the MTB genome. The
typing is based on the number of copies of repeated units in a locus for which polymorphism is
observed. In MIRU-VNTR study, EAI strain showed different copy number for eight loci
compared to LAM-6 and for 6 loci compared to Beijing strain. On the other hand, both modern

genotypes, LAM-6 and Beijing, also differed from each other by six loci.

Drug resistance in MTB occurs by random, single step spontaneous mutations at low
frequency. These mutations can alter one or more genes which affect the primary drug target or
the transport system. Increasing drug resistance in MTB clinical strains is a matter of great
concern for TB control and TB pathogenesis study. Hence, for precise characterization, the
phenotypic and genotypic drug resistance pattern of the strains should be examined. The drug
susceptibility test was performed on LJ slants containing both first and second line antibiotics
at the standard concentrations as per the recommendation by WHO. Additionally, the presence
of mutation was analyzed by sequencing in seven genes (rpoB, katG, inhA, ahpC, rpsL, rrs and
embB) reportedly associated with resistance to first line anti-TB drugs (RIF, INH, STR and
EMB). Among the three clinical isolates, EAI-5 and LAM-6 was poly drug resistant and the
Beijing strain was XDR.

Analysis of different innate immune interactions of Mycobacterium tuberculosis

strains with monocyte leukemic cell line, THP-1

The human acute monocyte leukemic cell line,THP-1, is a suitable alternative to
peripheral blood monocyte models and it has proved to be the best system to study the

intracellular growth of MTB, immunomodulatory effect and apoptosis after infection [15].
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Further, THP-1 can serve as genetically identical and stable host for genetically diverse
pathogen population.
Phagocytic index for different strains of M.tuberculosis

The extent of infection in THP-1 cells for H37Rv, H37Ra and three clinical isolates was
scored based on the phagocytic index using ZN acid fast and phenolic auramine staining. All
the strains showed comparable infectivity in terms of percentage of macrophages infected (~
55% and 70 % after two hours and four hours of infection respectively). However, when the
phagocytic index was divided into three different groups like 1-5, 6-10 and greater than 10
bacilli per cell, it was found that H37Ra had significantly high percentage of accumulation of
bacteria (18+5%) in the category ‘>10 bacilli/cell’ than both Beijing (7+#3%) and LAM
(11£3%) strains. The percentage of infected macrophages in ‘1-5 bacilli /cell’ category was
higher compared to ‘6-10" and >10’bacilli/cell categories for all the clinical isolates.
Assessment of Mycobacterial growth in infected THP-1 cells using radiorespirometry
technique.

The curves for intracellular growth were established by radiorespirometry technique for
all strains growing in THP-1 cells. The CPM (counts per minute) values represented
cumulative amount of "*CO, released by viable bacilli. The CPM values were comparable on
day O for all MTB strains which confirmed the similar extent of infection by all the strains. The
intracellular bacillary load was compared on fifth day samples and a gradual increase of
intracellular bacteria was seen for all the strains till fifth day. H37Rv and LAM-6 showed
significantly higher intracellular bacillary load compared to H37Ra on 5t day of infection. On
the other hand EAI-5 and Beijing showed intracellular growth at intermediate pace lower than
H37Rv. The intracellular growth was also monitored by CFU assay and it gave similar result as
by radiorespirometry.

INOS, RNI and ROS assays with infected THP-1

Putative mechanisms involved in killing of MTB within the phagolysosomes of
activated macrophages include the production of reactive oxygen species (ROS) or reactive
nitrogen intermediates (RNI). Besides, these reactive intermediates also serve as secondary
messenger molecules for cytokine-chemokine gene expression. It has been observed that
several Mycobacterial cell wall products, including sulfatides and lipoarabinomannan( LAM),
are able to scavenge ROS[16]. In view of the information that, the cell wall composition varies
with the clade of the MTB, iNOS mRNA expression, RNI production and ROS were evaluated
using RT- PCR, Gris reagent and DCFDA respectively. It was observed that there exists a
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differential expression of RNI and ROS in infected host for different strains. This indicated two
possibilities that either the strains responded differently with the reactive species, or they could
modulate the reactive intermediate production and manipulate the host immune response
differently. The ancient EAI strain showed significantly higher iNOS expression, RNI and
ROS than other strains; on the other hand, Beijing strain showed significantly lower production
of iNOS than H37Rv.
Cytokine- chemokine profiles in THP-1 cells after infection with different strains

The gene expression for proinflammatory cytokines like TNF-a, IL-1f, IL-12 and anti-
inflammatory cytokine IL-10, chemokines IL-8, and MCP-1 was assessed in infected THP-1
cells after 24 hours of infection. The expression of TNF-a, IL-12 and IL-1B was significantly
(P<0.005) higher in THP-1 cells infected with EAI-5 than in cells infected with H37Rv, H37Ra
and Beijing strains. However, the expression of these genes was comparable in LAM-6 and
H37Rv infected cells. The infection with Beijing genotype showed unusually lower expression
levels for all cytokine genes mentioned above. There was no significant difference in
expression of IL-10 mRNA among the cells infected with different strains, except for Beijing
which induced significantly lower amount of IL-10 compared to other strains (P<0.05). The
most interesting observation about Beijing strain was that it induced lesser amount of both pro
and anti-inflammatory cytokines in THP-1 cells in contrast to cells infected with other strains.
The levels of different cytokines measured by ELISA corroborated the mRNA expression
pattern. TNF-o concentration in 48 hour post-infection supernatants of THP-1 cells were
almost similar for H37Ra, H37Rv and LAM strains. However, Beijing genotype induced
significantly lower and EAI induced significantly higher amount of TNF-a compared to the
other three strains. Further, patterns for the secretion of other pro-inflammatory cytokines, IL-
1B, IL-6 and IL-12, were similar to TNF-a, showing a highly significant correlation among
them.
Apoptosis in THP-1 cells infected with different strains

Significant apoptosis was observed after fifth day of infection in THP-1 cells. The
pattern of apoptosis in THP-1 cells after infection with different strains was monitored using
Annexin V staining by flowcytometry after five and six days of infection. Among the five
strains, H37Ra and EAI-5 induced significantly higher apoptosis compared that in uninfected
and cells infected with Beijing strain. Further, the apoptotic response to LAM-6 was similar to
that observed for H37Rv. The relative expression of pro-apoptotic protein, PARP was verified
in uninfected cells and THP-1 cells infected with different MTB strains after 48 hrs of infection

and it correlated well with the extent of apoptosis.
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To understand the apoptotic pathway more precisely, the expression of bcl-2, bax and
caspase-3 genes in THP-1 cells infected by different strains were compared. For EAI infection,
the bcl-2 gene was down-regulated and bax, caspase-3 were up-regulated, compared to other
strains supporting the higher apoptosis observed for this strain. On the other hand, high amount
of anti-apoptotic bcl-2 mRNA and low bax and caspase-3 mRNA expression were observed in
case of Beijing strain supporting its lower apoptosis induction property.

As reported earlier [17], we observed a higher pro-inflammatory cytokine
response for the non-Beijing strains and significantly lower induction of the same for Beijing
strain. The ancient strain, EAI-5 consistently elicited a stronger pro-inflammatory response
and higher apoptosis in the present study , like other ancient strains reported earlier [18]. On
the other hand, LAM-6 behaved like typical laboratory virulent strain H37Rv. Both EAI and
Beijing strains showed patterns of response typical for their respective genotype with no

deviations due to drug resistance.

Assessment of immune responses after ex vivo infection of MDM, MDDC and whole blood
from different healthy individuals with clinical isolates of MTB

The host defence in tuberculosis involves both mononuclear phagocytes and
lymphocytes which are able to produce both pro-inflammatory and anti-inflammatory
cytokines. The delicate balance between pro- and anti-inflammatory cytokines is considered to
influence the outcome of disease [19]. The earlier part of the present study dealt with infection
in THP-1 cells as the host, providing identical genetic background. To confirm our hypothesis
that quality of immune responses towards MTB strains is property of particular lineage and
they do not change with host belonging to different genetic background, blood from different
healthy individuals was taken for infection study. The monocyte derived dendritic cells
(MDDC) and monocyte derived macrophage (MDM) from different healthy individuals were
infected with EAI-5 and Beijing strain that had shown opposite responses in earlier studies,
along with BCG and H37Rv. The mRNA expression for TNF-o, IL-1f and IL-12
(proinflammatory cytokines), IL-10 (anti-inflammatory cytokines), IL-8, MCP-1 (chemokines)
and TLR-2 was analyzed using SYBR Green Real time PCR, after 24 hours of infection.

The pro-inflammatory cytokine responses followed similar patterns as observed in
previous experiments with THP-1. There were clear differences in the level of pro-
inflammatory cytokines produced by a single host in response to different strains. Although the
fold increase in the level of gene expression varied between individual hosts, EAI-5

consistently showed significantly higher levels of cytokines compared to other strains whereas

XViii



for Beijing it consistently remained the lowest in all individuals. The relative hierarchy of low
and high responses was similar in the donors and a similar hierarchy was observed when the
same strains were used to stimulate both, MDMs and MDDCs. It was observed that levels of
mRNA for pro-inflammatory cytokines, TNF-a, IL-1 B and IL-12, were marginally higher in
MTB-infected MDM as compared to one expressed in MDDC, except for IL-12. Further, IL-10
gene expression after infection was observed only in macrophages and was not at detectable
level in MDDCs. Thus, though there was difference in the response of macrophages and DCs

to MTB infection, the patterns with particular strain remain similar.

To evaluate how macrophages respond to infection with different MTB strains in the
presence of lymphocytes, whole blood was taken for ex vivo infection. The whole blood
cytokine assay is advantageous as it reflects in vivo conditions [20]. However, its drawback is
that even with optimal standardization many cellular and humoral variables cannot be
controlled. Further, plasma components, lipids or soluble cytokine receptors may influence
results by enhancing or inhibiting cell stimulation and even inactivating or capturing secreted
cytokines. In whole blood assay, lipopolysaccharide (LPS) and phytohaemagglutinin (PHA)
were included as control stimuli for monocytes and T lymphocytes respectively. Additionally
whole cell sonicates were also included to assess the effect of differential cell composition in
immune response. The cytokines were monitored after 24 hours of infection in whole blood by
ELISA. There was clear difference in the level of pro-inflammatory cytokines produced by a
single host in response to infection with different strains and the relative hierarchy of low and
high responses was maintained also in whole blood assay. The particular patterns of cytokine
expression so far observed for specific strains were not observed with whole cell sonicate from
those strains indicating that the cell wall composition might not be the only factor responsible
for differential response and the interactions with live cells were necessary for the modulation

of host immune response.
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Figure : Cytokine induction in infected cells by different strains of MTB.

(A) Real time PCR was carried out to estimate the mRNA expression for TNF-a, IL-12 and IL-10, 24 hrs after infection of
THP-1 cells and RAW264.7 respectively with M. tuberculosis H37Ra, H37Rv and three clinical isolates at MOI 10. (B) Real
time PCR was carried out to estimate the mRNA expression for TNF-o and IL-12 after 24 hrs of infection in monocyte derived
macrophage (MDM) with different strains. MDM from seven independent donors were averaged for scatter plot representation
and clustered according to lineage. (C) Real time PCR was carried out to estimate the mRNA expression for TNF-a and IL-12
after 15 days of infection respectively in infected BALB/c mice. All these graphs showed relative mRNA expression corrected
for total mRNA using the housekeeping B-actin gene. ‘#’ sign indicates significant difference compared to H37Rv where p is

at least <0.05.

Infection of mice using aerosols of different strains of Mycobacterium tuberculosis

For the study of growth kinetics of different MTB strains in vivo, BALB/c mice were
infected by low-dose aerosol with EAI-5, LAM-6, Beijing, H37Rv and BCG. The precise
number of bacilli delivered to the lungs was evaluated on the following day of aerosol
exposure. The average infecting inoculums for each of the lineages across the experiments was
kept constant. CFU in lung, spleen and liver, cytokine concentration, and lung histology were

compared between strains on day 15, 30 and 60 post infections.
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The growth of the MTB strains in lungs of infected mice was very similar during the
first 15 days post infection. But Beijing, LAM and H37Rv strains showed higher bacterial
growth in the lung of infected mice from day 30 onwards. Cytokine mRNA expression in the
lungs of infected mice at 15 and 30 days post-infection was determined by using a quantitative
PCR. Mice infected with EAI-5 showed increased levels of IL-12 and IFN-y mRNA at 30 day
post-infection. Whereas, on day 30, the expression levels of the mRNAs for Thl-type
cytokines IFN-y, TNF-a, and IL-12 were all lower in the lungs of Beijing-infected mice. It can
be observed that due to the failure to elicit Thl type response that is crucial for the control of
Mycobacterial infection, Beijing strain can grow rapidly in the lungs of infected mice and

hence produced higher bacterial load.
Conclusion:

Three different clinical isolates of MTB from different genotypes were selected for the
study and were used for in vitro as well as in vivo infection experiments. The in vitro study
carried out in THP-1 cell showed that ancient EAI strain induced significantly higher
proinflammatory response in the host the compared to modern clinical isolates. On the other
hand, modern Beijing strain from lineage 2 consistently induced low levels of proinflammatory
cytokines and IL-10 according to its lineage characteristic. Further, LAM-6 and H37Rv both
belonging to lineage 4, showed similar proinflammatory response. Overall we noticed a lineage
specific response and interestingly these patterns were not influenced by the drug resistant
status of the strains.

Moreover, we observed a strain specific apoptotic response, with EAI-5 inducing
significantly higher rate of apoptosis compared to Beijing strain and H37Rv (P<0.05). We
observed a good correlation between all proinflammatory cytokine responses and apoptosis
induced only by virulent strains after five and six days of infection. It was observed that for
virulent strains, including H37Rv and clinical isolates, MTB accumulates less in number (less
than 5) compared to avirulent strain H37Ra inside host and it has a relation with the induction
of apoptosis of the host. In the present study, a positive correlation was observed between
phagocytic index for ‘>10 bacilli/cell’ and the percent apoptosis after five and six days of
infection. It was evident that pro-inflammatory cytokines and initial higher accumulation of

bacilli inside the host cell were the two determining factors for host cell apoptosis.

The induction of cytokines in human peripheral blood monocyte derived macrophages

(MDM), monocyte derived dendritic cells (MDDC) and whole blood (WB) from six different
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individuals, when infected by clinical isolates and laboratory strains also showed similar
lineage specific patterns of immune response as observed earlier with THP-1 cells. It clearly
established that the immune response was independent of the host and probably a property of
the lineage of MTB. Further, the differential response pattern was not observed when bacterial
sonicates were used instead of live Mycobacteria, demonstrating that pathogen’s cell wall
components might not be the only factor contributing to the induction of differential immune

response, but it surely, was an outcome of complex interactions of host with live pathogen.

In vivo studies revealed that the strain exhibiting higher proinflammatory responses in
vitro (EAI) induced higher Th1 type of response in vivo which is protective in nature. It is also
reflected in the lower bacillary load in the lungs of mice infected with the same strain.
Similarly, the Beijing strain which showed suppression of immune responses showed higher

lung bacillary load in infected mice.

Thus, the study confirmed the differential immune subversion by different genotypes of
MTB both in vitro as well as in vivo conditions. Further, it sheds light on an important fact that

MTB strains exploit discrete pattern of interaction with host according to their genotype.
Significance of the work:

In the present study, in vivo and in vitro models of infection were used to investigate the
impact of genomic diversity of the MTB strains on the host. So far, this kind of study was
conducted with laboratory strains and with very few clinical isolates from TB outbreaks. The
present study was conducted with clinical strains isolated from TB patients from Mumbai,
India and hence is first of its kind. Additionally, this is also the first report where all the
important parameters of immune interactions like intracellular growth, phagocytic index,
induction of cytokine and apoptosis were monitored in host infected with highly drug resistant,
well characterized MTB lineages in a single study. We observed lineage-specific patterns of
innate immune responses of the strains in in vivo and in vitro conditions which may have
consequences in immunopathology of TB patients infected with different lineages of MTB. It
is thus logical to hypothesize that infection with genotypically distinct MTB strains is
associated with distinct immunomodulatory effects which may lead to potentially different
patterns of disease progression. Further investigations to understand the mechanisms
underlying strain-specific responses will be of importance in understanding of TB pathogenesis

which may lead to a new treatment regimen.
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Chapter 1

Host-pathogen interactions of different strains of Mycobacterium tuberculosis

Chapter 1: General Introduction

1.1. Tuberculosis Epidemic

Tuberculosis (TB) has long been a major scourge for humanity, claiming millions of lives
worldwide. While TB is preventable and curable, it has remained a significant cause of
morbidity and mortality in resource poor nations like India. On the basis of tuberculin
reactivity or Mantoux test it has been calculated that one-third of the world's population has
been infected with Mycobacterium tuberculosis bacillus (MTB), the causative agent of the
disease (Dye et al, 1999). Infecting bacilli are either killed or remain ‘viable but latent’ inside
the host macrophage for decades. In the infected individuals who develop active disease,
bacilli appear to evade or subvert the host’s protective cellular immune responses. However,
infection with immunodeficiency virus, treatment with corticosteroids, aging and
consumption of alcohol increase the potential for reactivation of latent tuberculosis.
Therefore, pathogenesis depends on bacterial factors and host factors which determine the
disease outcome.

The term tubercle was coined by Franciseus Sylvius (1650) of Leyden. Jean-Antoine
Villemin (1865) first established the infectious nature of tuberculosis, though he was unable
to isolate the organism. In 1882 Robert Koch, a country doctor from East Prussia, announced
to the Physiological Society of Berlin that he had identified and cultured the tubercle bacillus.
He also described a staining technique for this bacillus and proposed a perfect experimental
model for the infectious nature of the bacilli. In 1895 Roentgen discovered X-rays and
exposure to X-rays was used in 1904 for the detection of this disease. Ever since, radiology
and bacteriology have remained the main pillars of diagnosis of tuberculosis.

Tuberculosis is also an ancient disease. Bones of old pre-historic men dating back to

8000 BC found in Germany have shown a rare tuberculosis manifestation. Spines from
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skeletons excavated in Egypt (2500 to 1000 BC) have also shown changes suggestive of
tuberculosis. MTB was known as King’s evil in England during the 11™ and 12" centuries.
Various other historical terms used for the description of tuberculosis are phthisis and
consumption.
Global burden of Tuberculosis
In 2007, an estimated 9.27 million incident cases and approximately 1.75

million deaths due to TB occurred worldwide (WHO, 2009). After human immunodeficiency
virus (HIV)/AIDS, TB is the second most common cause of death due to an infectious
disease, and current trends suggest that TB will still be among the 10 leading causes of global
disease burden in the year 2020 (WHO Fact Sheet, 2000). The global distribution of TB cases
is skewed heavily toward low-income and emerging economies. The highest prevalence of
cases is in Asia, where China, India, Bangladesh, Indonesia, and Pakistan collectively make
up over 50% of the global burden. Africa, and more specifically sub-Saharan Africa, has the
highest incidence rate of TB, with approximately 83 and 290 per 100,000, respectively
(Figurel). TB cases occur predominantly (approximately 6 million of the 8 million) in the
economically most productive 15- to 49-year-old age group (WHO Fact Sheet, 2000). Our
understanding of TB epidemiology and the efficacy of control activities have been
complicated by the emergence of drug-resistant bacilli and by the synergism of TB with HIV
coinfection. In 1993, the World Health Organization (WHO) took an unprecedented step and
declared tuberculosis a global emergency. It is estimated that between 2000 and 2020 nearly
one billion people will be newly infected, 200 million will get sick and 35 million will die
from TB if control is not strengthened further (WHO Fact Sheet 2000).
Tuberculosis in India

One fourth of the world’s TB burden is borne by India. More than 2 million people

develop active tuberculosis and more than 500,000 people die each year due to tuberculosis
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in India. This means more than 1000 die each day or one every minute due to TB. TB causes
more deaths per year than malaria, hepatitis, meningitis, nutritional deficiencies, sexually
transmitted diseases, leprosy, and tropical diseases (WHO, 1997) put together. Prevalence of
the disease is more than twice the incidence, indicating a failure of current treatment
programmes. According to WHO estimates, India loses about Rs.1700 crores in economic

output every year due to TB.
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Figure 1: The global incidence of TB: The number of new TB cases per 100,000 population
for the year 2007 according to WHO estimates

(Source: http://www.who.int/healthinfo/global_burden_disease/estimates_country/en/index.html)

1.2. The Disease — Tuberculosis:

The principal risk of acquiring TB infection is from breathing small droplet nuclei of
the size 10 um carrying 3 to 10 bacteria exhaled by a sputum positive pulmonary TB patient.
The size of the droplet nuclei is crucial for tubercle bacilli to reach beyond the respiratory
tract and penetrate into the terminal air passage, multiply and establish an infection, (Nardell,
1993). Droplet nuclei are stable and remain suspended in air for a long time. Good ventilation

can remove droplet nuclei and exposure to sunlight kills tubercle bacilli and hence these can
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prevent transmission of the disease. Two important factors, which determine an individual’s
risk of infection are, the concentration of droplet nuclei in contaminated air and the amount of
time he/she is exposed to such air (Vijayan, 2002). The risk of infection progressing into
disease varies with age, the risk being greatest in children below 3 years followed by elderly
people and young adults.
Primary Tuberculosis
The development of pulmonary tuberculosis from its onset to the various

clinical manifestations depends largely on the immune reactions of the host to the pathogen.
There are two distinct effective immune responses for inhibiting the progression of the
disease. First, a T-cell mediated macrophage-activating response, enhances the ability of the
macrophage to kill or inhibit Mycobacteria (Orme et al ,1993) and the second, the tissue
damaging response, is often produced during delayed-type hypersensitivity (DTH) reactions
to tuberculin like products of the bacillus. The latter is used during the course of the disease
to destroy macrophages within which the bacterium is multiplying (Dannenberg, 1994).

Using animal models various steps in the development of the primary disease have
been understood. Among the animal models of the disease, tuberculosis in rabbits closely
resembles the human disease. It has four major stages (Lurie M.B., 1928). The first stage that
lasts for one week begins following the inhalation of the tubercle bacilli into an alveolus. The
inhaled particle (one unit) should be small enough to reach the alveolar spaces and contain no
more than three bacilli. Ten to 50 such units are required to establish an infection. It is
believed that fewer than 10 live bacilli even can cause an infection (Nicas et al, 2005). The
primary site of infection in the lungs, known as the "Ghon focus", is generally located in
either the upper part of the lower lobe, or the lower part of the upper lobe (Kumar et al,

2007). The infected bacilli may persist or may be destroyed by the alveolar macrophages. The
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outcome depends on the inherent microbicidal activity of the alveolar macrophages and
virulence of the ingested bacillus.

Stage-2, a symbiotic stage (7 to 21 days) is one in which logarithmic bacillary growth
and the early tuberculous lesion formation takes place. In favorable conditions, the bacilli
grow logarithmically and simultaneously in infected macrophages. Monocytes derived from
circulation are attracted to the infection site by various cytokines, initiating granuloma
formation. The granuloma prevents dissemination of the Mycobacteria and provides a local
environment for interaction of cells of the immune system. The initial granuloma formation is
called primary tuberculosis.

Stage-3 starts after 3 weeks, lasts up to 8 weeks and is controlled by T cell immunity
and DTH. This stage begins when logarithmic bacillary growth stops and the caseous
necrosis develops at the centre of the granuloma due to DTH reaction produced by cytotoxic
T cells. The killing of macrophages in the interior of the granuloma results in relatively large
areas of necrosis, each surrounded by a layer of epitheloid leukocytes and multinucleated
giant cells. These tubercules are surrounded by a cellular zone of fibroblasts, lymphocytes
and blood derived monocytes. At the same time immunocompetent individuals develop a
strong T cell immunity that activates macrophages and render them capable of destroying the
bacilli. The caseous foci may calcify or ossify. The extent of macrophage activation
determines the subsequent course of disease i.e. the strength of the host’s T cell response
determines whether an infection is arrested here or progresses to the next stage. With good T
cell response, the infection may be arrested permanently at this point. The granulomas
subsequently heal, leaving a small fibrous and calcified lesion. If T cell response is
insufficient, dissemination of the organism occurs via intrapulmonary lymphatic route with

extensive involvement of the hilar lymphnodes. Spillover from lymphatics to the bloodstream
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enables the bacilli to reach almost all the organs of the body especially liver, spleen and
kidney.

In Stage-4 progression of the disease occurs even in an immunocompetent host and
this is caused by liquefaction and cavity formation. The factors that cause liquefaction are
high levels of tuberculin reactivity and elevated hydrolytic enzymes like proteases, nucleases
and lipases (Converse et al, 1996; Fink & Cookson, 2005). The liquefied material is an
excellent growth medium for tubercle bacilli and the bacillus multiplies extracellularly, often
reaching high numbers (>10%). As the host is highly sensitive to large antigenic load of the
bacillus which is quite toxic to the tissues and leading to necrosis, rupture of the walls of
nearby bronchi forming a cavity. The walls of most cavities consist of an external zone of
collagen, the cavity’s capsule and a caseous liquefied internal zone where the oxygen content
is high and nurtures the growth of the bacilli. By coughing, the patient aerosolizes this
infectious material disseminating bacilli to other parts of the lung and to the outside world.
Post-primary tuberculosis (reactivation)

Even in a person who successfully fights his battle against TB but has bacilli
in a dormant state inside granuloma, reactivation can take place that can lead to post-primary
tuberculosis. The lesions in the granulomas are with necrosis and frequently occur at the
apices of the upper lobes of lungs. These lesions (Assman’s foci) undergo enlargement and

liquefaction of caseous centre resulting in cavitation.

Clinical tuberculosis

The clinical expression of infection with M.tuberculosis largely depends on
the site of involvement and is the most important factor influencing the clinical features of
tuberculosis. In an immunocompetent host approximately 85% of the reported cases of

tuberculosis are pulmonary and remaining 15% include extrapulmonary or both pulmonary
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and extrapulmonary cases (Gangadharam et al, 1988). But in HIV infected patients, it was
reported that 38% had only pulmonary TB, 30% had extrapulmonary TB and 32% had both
pulmonary and extrapulmonary TB (De Viedma et al, 2002).
Pulmonary tuberculosis
The lungs are the most favored site of infection of MTB and the pathogen

comes by respiratory route as described earlier. Lung infection may also occur via blood
stream. This is known as a ‘Simon focus’ and is typically found in the top of the lung (Khan
& Rahman, 2000). This hematogenous transmission can also spread infection to more distant
sites, such as peripheral lymph nodes, the kidneys, the brain, and the bones (Herrmann &
Lagrange, 2005). Cough is the most common symptom of pulmonary tuberculosis and
hemoptysis (coughing blood) may result from rupture of a dilated vessel in the wall of an old
cavity. In primary pulmonary TB occurring as a result of infection showing zonal infiltration
of lymphocytes whereas progressive TB shows cavitation.
Extrapulmonary tuberculosis

Extrapulmonary tuberculosis (EPTB) includes a very wide range of conditions of
diverse pathology and prognosis. The non-specific symptoms and results of investigations
make diagnosis of EPTB difficult, delayed or missed, which may result in death or serious
disability. Airway is almost invariably the portal of entry. If TB bacteria gain entry to the
bloodstream from an area of damaged tissue, they can spread throughout the body and set up
many foci of infection, all appearing as tiny, white tubercles in the tissues (Crowley &
Crowley, 2010). This severe form of TB disease, most common in young children and those
with HIV, is called miliary tuberculosis (TB/HIV Clinical manual, 2004). People with this
disseminated TB have a high fatality rate even with treatment (about 30%) (Jacob et al,
2009). Metastatic foci thus established, may manifest into EPTB. Early forms of EPTB are

cerebral and skeletal disease (via bloodstream) or lymph node, vertebral and pericardial
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disease (via lymphatic). All parts of the body can be affected by the disease, though for

unknown reasons it rarely affects the heart, skeletal muscles, pancreas and thyroid (Agarwal

et al, 2005).
TB Diagnosis

The most powerful tool in any TB control program is prompt diagnosis and successful
treatment of patients. There are several popular techniques used for this purpose.

Sputum smear microscopy. The use of stained-sputum microscopy for acid-fast
bacilli still remains the most available, easy, inexpensive, and rapid diagnostic test for TB
(Kent et al, 1985) specially in resource poor country like India (Steingart et al, 2006). But, the
test is not totally specific and sensitive (Tuberculosis Prevention Trial, 1980). Further,
diagnosis of TB by microscopy is difficult especially in children who rarely produce adequate
sputum. Currently, the sensitivity of this test has improved considerably by the use of
auramine-rhodamine/ fluorochrome method instead of the classic Ziehl-Neelsen stain which
uses carbol-fuchsin (Wright & Wallace, 1998).

Cultivation of Bacteria. Mycobacterial culture is the ultimate proof of
Mpycobacterial infection and is often used as a reference method due to its high sensitivity
and specificity (Schirm et al, 1995; Walker, 2001). However, it takes 4-6 weeks for MTB to
grow on solid culture medium (e.g. agar based Middlebrook 7H10 or 7H11 or the egg-based
Lowenstein-Jensson medium), and 3 weeks to grow in liquid 7H9 medium (Morgan et al,
1983). To increase the sensitivity and reduce the detection time some modifications are
incorporated and new techniques have been developed.

BACTEC 460. The BACTEC 460 (Becton Dickinson, Sparks, Maryland) relies on
radiometric detection of '*CO, as an indicator of bacterial growth. The Bactec vials contain
Middlebrook 7H12 medium and fatty acid substrates labelled with 14C. Growing

Mycobacteria release '*CO, as a metabolic end product. The gas is removed, analyzed and
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the amount of radioactive *C released is expressed as a numerical value called the Growth
Index (GI).

Mycobacterial Growth Indicator Tube. The Mycobacterial Growth Indicator Tube
(MGIT; Becton Dickinson, Sparks, Maryland, USA) introduced 15 years ago, is a rapid (4-
13 days), high throughput method. It is based on fluorescence detection of Mycobacterial
growth in a tube containing a modified Middlebrook 7H9 medium together with fluorescence
quenching-based oxygen sensor (a ruthenium pentahydrate substance embedded in silicone
rubber) at the bottom of the tube (Reisner et al, 1995; Rusch-gerdes et al, 1999). As the
bacteria grow and consume oxygen, the indicator fluoresces under ultraviolet light.

Biomarkers

TB diagnostic tests that rely on detection of host immunological markers
currently in use include the tuberculin skin test (TST) (Huebner et al, 1993) and interferon

gamma release assays (IGRAs) (Andersen et al, 2000; Pai et al, 2008).

Tuberculin skin test. The TST or Mantoux test or purified protein derivative (PPD) test has
been used for almost a century as the standard test for the diagnosis TB infection and disease
(Mendel, 1908). The TST test is based upon the type IV hypersensitivity reaction, in which a
standard dose of 5 tuberculin units is injected intradermally into the forearm and read 48 to
72 hours later which is modified by Linnikova in 1939. The TST is based on the principle
that T cells of individuals sensitized with Mycobacterial antigens, produce IFN-y and a
variety of other cytokines that recruit and activate macrophages and other nonspecific
inflammatory cells producing induration after an average 48 hours. The reaction is read by
measuring the diameter of induration across the forearm, perpendicular to the long axis in
millimetres. No induration is recorded as "0 mm", whereas reactions over 10 mm in size are

considered positive in non-immunocompromised persons. The main drawback with the
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clinical use of the TST is the lack of specificity due to cross-reactivity with proteins present
in other Mycobacteria, such as BCG or mycobacterium other than tuberculosis (MOTT)
(Farhat et al, 2006). Moreover, several factors such as age, poor nutrition, acute illness or
immunosuppression induced by medication or HIV infection may contribute to false-negative
results

Interferon gamma release assays. As a replacement for the Mantoux test, several
other tests are being developed. IGRAs are based on the same principle as the TST, that T
cells of individuals sensitized with M.tuberculosis produce IFN-y when they re-encounter
Mpycobacterial antigens. IGRAs quantify the amounts of antigen-specific IFN-y in blood
culture supernatants (Quanti FERONTB Gold, Australia) or determine the frequency of IFN-
v producing blood leukocytes (SPOT-TB assay, Oxford Immunotec, Oxford, UK) in response
to specific MTB peptides such as early secretory antigenic target 6 (ESAT-6) and culture
filtrate protein (CFP) 10 (Ravn et al, 2005). The only disadvantage of this assay is that
immunocompromised patients show false negative due to lack of T-cells.

Molecular methods

Polymerase chain reaction has contributed to a more rapid and reliable

diagnosis of pulmonary TB. This technique allows the amplification of specific target
sequences of nucleic acids such as hsp65, 165rDNA, 38KDa, I1S6110 etc. that can be detected
through the use of nucleic acid probes; both RNA and DNA amplification systems are

commercially available (Daley et al, 2007, Ling et al, 2008, Kulkarni et al, 2012).

Tuberculosis control
Vaccination. Albert Calmette and Camille Guerin produced an attenuated
(BCQG) strain by subculturing a strain from bovine tuberculosis for 13 years, about 230 times.

This was used as a vaccine first in 1921.Though BCG is generally considered a vaccine
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against Tuberculosis; it has also provided protection against leprosy in four major trials (Setia
et al, 2006; Merle et al, 2010).

According to reports, BCG is ineffective in preventing infectious form of TB in adults
but it gives protection against lethal form of tuberculosis like meningitis and disseminated
disease (Rodrigues et al, 1993) especially in children. However, high coverage (>80%) of
BCG vaccination does not contribute significantly to reduction in transmission. In view of the
failure of the present BCG vaccine, a number of laboratories have attempted to develop better
vaccines for TB.

Broadly, two approaches have been used to improve the TB vaccine. The first
involves subunit vaccines and the other one is live vaccines. Recent results from several
researchers have indicated that non-viable subunit vaccines based on soluble proteins such as
ESAT-6, 85 KDa etc. with adjuvant can induce demonstrable level of specific immunity to
challenge with M.tuberculosis (Brandt et al, 2000; McShane et al, 2005). DNA vaccination
with naked DNA constructs for antigen 85 and Asp60, have been engineered. Both protein
and DNA vaccine induce partial protection against experimental TB infection in mice but
their efficacy has generally not been better than BCG (Kamath et al, 1999).

For the development of live TB vaccine, many of the groups preferred using BCG as
their vector. BCG is good adjuvant and gives long lasting immunity without any side effects.
So, modifying BCG vaccine is considered as a better approach in recombinant vaccine
development. Several attempts have been made to improve immunogenicity of BCG either by
enhancing its CD8+ T cell stimulating capacity or by endowing it with Thl cell-inducing
cytokines (Freidag et al, 2000). Among them, MVAS85A (modified vaccinia Ankara 85A),
has shown most promising result in Phase-I clinical trial, produces higher levels of long-
lasting cellular immunity when used together with BCG (McShane et al, 2004). But, very

recently the vaccine failed in a Phase-II clinical trial in South Africa that involved 2,794
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healthy children (aged four to six months) (Tameris et al, 2013). All the other candidate
vaccines are being evaluated only in animal experiments so far and hence it may take a long
time to get a better vaccine in the market.

Chemotherapy. M.tuberculosis is a slow growing organism which grows
intermittently or remains dormant for a prolonged period. The main goals of anti-TB
chemotherapy are (1) to convert the sputum AFB positive individuals to negatives in the
shortest time thereby reducing the transmission (2) to prevent the emergence of drug
resistance and (3) to assure a complete cure without relapse. The World Health Organization
and the International Union against Tuberculosis and Lung disease (IUATLD) recommended
standardised TB treatment regimens, called directly observed treatment short course (DOTS)
program in 1994 (Raviglione and Pio, 2002). A combination of four drugs referred to as first
line drugs (Isoniazid, rifampicin, pyrazinamide and ethambutol) is used together in initial
treatment for 6 months under close supervision. The combination of four or more drugs is
required to kill several subpopulations of M.tuberculosis each of which has a distinctive
metabolic status and therefore, varying susceptibility to anti-TB drugs. The subpopulation
growing rapidly at the wall of the cavity due to favourable growth conditions of high oxygen
content in a neutral pH which is particularly vulnerable to isoniazid. The second slow
growing population in intracellular acidic environment is effectively killed by pyrazinamide.
The third subpopulation present in caseous material when pH is neural but the oxygenation is
poor is killed efficiently by rifampicin (Davidson, 1992). There are several different possible
regimens recommended which vary depending on patient category. This short course regimen
can cure 95-99% of susceptible TB cases among patients not infected with HIV as compared

to 60-65% of cases with HIV.

Obstacles in TB control

Multi-drug resistant (MDR) tuberculosis:
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Drug resistant tuberculosis is a form of TB in which MTB is resistant to one or more
anti-tuberculosis drugs. The initial resistance is a mixture of primary resistance and unknown
acquired resistance (7.5% in all new TB cases). Multi-drug resistance in MTB is defined as
resistance to at least rifampicin and isoniazid with or without resistance to other anti-TB
drugs. MDR tuberculosis usually occurs in chronic cases where the rate of acquired resistance
is around 20%, in which resistance to both rifampicin and isoniazid occurs in 4-10% of cases.
The prevalence rates of MDR, particularly in developing countries, are as high as 48%.
Treatment of patients with MDR tuberculosis involves treatment with second line, reserve
drugs like kanamycin, cycloserine, capreomycin, norfloxacin, which are toxic as well as very
expensive. In India 1-3.3% of new TB patients have MDR TB and this will account for an
estimated 20,000 new infectious cases of MDR-TB every year.

Factors that contribute to increased incidence of MDR-TB include the AIDS
pandemic, populations with easy access to antituberculosis medications, deterioration of
public health infrastructure, inadequate training of health care providers and above all non-
compliance with medication. It has been reported that there is a close correlation between
intravenous drug abuse and active TB, and between HIV infection and MDR-TB. A person
suffering from HIV has decreased immunity which causes lesser effective anti-TB treatment

and hence leading to a high mortality rate.

TB/HIV co-infection

Tuberculosis is one of the most common opportunistic infections in HIV patients.
Globally, 36.1 million people suffering from HIV/AIDS and 70% of them live in sub-Saharan
Africa. HIV fuels the TB epidemic as it profoundly reduces T cell immune response and
effectively increases the chance of reactivation of a latent TB infection. In HIV infected
patients, TB often presents with an atypical picture that confounds diagnosis. Approximately

4 million people are infected with HIV in India of which approximately half are infected with
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M.tuberculosis. The increasing prevalence of HIV leading to AIDS epidemic in India
represents a serious threat to TB control efforts. The proportion of tuberculosis patients
among HIV seropositive individuals was shown to be 14.6%. One of the most worrisome
aspects of the HIV/TB coinfection is the rapid spread of MDR-TB among HIV infected
persons. Nosocomial transmission of TB is of grave concern especially where MDR-TB and
HIV infection are prevalent (Pearson et al, 1992).
1.3. Mycobacterium tuberculosis: The Pathogen
Mycobacterium tuberculosis, an obligate aerobe is 1-4 um long and 0.3-0.6 wm in
diameter , nonmotile, rod-shaped bacterium distantly related to the Actinomycetes. Many non
pathogenic Mycobacteria are components of the normal flora of humans, found most often in
dry and oily locales. The bacterium is a facultative intracellular parasite, usually of
macrophages, and has a slow generation time, 15-20 hours, and a physiological characteristic
that may contribute to its virulence. It is not classified as either Gram-positive or Gram-
negative because it does not have the chemical characteristics of either, although the bacteria
do contain peptidoglycan (murein) in their cell wall. They are closer to Gram-positive
organisms based on the phylogenetic analysis of 16S rRNA sequences (Pitulle et al, 1992)
and it stains very weakly as positive. Mycobacterium species along with members of related
genus Nocardia are classified as acid-fast bacteria. Cells of acid fast bacteria retain the
fuchsin dye after acid extraction while other bacteria are decolorized. The cell wall of
Mycobacteria, in addition to peptidoglycan is rich in waxes which include a group of
compounds known as mycolic acid. The mycolic acid reacts with fuchsin (a basic red dye)
and the mycolic acid fuchsin complex acts as a permeability barrier and impedes penetration
of mineral acid. Genus Mycobacterium is broadly divided into two major categories:
Fast growers- they consist of strains of species which yield colonies on solid medium

that are visible to the naked eye within less than seven days.
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Slow growers- they require seven or more days to yield visible colonies.
Among the slow growers the Mycobacteria are grouped as:
e The Mycobacterium tuberculosis complex (MTC): This complex comprises
Mycobacterium tuberculosis, Mycobacterium bovis, Mycobacterium canetti,
Mycobacterium pinnipedii, Mycobacterium africanum and Mycobacterium microti.
M.tuberculosis complex Mycobacteria were termed as ‘typical’ and all other species
of Mycobacteria (except M.leprae) were placed in the class of ‘atypical
Mycobacteria’. Other terms used for atypical mycobacterium were ‘non-tuberculous’
Mycobacteria (NTM) or Mycobacteria other than tubercle bacilli’ (MOTT).
e The Mycobacterium avium complex (MAC): The MAC consists of Mycobacterium
avium, Mycobacterium intracellulaire and Mycobacterium xenopi. It is also referred
to as Mycobacterium avium intracellulaire (MAI) complex.
Phenotypic identification of the MTB

Colony morphology : Colonies of primary MTB cultures invariably have a
characteristic patterned texture, due to tight cording of the bacterial cells (Runyon, 1970), and
this feature is often used to distinguish MTB from other Mycobacterial species, such as M.
avium. While virulent M. avium is associated with smooth and transparent morphotype,
virulent MTB is mostly associated with rough morphotype although some study observed the
opposite (Schaefer et al, 1970). Colony morphology conversion of Mycobacteria has been
shown to be associated with changes in constituents of cell wall, such as glycolipids (Belisle
& Brennan, 1989), lipooligosaccharides (LOSs), and mycosides (Daffe et al, 1991). Such
changes in colony morphology are not usually observed among clinical isolates MTB within
a few passages.
Biochemical tests: Biochemical indicators for the differentiation within the MTC include

nitrate reduction on modified Dubos broth, niacin accumulation, growth in the presence of
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thiophen-2-carboxylic hydrazide (TCH), catalase activity at room temperature, and growth
characteristics on Lebek and on bromocresol purple medium (Kent & Kubica 1985).
Genome:

The biggest achievement in our knowledge about TB during the last decade was the
availability of the complete genome sequence of the laboratory reference strain H37Rv (Cole
et al, 1998). Its size is 4 million base pairs, with 3959 genes. Forty per cent of these genes
have had their function characterised, with possible function postulated for another 44%.
Within the genome, there are also 6 pseudogenes excluding insertion sequence elements.

It represents the second largest bacterial genome sequence currently available after
that of Escherichia coli. The genome is rich in repetitive DNA, particularly insertion
sequences, and in new multigene families and duplicated housekeeping genes. The
characteristically high guanine plus cytosine content (65.5%) was found to be uniform along
most of the genome, confirming the hypothesis that horizontal gene transfer events are rarely
present in modern MTB (Sreevatsan et al, 1997). Only a few regions showed exception to
this rule. A conspicuous group of genes with a very high G + C content (>80%) appears to be
unique in Mycobacteria and belong to the family of PE and PPE (full form) proteins. In turn,
the few genes with particularly low (50%) G + C content are those coding for transmembrane
proteins or polyketide synthases. Fifty genes were found to code for functional RNAs.

Ribosomal RNA (rRNA) gene sequences are highly conserved among prokaryotes
and have been used to establish phylogenic relationships among Mycobacteria. The
information about 16S rRNA sequence clearly separates fast growers from slow growers
among Mycobacteria and show high levels of similarity among the group (Cox & Katoch
1986). Pathogenic and closely related slow growing Mycobacteria have a single rRNA (rrn)
operon whereas fast-growing species of mycobacterium have two operons. Most of the other

bacteria have multiple copies of the operon e.g. E.coli has seven (Bercovier et al, 1986). The
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rrn operon is situated about 1500 kb from OriC in Mycobacteria whereas other bacteria have
one or more rrn operons near to OriC. The rrn operon is located downstream from a gene
thought to code the enzyme UDP-N-acetylglucosamine carboxyvinyl transferase
(UNACcGCT), which is important to cell wall synthesis (Gonzalez et al, 1996). The above
facts explain the slow growth rate of MTB.

Genes involved in virulence: MTB does not have any classical virulence factors like other
pathogenic bacteria. So, bacterial load in infected animals is popularly considered, as
associated with virulence with this pathogen. A serine/threonine kinase, Pkn G, is suggested
to be essential for the survival of Mycobacteria inside macrophages (Walburger, 2004). PknG
is secreted within the Mycobacterial phagosome and involved in blocking phagosome—
lysosome fusion. However, M.tuberculosis pknG knockout mutants are impaired in growth
both in the in vitro stationary phase and in mice (Sassetti et al, 2003; Cowley et al, 2004). It is
also demonstrated that disruption of M.tuberculosis hma gene results in defective oxygenated
mycolic acid synthesis causing deficiency in growth in mouse. Further, disruption in cell wall
related genes often cause lower bacterial growth in infected animals, as cell wall lipid
components are also considered as virulent factors for this pathogen. Glyoxylate cycle
enzyme isocitrate lyase (ICL) is required for fatty acid catabolism and in the glycoxylate
shunt pathway. A persistent infection of MTB requires intact ic/ gene expression, so it is
considered as virulent factor of pathogen. Likewise, other virulence factors have been
described: catalase-peroxidase, which protects against reactive oxygen species produced by
the phagocyte; mce, which encodes macrophage-colonizing factor, phospholipases C, lipases,
and esterases, which might attack cellular, or vacuolar membrane as well as several proteases.
M.tuberculosis sigma factors which regulate gene expression in response to environmental
stress are also shown to confer virulence (Hahn et al, 2005).

Classification and Phylogeny of Mycobacterium
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MTB has evolved through single nucleotide substitutions, deletion and duplication
events, so the population structure is strongly clonal (Gagneux and Small, 2007). The typical
MTC members show more than 99.95% sequence similarity at the nucleotide level, with little
or no evidence for the exchange of chromosomal DNA between strains. In spite of the close
sequence similarity between members of the MTC complex, it is easy to distinguish the
various members using molecular biology techniques.

The phylogeny for MTB complex was established for the first time when the strains
were divided into three “major genetic” groups using mutations at katG463 and gyrA95
(Sreevatsan, et al, 1997) loci. Further, the diversity in MTB genome, especially in the human-
adapted strains, was demonstrated by evaluating polymorphisms at different regions like,
insertion elements, spacer elements in the direct repeat region and Mycobacterial interspersed
repetitive unit (Van Embden et al, 1993; Supply et al, 2001). Six phylogenetically distinct
SNP cluster groups (SCGs) and five subgroups were identified based on 212 SNP markers
(Filliol et al, 2000).

Comas and Gagneux, in 2009, in a robust phylogenetic study based on genomic
deletion analysis, using large sequence polymorphisms (LSPs) and their geographical
distribution, demonstrated that MTB strains could be grouped in six main lineages and 15
sublineages. It is possible that such clonal lineages may evolve specific virulence
characteristics (Nicol & Wilkinson, 2008).

Lineage -1, Indo-oceanic group of bacteria, consists of East-African-Indian (EAI) and
MANUT strains which branched off from a common ancestor at an early stage of evolution
are referred to as evolutionarily ‘‘ancient’” lineages. The Indo-Oceanic lineage is almost
entirely restricted to pulmonary TB patients originating from either the Indian subcontinent or
Southeast Asia. This lineage was shown to induce higher Th1 response compared to Lineage-

2 in the PBMC of infected person and their household contacts (Rakotosamimanana et al,
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2010). The most widely studied strains of MTB belong to Lineage 2 (East Asia/Beijing).
However, the clinical and epidemiological characteristics of Lineage 2 are not consistent. A
few studies described an association of Lineage-2 with extra-pulmonary (Kong et al, 2005;
Kong et al, 2007) or meningeal TB (Caws et al, 2008) whereas, another study confirmed no
such association (Nicol et al, 2005). Further, a few groups also proved the HIV association
with this lineage (Caws et al, 2006; Middelkoop et al, 2009); while others discard such
hypothesis (De Jong et al, 2009). However, in most of the studies, it was confirmed that these
strains induce lower levels of proinflammatory cytokines than H37Rv (Sohn et al, 2009;
Tanveer et al, 2009), and also was associated with increased growth in human monocytes (Li
et al, 2002). This lineage was also linked with higher levels of necrosis and lower levels of
apoptosis, in infected macrophages (Sohn et al, 2009).

Lineage-3, mostly prevalent in India and East-Africa, consists of CAS strains induce
less proinflammatory cytokines compared to H37Rv (Tanveer et al, 2009). CAS strains were
shown to be associated with extrapulmonary disease (Lari et al, 2009). The Euro-American
lineage or Lineage-4 was identified in patients from Europe, America, Caribbean, Middle
East, and all subregions of Africa and .collectively accounted for 91% of all TB cases. It was
also shown that Lineage-4 was predominantly involved in pulmonary than meningeal TB
(Caws et al, 2008). Among the well studied strains, H37Rv/Ra, Erdman and CDC1551
belong to Lineage 4 (Euro-American). These strains grow more rapidly in liquid culture and

generally induce high levels of TNF-a and IL-12 in the host (Sarkar et al, 2012).
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Figure 2: A simplified schematic diagram of host —pathogen interaction in Tuberculosis:
The diagram is showing the interaction of the infected antigen-presenting cell and an antigen
specific T cell after MTB infection. The key pathways in the host’s immune response are
shown as solid arrows that can suppress (red) or enhance (blue) bacterial growth, together
with the known bacterial products (white boxes, dotted arrows) that can interfere with the
host’s response.

( Source: http://www.ncbi.nlm.nih.gov/pubmed/19400867)

Lineage-5 and Lineage-6 consist of Mycobacterium africanum which is prevalent in
western Africa, where it causes up to 50% of smear-positive TB cases (De Jong et al,
2007).These strains are ancient and heterogeneous, lie in between M. bovis and MTB. On the
basis of geographic origin and biochemical properties, M. africanum species has been
subdivided into two major subgroups; those from West Africa are subtype I( Lineage-5),
closer to M. bovis, while those from East Africa are closer to MTB and are subtype II
(Lineage-6). Earlier animal studies suggested that M. africanum possessed lower virulence
(Meyer et al, 2008) and induced mostly higher proinflammatory response in ex vivo infection.
(Portevin et al, 2011) compared to MTB.
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1.4. Host immunity to M. tuberculosis
Innate immunity

It is believed that the host innate immunity provides the initial resistance to infections
with intracellular pathogens, such as Mycobacteria, before the adaptive immunity fully
develops. The major cellular components involved in innate immunity include phagocytes;
macrophages, neutrophils, dendritic cells (DCs); natural killer (NK) cells; y6 T cells, and
soluble mediators released by these cells serve as a links to cell-mediated immunity (Figure-
2). During the initial phase of infection, Mycobacteria are ingested by resident alveolar
macrophages. However, Mycobacteria can also be ingested by alveolar epithelial type II
pneumocytes (Bermudez & Goodman, 1996), found in greater numbers than macrophages in
alveoli. Overall, phagocytic cells play a key role in restricting the multiplication and
dissemination of intracellular pathogens, as well as initiation and direction of the adaptive
immune response. In addition, DCs, known to be much better antigen presenters than
macrophages (Tascon et al, 2000; Marino et al, 2004), play an important role in the early
stages of infection through presentation of specific Mycobacterial antigens to T cells (Wolf et
al, 2008). A number of receptors are critical for MTB detection and uptake by phagocytes.
Entry of Mycobacteria into phagocytic cells can occur through binding to multiple receptors.
The pathogen recognition and uptake is described below:
Pathogen associated molecular patterns

The interaction between the MTB cell wall components and host cell surface
receptors is of major importance in the pathogenesis of MTB infection (Figure-3). MTB
contains a wide variety of bioactive lipids that have been implicated in the pathogenesis of
the bacillus (Sartain et al, 2011). About 60% of the cell wall of MTB is composed of lipids
including mycolic acids, trehalose containing lipids and several lipo-conjugates (Berg et al,

2007). In particular, the surface of MTB is dominated by a group of biosynthetically related
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mannosylated lipoglycoconjugates, which mediate host cell recognition and entry through
pattern recognition receptors (PRRs) (Torrelles & Schlesinger, 2010). The terminal mannose
caps of ManLAMs from different MTB strains vary which determine their avidity for the
mannose receptor (Schlesinger et al, 1996). ManLLAM caps also bind to dendritic cell (DC)-
specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) on DCs
(Tailleux et al, 2003a). Phosphatidyl-myo-inositol mannosides (PIM) are another major
phospholipid component of the Mycobacterial cell wall. They are defined as families by their
number of mannose units (1-6) and as species by their number of fatty acids (2—4) (Khoo et
al, 1995). Higher-order PIMs (PIMS5f and PIM6f) only can be recognized by the mannose
receptor. Conversely, lower-order PIMs and lipomanan (LM) are recognized by DC-SIGN
and complement receptor 3 (CR3), independent of their degree of acylation. It was observed
that virulent strains have significantly more higher-order PIMs and much less lower-order
PIMs as compared to avirulent ones (Torrelles et al, 2006).
Internalization of MTB by host cells

Endocytosis of MTB involves different receptors on the phagocytic cell (Figure 3)
which either bind to non-opsonized MTB or recognize opsonins on the surface of MTB. It
includes complement receptor (CR) 1,3, 4, the mannose receptor, Toll like receptor (TLRs),
CD14, Fc-y receptor, scavenger receptor and surfactant protein (SP) receptors (Ernst, 1998;
Stuart et al, 2005; Philips et al, 2005). Many of them function as pattern recognition receptors
(PRRs), that recognise conserved features present on microbes (Janeway, 1989) and signal
downstream to activate rearrangement to allow uptake via the plasma membrane (Aderem
and Underhill, 1999).
Mannose receptors: one of the most important receptor utilized for the entry of
mycobacterium is the mannose receptor (Ezekowitz et al, 1990; Schlesinger, 1993). The best

characterized receptor for non-opsonin-mediated phagocytosis of MTB is the macrophage
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mannose receptor (MR), which recognizes terminal mannose residues on Mycobacteria
(Schlesinger, 1993; Schlesinger et al, 1996). MR is a C-type lectin involved in the
internalization of a variety of cargo (Ezekowitz et al, 1990) and a link between innate and
adaptive immunity (Prigozy et al, 1997). The expression of mannose receptor is down
regulated in activated macrophages which suggest that mannose receptor mediated uptake
predominantly plays a role during the initial stages of Mycobacterial infection.

Complement receptors: There have been accumulating evidences of the role of complement
receptors (CR1, CR2, CR3 and CR4) in the phagocytosis for MTB (Schlesinger et al, 1990).
Expression of CRs (particularly CR4) and MR increases when monocyte differentiates into
macrophages. Among the complement receptors, CR3 is the most important as absence of
CR3 reduce phagocytosis of MTB by approximately 70 to 80% by human macrophages and

monocytes (Schlesinger et al, 1990; Schlesinger 1993).
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Figure 3: Host cell recognition and response to MTB.

Mycobacterial cell wall components and opsonized bacilli associate with a subset of immune
receptors and PRRs to initiate phagocytosis and the development of specific host cell
responses. Interaction with specific receptors also leads to the activation of pro- and/or anti-
inflammatory pathways in the host cell that influences intracellular survival of the bacterium.
EE, early endosome; LE, late endosome.

(Source: http://www.wiley-vch.de/books/sample/3527318879 c01.pdf)

Surfactant proteins: Surfactant protein of the lung, especially SP-A and SP-D regulates the

early interaction between Mycobacteria and macrophage. These proteins opsonise
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mycobacterium and then the bacterial complex are internalized by SP receptors. SP-A thus
increases the phagocytosis of Mycobacteria through a direct interaction of the protein with
macrophage (Gaynor et al, 1995), which upregulates mannose receptor activity (Beharka et
al, 2002). Interestingly, it has been reported that human immunodeficiency virus infected
individuals have increased levels of Sp-A in the lungs, and this results in a threefold-greater
attachment of MTB to alveolar macrophages (Downing et al, 1995). Surfactant proteins also
inhibit MTB-induced NO production in IFN-y primed murine macrophage (Pasula et al,
1999). SP-D opsonised MTB undergoes increased phago-lysosomal fusion and hence
decreased intracellular survival (Ferguson et al, 2006; Harris et al, 2000). Again, it has been
found to block the uptake of pathogenic strains of MTB in macrophages (Ferguson et al,
1999). It may therefore be hypothesized that the relative concentrations of different surfactant
proteins also have a role in TB infection.

Toll like receptors (TLRs): Toll-like receptors (TLRs) are essential for microbial
recognition on macrophages and dendritic cells (Visintin et al, 2001). Members of the TLR
family are phylogenetically conserved mediators of innate immunity. These are
transmembrane proteins containing repeated leucine-rich motifs in their extracellular
domains, similar to other pattern-recognizing proteins of the innate immune system. The
cytoplasmic domain of TLR is homologous to the signalling domain of IL-1 receptor (IL-1R)
and links to IRAK (IL-1R-associated kinase), a serine kinase that activates transcription
factors like NF-«xB to signal the production of cytokines (Oddo et al, 1998). To date, at least
10 TLRs have been identified; of those TLR2, TLR4, and TLRY seem responsible for the
cellular responses to peptidoglycan and bacterial lipopeptides (Yoshimura et al, 1999),
endotoxin of gram-negative bacteria (Schlesinger et al, 1990), and bacterial DNA (Gercken et
al, 1994), respectively. MTB lysate or soluble Mycobacterial cell wall associated lipoproteins

induce production of IL-12, a strong proinflammatory cytokine through TLRs (Brightbill et
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al, 1999). MyD88 (myeloid differentiation protein 88), is a common signalling component
that links all TLRs to IRAK (Oddo et al, 1998), found to be essential for MTB -induced
macrophage activation (Underhill et al, 1999). A mutation of TLR2 specifically, although
incompletely, inhibited MTB induced tumour necrosis factor alpha (TNF-a) production. It
suggests that besides TLR2, other TLRs may be involved (Underhill et al, 1999). TLR2 was
necessary for signalling by the Mycobacterial LPS LAM (Means et al, 1999) and a 19-
kDalipoprotein (Noss et al, 2001; Brightbill et al, 1999) .TLR-4 Mycobacterial ligand is not
well defined. Interestingly, Mycobacterial infection and proinflammatory cytokines increase
surface expression of TLR2 (Wang et al, 1999). Furthermore, the increased expression of
CD14 and TLRs did not alter uptake of MTB in ‘in vitro’ studies. Interestingly, a study
showed that TLR2 activation directly led to Kkilling of intracellular MTB in alveolar
macrophages in vitro (Thoma-Uszynski et al, 2001). It may be anticipated that genetic
polymorphism, or perhaps mutations, in the relevant TLR or the downstream signalling
proteins will affect the performance of the innate host response to Mycobacteria.

Thus, there are multiple mechanisms for the uptake of MTB, which may lead to
differences in signal transduction, immune activation, and intracellular survival of the
pathogen. Virulent strains of MTB are phagocytosed through MR, while attenuated strains
use other receptors (Schlesinger, 1993). It has been shown that entry through MR triggered
less ROS production as there was less NADPH oxidase activation (Astarie-Dequeker et al,
1999). Moreover, it induced an anti-inflammatory signal to the phagocyte (Nigou et al, 2001).
Host intracellular trafficking and phago-lysosome formation

Once taken up, the bacteria begin to disrupt the mechanisms of phagosome
maturation, creating an intracellular compartment that lacks the acidic, hydrolytic
environment needed to kill the bacteria which is called early endosome. However, fusion

with other vesicles and membrane remodelling and trafficking still occurs, allowing MTB to
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acquire necessary nutrients and export its own proteins (Desjardins et al, 2005). Phagosome
maturation is the process in which phagosome remodels through a series of independent
events starting from its formation, complete fusion with lysosome and presentation to the
surface of the phagocyte as phagocytic cup. Phagosome after internalization also shows
transient access to the rapid recycling pathway, as defined by the classic marker of this
pathway, transferrin (Hao and Maxfield, 2000). During the early stage of phagosome
maturation, many of the early endosomal markers like ‘early endosomal antigen 1’ (EEA1),
lysosomal hydrolases such as procathepsin D and Rab5 appear. Phagosome becomes more
acidic through the accumulation of v-ATPases and GTPases that pump protons into the
compartment and becomes hydrolytically competent through the acquisition of lysosomal
enzymes. Lysosomal hydrolases are delivered to the endosomal network by both mannose — 6
—phosphate dependent and independent manner (Schweizer et al, 1996).

MTB interferes with phagosomal maturation by as yet not fully known mechanism.
MTB utilise some putative transporters, iron-scavenging molecules and lipid-synthesizing
molecules in preventing normal phagosome maturation. ESAT-6/CFP10 and SecAl/2
proteins on M. tuberculosis are considered as virulence factors that interfere with this process
(Tan et al, 2006; Hou et al, 2008). This process is also dependent, to some extent on blocking
of a calmodulin dependent Ca flux by multiple pathogen derived molecules (Russell, 2001;
Connolly & Kusner, 2007). Lipids such as trehalose dimycolate can interfere with membrane
trafficking, preventing phagosome maturation and surface expression of MHC molecules.
Some phagosome-function-inhibiting lipids, such as mannose-capped lipoarabinomannan
(ManLAM), appear to be mimics of host phosphatidylinositols, whose presence on the
surface of the vacuole normally indicates a maturation state (Chua et al, 2004). Other
molecules such as LRG-47 (MacMicking et al, 2003; Deretic et al, 2006) also interfere with

tracking and control of the phagocytic vesicle. Finally, the expression by MTB of a
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eukaryotic like serine/threonine protein kinase G (Pkn G) can inhibit phagosome—lysosome
fusion. The abundance of known (and presumably unknown) genes involved in altering
phagosome maturation and trafficking indicates that interfering with this is a major survival
strategy for MTB.

ROI & RNI:

Putative mechanisms involved in killing of MTB within the phagolysosomes of
activated macrophages include the production of reactive oxygen intermediates (ROI) or
reactive nitrogen intermediates (RNI). In vitro, Mycobacteria seem resistant to killing by ROI
such as superoxide and hydrogen peroxide (Chan et al, 1992). A possible explanation lies in
the fact that several Mycobacterial products, including sulfatides and LAM, are able to
scavenge ROI (Pabst et al, 1988; Chan et al, 1991, Neill & Klebanoff, 1998). In vivo, it was
found that p47phox knockout mice, which lack a functional p47 unit of NADPH-oxidase
needed for superoxide production, suffer from increased early overgrowth of Mycobacteria in
experimental infection (Cooper et al, 2000). Therefore, this supports a role for ROI in the
killing of MTB. On the other hand, patients with chronic granulomatous disease, who have
defective production of ROI, do not seem to display increased susceptibility to tuberculosis
(Winkelstein et al, 2000). Additionally, there is a growing body of evidence suggesting that
reactive oxygen species (ROS) can also act as signalling molecules and influence cytokine
production (Yang et al, 2007). The role of RNI in tuberculosis also remains a matter of
debate. In vitro, human alveolar macrophages infected with M.bovis BCG display increased
inducible nitric oxide synthase (iNOS) mRNA (Nozaki et al, 1997), and inhibition of iNOS
was followed by increased bacterial growth in the host (Nicholson et al, 1996). In
tuberculosis patients, alveolar macrophages show increased production of iNOS as well. It is

now well known that MTB lipid layers are important for ROI and RNI scavenging. As, the
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composition of the cell wall and hence the lipids present vary with MTB strains, it may be
possible that ROI and RNI response may vary.
Adaptive response

Failure of innate immune mechanisms to control the growth of MTB, is
possibly related to insufficient production of NO and other immune mediators, after which
adaptive immunity becomes important. The increasing immune pressure mounted by the
adaptive immunity restores the immunological control. Innate and adaptive immunity are
closely connected. Macrophages and dendritic cells, the primary cell types involved in the
innate immune response to Mycobacteria, play a crucial role in the initiation of adaptive
immunity.

Clearance of bacteria by macrophages is in part dependent on macrophage activation
by the cytokine IFN-y secreted by CD4+ T cells, CD8+ T cells and NK cells (Boom 1996;
Flynn & Chan, 2001; Kaufmann, 2001; Wang et al, 2004; Feng et al, 2006; Ngai et al, 2007).
Infected macrophages secrete pro-inflammatory cytokines such as TNF-a, IL-1 and IL-6, as
well as chemokines that lead to the migration of monocyte derived macrophages and DCs to
the site of infection (Means et al, 1999; Flynn & Chan, 2001; Marino et al, 2004). The
migration of cells to the site of infection results in the formation of granuloma, which
functions to restrict further bacterial dissemination (Co Do et al, 2004).

DCs are central to the generation of acquired immunity after carriage of antigens to
draining lymph nodes, where recognition by T cells can be maximized (Marino et al, 2004;
Tian et al, 2005; Wolf et al, 2008). To optimally prime pathogen-specific Th1 responses, DCs
require stimulation through TLRs (Sporri & Sousa, 2005) by the pathogen as well as host-
derived factors such as type I and type II IFNs, cytokines, and chemokines (Kapsenberg,
2003). In these compartments, the stimulatory capacity of mature DCs ultimately leads to

effector T cell differentiation and memory T cell expansion, which in turn, confer protection
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against MTB in the lungs (Kaufmann, 2001; Kaufmann & Schaible, 2003). In contrast to
macrophages, DCs have poor mechanisms to eliminate internalized Mycobacteria (Bodnar et
al, 2001; Tailleux et al, 2003). Rather, it has been suggested that DCs offer a niche for long-
term survival of intracellular bacteria (Bodnar et al, 2001; Tailleux et al, 2003). Presentation
of Mycobacterial antigens by macrophages and dendritic cells involves distinctive
mechanisms. MHC class II molecules present Mycobacterial proteins to antigen specific
CD4+T cells. These antigens must be processed in phagolysosomal compartments in
professional antigen-presenting cells. MHC class I molecules, expressed on all nucleated
cells, are able to present Mycobacterial proteins to antigen-specific CD8+T cells. This
mechanism allows for the presentation of cytosolic antigens, which may be important as
certain Mycobacterial antigens may somehow escape the phagosome (Mazzaccaro et al,
1996). The importance of MHC class I-mediated antigen presentation has been shown in
murine models (Sousa et al, 2000) and tuberculosis patients (Cho et al, 2000; Geluk et al
2000). Other than MHCs, nonpolymorphic MHC class I molecules such as type I CD1 (-a, -b,
-c and -d) molecules, which are expressed on macrophages and dendritic cells, are able to
present Mycobacterial lipoproteins to CD1- restricted NKT cells. These cells are compelling
candidates, being able to respond rapidly and subsequently to activate other cell types
(Harada & Taniguchi, 2003). Their apparent self-reactivity and ability to quickly release large
amounts of cytokines such as IFN-y, is important in the initiation and regulation of various
immune responses (Harada & Taniguchi, 2003). NKT cells are a subset of T cells that co-
express a affTCR (T cell receptor), but also express a variety of molecular markers that are
typically associated with NK cells, such as NK1.1. Unlike conventional aff T cells, their
TCRs are far more limited in diversity and recognize lipids and glycolipids presented by

CD1d molecules. Mycobacteria modulate expression of antigen presenting molecules in

29



Chapter 1

macrophages, most likely through the production of antiinflammatory cytokines (Pancholi et
al, 1993; Gercken et al, 1994).

Thus, all these mechanisms of antigen presentation enable the activation of a larger
fraction of T cells. Several studies have shown that protective immunity to TB is dependent
on the adaptive Th1 immune responses (Janis et al, 1989; Flynn & Chan, 2001; Kaufmann,
2001; Holtmeier and Kabelitz, 2005) mediated by macrophages, DCs, T cells and their
interactions (Flynn & Chan 2001; Berrington & Hawn, 2007).

1.5. Cytokines, chemokines, and other soluble effector molecules in Tuberculosis
Tumour necrosis factor-a

Tumour necrosis factor-o. (TNF-a) is a prototypic proinflammatory cytokine that is
produced by monocytes, macrophages (Valone et al,1988) and dendritic cells (Henderson et
al, 1997) when exposed to live bacteria or microbial products derived from MTB. TNF-a
plays a key role in granuloma formation (Kindler et al, 1989; Senaldi et al, 1996), induces
macrophage activation, and has immunoregulatory properties (Tsenova et al, 2005). In mice,
TNF-a is also important for containment of latent infection in granuloma (Mohan et al,
2001). In tuberculosis patients, TNF-a production is present at the site of disease (Law et al,
1996) and systemic spill over of TNF-a may account for unwanted inflammatory effects like
fever. TNF-a is produced as a trimeric surface molecule and is cleaved by TNF-a-converting
enzyme to release the trimeric molecule from the cell. Severity of the disease associated with
a selective increase of TNF-a in plasma (Bekker et al, 1998), and quick recovery is associated
with a rapid decrease of this cytokine in plasma (Hsieh et al, 1999). In synergy with IFN-y,
TNF-a activates macrophages to produce nitric oxide synthase 2 (NOS2), allowing the
macrophage to kill intracellularly replicating MTB (Ding et al, 1988). Mice deficient in TNF-
a and TNF-a receptor (TNFR) show increased susceptibility to MTB and impaired

granuloma formation following infection with MTB (Flesch et al, 1995). In humans, there is
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evidence that TNF-a plays an important role in host defence against MTB as patients of
Crohn’s disease and rheumatoid arthritis receiving anti TNF-a antibodies are significantly
susceptible to tuberculosis reactivation (including miliary and extrapulmonary) (Keane et al,
2001). Variation in both the TNF-a and TNFR genes were associated in linkage with in vitro
TNF-a production as well as the development of active TB disease (Stein et al, 2007). The
main polymorphisms that have been identified are found in the promoter region at —238 and
—308 in Turkish, Chinese, Thai and Colombian populations (Wilkinson et al, 1999; Mege et
al, 2006; Mohan et al, 2001). Although the majority of evidence suggests that the TNF-a
promoter polymorphisms are not consistently associated with TB susceptibility, many of the
studies have been insufficient in size to show minor differences. So, further studies are
needed before possible the association with these common polymorphisms can be
disregarded
Interleukin-1

IL-1p is a proinflammatory cytokine that is produced in a myriad of infections and
proinflammatory conditions (Dinarello, 1996). IL-1p is produced in the cell in an inactive
precursor form (pro-IL-1B) and then is cleaved by Caspase-1 to an active form, which is
secreted from the cell through an unknown mechanism. Conversion of pro-IL-1p to IL-1f can
occur with numerous bacterial stimuli, including MTB, and can also occur when bacterial
products are sensed within the cytoplasm by NLR proteins (i.e. NOD2), which contain a
CARD domain important for Caspase-1 activation and inflammasome function. Once
secreted, IL-1B acts primarily through IL-1R type I receptor, which further activates the
expression of other proinflammatory cytokines. In some cases, however, IL-1p function is
blocked by either binding to a membrane-bound decoy receptor (IL-1R type II) or by a
soluble receptor antagonist (IL-1RA) that blocks the proinflammatory effects of IL-1p.

Evidence that IL-1f plays an important role in the pathogenesis of MTB comes from studies
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on IL-1 knockout animals. Animals that have both IL-1B and IL-1a deleted are unable to
clear the Mycobacteria form granulomas as efficiently as wild type mice (Yamada et al,
2000). Furthermore, animals those lack the IL-1R type I have impaired survival and are
unable to contain growth of the organism in vivo (Juffermans et al, 2000). This response may
be because of impaired cell-mediated immunity, as measured by IFN-y production. There is
also evidence that susceptibility to clinical disease in an African cohort with MTB is
associated with IL-1 gene cluster, specifically variation in the IL-1RA gene (Juffermans et al,
2000). In this study, other polymorphisms in the IL-1B and IL-la gene did not show
significant difference in association with TB susceptibility. Polymorphisms in non-coding
regions of IL-1B have been linked to human variation in cytokine production and a -511 C
allele in the promoter region of the gene is associated with protection from acquiring
pulmonary TB (Awomoyi et al, 2005). Furthermore, studies carried out on emigrated Indians
in London showed a relationship between polymorphisms in both IL-1f and IL-1RA and the
functional ratio of expression and the acquisition of tuberculous pleurisy (P = 0.028),
although multiple polymorphisms in either IL-1f or IL-1RA gene when analyzed individually
were not associated with differences in TB resistance (Bellamy et al, 1998). The question
whether variation in genes of the IL-1 cluster confer risk to clinical TB disease continues to
be premature, and further studies are needed before substantial conclusions can be made.
IL-12/IL-12Rp1

IL-12 is a heterodimeric, covalently linked cytokine comprised of two subunits (p40
and p35). The p40 subunit is present in both IL-12 and IL-23, while the p35 subunit is
specific for IL-12. IL-12 is mainly secreted by hematopoietic phagocytic cells (monocytes,
macrophages, and neutrophils) and dendritic cells, and promotes T-cell differentiation into T-
helper 1 (Thl) cells and production of IFN-y by signalling through IL-12Rf1 and IL-12Rf2

(Trinchieri G, 2003). IL-12 plays an important role in stimulating IFN-y production and
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establishing a potent Thl response to intracellular pathogens such as MTB and Salmonella.
Early studies showed that mice, when given exogenous IL-12, developed increased resistance
to MTB (Cooper et al, 1997). Furthermore, mice deficient in IL-12p40 and IL-12p35 showed
enhanced susceptibility to MTB infection (Khader et al, 2005). The role of IL-12 in
Mycobacterial disease has been firmly established by the presence of patients with
uncommon polymorphisms or mutations that predispose to severe disseminated
Mycobacterial infection in a Mendelian fashion (Casanova & Abel, 2002). In addition to
these Mendelian phenotypes, there is conflicting evidence that common variations in the IL-
12RB1 gene confer susceptibility to MTB. In a Japanese cohort, increase in susceptibility to
MTB was reported when three missense non-synonymous polymorphisms (M365T, G378R,
and Q214R) were present (Akahoshi et al, 2003). These identical missense polymorphisms
were present in a Moroccan cohort at high frequency, but no susceptibility was associated
with these SNPs (Remus et al, 2004).
IL-6

IL-6 is detected early during Mycobacterial infection at the site of infection (Law et
al, 1996; Holland et al, 1998) and suppresses T cell responses (Van Heyningen et al, 1997).
As it inhibits the production of TNF-a and IL-1p and promotes in vitro growth of
Mycobacterium avium (Shiratsuchi et al, 1991), it can be said that IL-6 promotes infection.
Other reports support a protective role for IL-6: IL-6-deficient mice display increased
susceptibility to infection with MTB (Ladel et al, 1997), which seems related to a deficient
production of IFN-y early in the infection.
IFN-y/IFN-YR

IFN-y, the prototypic cytokine of the Thl cell response, is a cytokine essential for the
effective control of MTB in the host. IFN-y is produced by CD4+ T cells, CD8+ T cells, and

NK cells, and it stimulates a mycobactericidal response in macrophages characterized by the
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induction of NOS (Flynn et al, 2001; Feng et al, 2006). Indeed, IFN-y gene knockout (KO)
mice are highly susceptible to M.tuberculosis (Cooper et al, 1993) and individuals lacking
receptors for IFN-y suffer from recurrent, sometimes lethal Mycobacterial infections (Flynn
et al, 1993; Holland et al, 1998). Th2-type cytokines inhibit the in vitro production of IFN-y
(Powrie & Coffman, 1993; Lucey et al, 1996) and may, therefore, weaken host defence.
Mice that fail to produce IFN-y have disseminated Mycobacterial infection whether
challenged by aerosolized route or intravenously (Cooper et al, 1993; Flynn et al, 1993).
Furthermore, increased resistance to MTB following intravenous IL-12 administration was
abrogated in IFN-y gene-disrupted mice (Flynn et al, 1993). In humans, a series of
uncommon genetic mutations in [FN-yR1 and R2 lead to Mendelian susceptibility to
Mycobacterial disease (MSMD) (Casanova & Abel, 2002). There have been inconsistent
findings using IFN-yR1 microsatellite markers and association studies with TB susceptibility.
Common polymorphisms in the IFN-y gene play a role in TB susceptibility. Three
polymorphisms in the IFN-y gene have been studied in various populations (A-1616G,
T+874A, C+3234T) (Lio et al, 2002; Rossouw et al, 2003, Vidyarani et al, 2006;Cooke et al,
2006). Variation in the promoter region of the IFN-y gene disrupts an NF-xB binding site
(T+874A) and is associated with an increased frequency of TB in a study comparing 314
South Africans with pulmonary and meningeal TB versus 235 healthy controls (Rossouw et
al, 2003). Overall, the evidence strongly indicates that IFN-y is significantly associated with
susceptibility to active TB disease.
Anti-Inflammatory Cytokines
Interleukin-10
IL-10 is a cytokine produced by macrophages, dendritic cells, B cells and regulatory T-cell
subsets after binding of Mycobacterial LAM (Dabhl et al, 1996).In patients with tuberculosis,

expression of IL-10 mRNA has been demonstrated in circulating mononuclear cells, at the
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site of disease in pleural fluid, and in alveolar lavage fluid (Gerosa et al, 1999; Barnes et
al,1993). Ex vivo production of IL-10 was shown to be upregulated in tuberculosis by some
investigators (Torres et al, 1998), but this was not found by others (Lin et al, 1996). IL-10
antagonizes the proinflammatory cytokine response by down regulation of production of
IFN-y, TNF-a, and IL-12 (Gong et al, 1996), essential for protective immunity in
tuberculosis. IL-10 transgenic mice with Mycobacterial infection develop a larger bacterial
burden (Murray et al, 1997). In human tuberculosis, IL-10 production was higher in anergic
patients, both before and after successful treatment, suggesting that MTB -induced IL-10
production suppressed an effective immune response.

TGF-p

Monocyte and dendritic cells also produce TGF-f, an anti-inflammatory cytokine in response
to Mycobacterial products which seems to counteract protective immunity in tuberculosis.
LAM from virulent Mycobacteria selectively induces TGF-§ production (Toossi et al, 1995).
Like IL-10, TGF-B is produced in excess during tuberculosis at the site of disease (Condos et
al, 1998). TGF-p suppresses cell-mediated immunity: it inhibits T cell proliferation and IFN-
vy production by T cells and in macrophages it antagonizes antigen presentation,
proinflammatory cytokine production, and cellular activation (Epstein et al, 2000). In
addition, TGF-f may be involved in tissue damage and fibrosis during tuberculosis, as it
promotes the production and deposition of macrophage collagenases (Toossi et al, 1998) and
collagen matrix. Naturally occurring inhibitors of TGF-f eliminate the suppressive effects of
TGF-B on mononuclear cells from tuberculosis patients and in macrophages infected with
MTB (Hirsch et al, 1997). TGF-B selectively induces IL-10 production, and both cytokines
show synergism in the suppression of IFN-y production.

IL-4
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IL-4 interferes with intracellular MTB infection by the suppression of cytokine IFN-y
and macrophage activation. In mice progressive disease (Hernandez-Pando et al, 1996) and
reactivation of latent infection (Howard et al, 1999) are both associated with increased
production of IL-4. Similarly, overexpression of IL-4 intensified tissue damage in
experimental infection (Lukacs et al, 1997). Conversely, inhibition of IL-4 production did not
seem to promote cellular immunity: IL-4 double knockout mice displayed normal instead of
increased susceptibility to Mycobacteria in two studies, suggesting that IL-4 may be a
consequence rather than the cause of tuberculosis development (North, 1998).

Chemokines: MCP-1 and IL-8

CCL2, also called monocyte chemoattractant protein 1, is a B chemokine that is
induced by monocytes infected with MTB (Lin et al, 1998). CCL2 causes chemotaxis of
memory T lymphocytes, NK cells, and macrophages to sites of inflammation. In animal
models, there is evidence that CCL2 may modulate disease severity. Mice that overexpress
CCL2 showed high levels of CCL2 in all tissues, and these animals were susceptible to
intracellular pathogens (Rutledge et al, 1995). Mice with targeted gene deletion of CCL2
failed to show increased susceptibility to MTB (Lu et al, 1998). CCL2 may cause decreased
IL-12p40 production and skew the T-cell response away from a Th1 response (Chensue et al,
1996). In humans, variation in the promoter region of CCL2 causes significant changes in
chemokine expression to IL-1f (Rovin & Saxena, 1999). Furthermore, genetic analysis in
Brazilian patients has indicated that susceptibility to intracellular pathogens (Leishmania,
MTB) are linked to chromosome 17q11-12, which codes for the CCL2 protein, along with
many other chemokines and NOS2A (Jamieson et al, 2004). These authors, however, failed
to show significant association of CCL2 promoter polymorphisms with increased TB
susceptibility. In contrast, another study with both Mexican and Korean cohorts found

increased susceptibility to TB in those with the A-2518G CCL2 promoter polymorphism
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(Jamieson et al, 2004). Overall, elevated levels of CCL2 may favour Th2 cytokine response
and decreased IL-12 production.

Another chemokine produced by phagocytic cells and tissue cells after simulation
with MTB is IL-8 (Riedel & Kaufmann, 1997). Increased levels of IL-8 are seen in the
bronchoalveolar lavage fluid of humans with TB infection, and proportionately higher levels
of IL-8 may be associated with increased mortality (Friedland et al, 1995). A polymorphism
in the promoter region of IL-8, T-251A, is seen in high frequency in both Caucasian and
African American populations. This polymorphism not only is associated with enhanced
severity to bronchiolitis in infants with respiratory syncytial virus (Hull et al, 2000) but is
also significantly with MTB infection (Ma et al, 2003).Further studies need to be carried out
to identify the role IL-8 plays in MTB infection.

1.6. Genetic susceptibility to TB

A series of studies over the past 50 years suggest that host genetic factors influence
susceptibility to TB (Casanova & Abel, 2002; Cooke et al, 2006). Although previous studies
have uncovered some of the genes involved in human predisposition to Mycobacterial
infections, a comprehensive understanding of genetic susceptibility factors remains an elusive
and important goal. There are four major lines of evidence to support a genetic basis for
susceptibility to TB. First, studies in twins indicate that TB incidence rates among
monozygotic twins are more than twice the rate of dizygotic twins (31.4 versus 14.9 TB cases
per 100 twins for monozygotic and dizygotic twins, respectively, P < 0.05, binary variable
multiple regression analysis) (Comstock, 1978). Second, several primary immunodeficiency
disorders are associated with susceptibility to Mycobacteria in a Mendelian fashion
attributable to rare single gene mutations with high penetrance. These disorders include
severe combined immunodeficiency, hyper-immunoglobulin (Ig) E syndrome, chronic

granulomatous disease, anhidrotic ectodermal dysplasia with immunodeficiency, hyper-IgM
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syndrome, and Mendelian susceptibility to Mycobacterial disease (MSMD) (Casanova &
Abel, 2002). This latter group of disorders is more selectively associated with Mycobacterial
infection and sometimes also with Salmonella but not with excessive susceptibility to other
pathogens. Most of the infections associated with these Mendelian disorders have been from
BCG or environmental bacteria. However, some of these disorders are also associated with
MTB susceptibility (Lienhardt et al, 2005). The third type of evidence for relationship host
genetic makeup and TB susceptibility comes from the study of complex inheritance patterns,
where the assumption is that genetic influence is polygenic and attributable to alleles that are
common in the population with low penetrance for any single allele. Several genome-wide
studies of susceptibility to TB have been performed with family-based linkage studies. These
studies have identified several loci that include 2q35 in a Canadian population (Greenwood et
al, 2000), 8q12—13 in a study from Morocco (El Baghdadi et al, 2006), 17q11.2 in Brazil
(Jamieson et al, 2004), and 15q and Xq in populations from The Gambia and South Africa
(Cervino et al, 2002). Fine mapping of the 15q locus in families from Africa (The Gambia,
Guinea, and South Africa) suggests that Ube3a or a closely linked gene may contain the
causative locus (Barreiro et al, 2006). Efforts to identify the genes underlying each of these
associations are ongoing. The fourth line of evidence comes from candidate gene association
studies. These studies evaluate whether common polymorphisms in candidate genes are
associated with susceptibility to disease. The most common study design is a case—control
format with comparison of polymorphism (single nucleotide, insertions, deletions, or
microsatellite markers) frequencies between cases and controls. The strength of this study
design is the capacity to enrol large cohort sizes. One disadvantage is the problem of
population heterogeneity or admixture, where differences in ethnic composition of the cases
and controls can lead to false associations that are not attributable to differences in disease

susceptibility. A number of candidate genes have been identified in case—control studies for
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their possible role in TB susceptibility. The most promising candidates that have shown
consistent effects in their association with TB susceptibility in multiple studies include HLA
(DRB1) and Slcllal (Bellamy, 2003). Other genes with strongly suggestive associations
include IFN-y, TIRAP/MAL, and CCL2. Advances in genomic technology and immunology
have accelerated the candidate gene association studies in infectious diseases. Together, these
studies are providing insight into human susceptibility to TB and the underlying mechanisms
of pathogenesis from genetically regulated variation of macrophage function and the innate
immune response.

1.7. Rationale of the study:

A hallmark of the natural history of tuberculosis has long been variability in the
outcome of disease. Only 30% of exposed persons show evidence of infection and of those
infected, only 10% become ill. Among those who become ill, there is variability in disease
time course, severity, and anatomic distribution. MTB acquires genetic changes with time
which confers the virulence property to the pathogen as well as the ability to modulate host
immune response in its own favour. The precise pathogenesis of TB and the factors
determining the highly variable outcome of infection are only partly understood.

It was initially believed that MTB complex constituted a genetically highly conserved
group of bacteria with limited phenotypic differences, hence most of the earlier
immunological studies have used a limited number of laboratory strains, such as H37Ra,
H37Rv and BCG. In 1905, MTB strain H37 was cultivated from the sputa of a 19-year-old
male with pulmonary tuberculosis. Later on, this isolated strain was used as standard
laboratory virulent strain. In 1922, it was noted that this strain had changed the colony
morphology and was not able to produce disease. This attenuated progeny came to be known
as H37Ra, an avirulent standard laboratory strain. BCG strain, the world’s most widely used

vaccine has also been generated analogously from a M. bovis isolate. The clear phenotypic
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differences between H37Ra and H37Rv, BCG and M. bovis have inspired several groups to
seek the genomic differences in them. A 25 kb DNA fragment called ivg (in vivo growth-
promoting locus) has been identified in H37Rv but not in the attenuated H37Ra (Pascopella
et al, 1994; Brosch et al, 1999; Gordon et al, 1999). In addition, a 7.9 kb fragment containing
genes coding for a putative sugar transferase, oxidoreductase, and a membrane protein are
seen in the genome of H37Ra but not H37Rv (Brosch et al, 1999; Gordon et al, 1999).
Interestingly, the introduction into H37Ra of genes that are restricted to H37Rv did not
correct the attenuated phenotype of H37Ra (Pascopella et al, 1994; Brosch et al, 1999).
Studies comparing H37Rv, H37Ra, and BCG have identified phenotypic differences in vivo
and in vitro. For instance, the number of bacteria recovered from the lungs and spleens of
infected guinea pigs after inoculation with H37Ra was100-fold less than with H37Rv at 3
weeks and declined rapidly thereafter (Alsaadi & Smith, 1973). Differences in virulence have
been investigated in monocyte and macrophage models. Moreover, epidemiological data
showed that differences in transmissibility and virulence among MTB strains are related to
the genetic background of the organisms (Valway et al, 1998). Thus, pathogenesis in
tuberculosis is driven by many components of the host immune system, pathogen and
environment (Van der Spuy et al, 2009). Environmental and host factors clearly contribute to
the clinical and epidemiologic behaviour of strains. But, the pathogen variability factor must
also be carefully integrated into the investigative process. A coherent knowledge about the
factors is still lacking.

The interaction of pathogen with its host cell is a very important area to study in order
to know the different survival strategies followed by the pathogen. But, for MTB it is not
very easy. First of all, accurately determining laboratory and clinically relevant phenotypes is
a significant challenge. For example, early reports of the unusually high growth rate of

CDCI1551 in mice appear in retrospect to be largely due to the relative attenuation of the
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comparison strains. One additional difficulty in trying to link genomic diversity to phenotypic
diversity has been the lack of appropriate tools to index genomic diversity and classify
strains. As, MTB is a genetically monomorphic organism, single genotyping tool is
uninformative for this pathogen (Achtman, 2008; Comas et al, 2009). So, our limited
understanding of the genetics of MTB makes it difficult to predict which genetic
polymorphisms may be of consequence. Another problem is with the laboratory adaptation of
the strains.

The fact that genetically distinct strains of MTB have been prevalent in different
population makes it possible to surmise that the susceptibility of these populations may be
linked to the immune response against those strains. Again, the genetically different MTB
strains from different lineages have been shown to induce differential host responses in
macrophages, cell lines and mouse models (Hoal-van Helden et al, 2001; Lopez et al, 2003)
and are demonstrated to vary with respect to their virulence, pathology and bacterial load
(Marquina-Castillo et al, 2009). It was shown that selected W-Beijing strains elicit less
proinflammatory and Thl type cytokines than the non-W-Beijing strains. Further, it was
reported that CASI and Beijing strains, belonging to lineage 2, have lower growth rate and
induce lower levels of proinflammatory cytokines in THP-1 cells (Tanveer et al, 2009) as
well as macrophages from human PBMNC compared to standard laboratory strain H37Rv
(Portevin et al, 2011). In contrast to these observations, another group detected higher
induction of TNF-a by Beijing strain in human macrophages (Chacén Salinas et al, 2005). In
a mouse model, genetically different MTB strains elicited dissimilar immune responses in the
lung, which determines differences in pathology and mortality. The Beijing genotype induced
the highest mortality compared to H37Rv and Canetti genotype (Lopez et al, 2003).
Additionally, Keane et al, 2000 showed that apoptosis contributed to innate host defence and

is influenced by the virulence of the strains. Avirulent or attenuated strains induced
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significantly more apoptosis than virulent strains in alveolar macrophages (Keane et al,
2000). Further, it was discernible that depending on TNF-a and IL-10 ratio induced by them,
MTB strains modulated the host cell survival and apoptosis (Rojas et al, 1999). It was also
noticed that the apoptosis of host cell was also governed by phagocytic index of respective
strains (Rajavelu & Das, 2007). Thus, studies published so far evaluated one or two
individual parameters, however, comprehensive studies to correlate different parameters
induced by well typed clinical isolates have not been reported. Further, it is noticed that
there is no comparative evaluation of different genotypes of MTB isolated from India for the

immunological responses and other parameters induced by them.

The aim of present study therefore,

» To select and characterize clinical isolates of Mycobacterium tuberculosis
collected from Mumbai, India by different molecular biology techniques
» To analyze the several innate host responses induced by different clinical

isolates of Mycobacterium tuberculosis in THP-1 cells

» To assess the cytokine response induced by different clinical isolates of
Mpycobacterium tuberculosis in monocyte derived macrophages (MDM),
monocyte derived dendritic cells (MDDC) and whole blood from healthy

individuals

» To evaluate the host responses after infection with the same clinical

isolates in BALB/c mice
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Chapter 2: Characterization of Mycomacterium tuberculosis strains by several molecular

typing methods

2.1. Introduction

It has been proposed that strain diversity in human tuberculosis (TB) has some role in disease
outcome. The distinctive epidemiological and clinical characteristics of different strains of
MTB are now well established. However, whether and how MTB genomic diversity
influences human disease in clinical settings is an unresolved question. A few of MTB
strains have been identified for their wide dissemination and acquisition of drug resistance
(Bifani et al, 2002; Lan et al, 2003; Parwati et al, 2010) while a few others tend to
predominate in restricted areas (Gagneux & Small, 2007). Interestingly, several studies have
established an association between human population and particular MTB lineage for a
specific geographic region (Gagneux et al, 2006; Hershberg et al, 2008; Reed et al, 2009).
Earlier study from our laboratory (Kulkarni et al, 2005) also showed that among the TB
patients screened from Mumbai, 30% are infected with Central Asian families CAS1 and
CAS?2 strains, 17% with the ancestral East African Indian (EAI) family and 10% of the
isolates belonged to the Beijing family. Further, it was shown that, in Far East Asia almost
50% population is infected by Beijing strain (Brudey et al, 2006) while, the F11 strain
represents the largest proportion of all isolates from tuberculosis patients in the Western Cape
of South Africa (Victor et al, 2004). In addition, it was reported that the C strain, a drug-
susceptible and reactive nitrogen intermediates resistant strain showed a spread among
intravenous drug users (Friedman et al, 1997) and few strains showed a higher risk for
relapse (Burman et al, 2009). More recently, it was demonstrated that a large proportion of
the Latin-American-Mediterranean (LAM) strains of MTB caused more cavitary TB
compared to other strains (Lazzarini et al, 2008), while another study provided evidence of

relationship between genotype and clinical phenotype in pulmonary and meningeal TB
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infection (Thwaites et al, 2008). The volume of information available resulted in an

increased emphasis on characterization and identification of MTB strains.

Majority of the studies related to pathogenesis of TB, published so far, use laboratory
strains H37Rv, H37Ra, M. bovis BCG and Erdman. Since, the laboratory strains suffer from
artifacts because of the adaptation to the laboratory culture condition, a study using clinical
isolates may be advantageous as they preserve the behaviour of wild type pathogens. It is
also known by now that strain-to-strain variation can have important phenotypic
consequences including virulence, transmissibility and response to treatment.

In chapter 1, the basis for the classification of MTB strains into different lineages has
been described. Several genotyping methods are employed for the characterization of clinical
isolates. These include;

2.1.1. Spoligotyping (Spacer oligotyping): This is considered the simplest, rapid and most
cost-effective technique that has been used to define clinical and veterinary clades of MTB
worldwide. This typing method is based on the DNA polymorphism present at one particular
chromosomal locus, the ‘Direct Repeat’ (DR) region, which is unique to MTB complex
bacteria. Hermans et al. in 1991 first sequenced this region in M. bovis BCG. The DR region
consists of directly repeated sequences of 36 base pairs which are interspersed by non-
repetitive DNA spacers, each 35 to 41 base pairs in length. The number of copies of the DR
sequence in MTB complex strains was found to vary significantly. The vast majority of the
MTB strains contain one or more IS6710 elements in the DR region. In contrast to the DRs,
the spacers are usually present only once in the DR region. One DR and its neighbouring
non-repetitive spacer are termed “Direct Variant Repeat” (DVR). This DR locus has been
designated the spacer interspersed DR (SPIDR) region and was recently renamed by Jansen
et al., as the “clustered regularly interspaced short palindromic repeats” (CRISPR) region

(Jansen et al, 2002). When the DR regions of several strains were compared, a particular
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pattern of spoligotype was observed (Groenen et al, 1993). The differences between
spoligotype patterns were shown to be due to deletions of spacer sequences in the CRISPR
region by transposition of IS6710 elements (Fang et al, 1998; Filliol et al, 2000, Van Embden
et al, 2000; Legrand et al, 2001) and are probably mediated by homologous recombination
(Groenen et al, 1993) or replication slippage (Hancock, 1995).

Although, other formats of this technique have been used in some studies (Van der
Zanden et al, 2002; Brudey et al, 2004), the most popular version is that originally suggested
by Kamerbeek and colleagues (1997), having 43 spacer region which is commercially
available as a kit (Isogen Bioscience BV, Maarssen, Netherlands). The specificity and
sensitivity of this technique were shown to be 98% and 96% respectively with the clinical
samples. Using this technique, various international spoligotyping databases have been
constructed and are being constantly updated (Sola et al, 2001; Filliol et al, 2002; Filliol et al,
2003; Brudey et al, 2004). The most recent version, the fourth database, SpolDB4 (Brudey et
al, 2004) initially contained 39,295 patterns distributed into 1,939 STs (shared-types, which
are a patterns shared by 2 or more patients isolates), and 3,370 orphans (patterns reported for
a single isolate). An updated version at present database contains about 60,000 patterns

distributed into 2300 STs (renamed SIT for “Spoligotype International Type”).

Spoligotyping is being extensively used in recent years for epidemiological studies of
tuberculosis (Kamerbeek et al, 1997; Soini et al, 2000) and shown to be useful in strain
discrimination when used in association with IS6110-RFLP typing, VNTR DNA repeats
typing (Filliol et al. 2000) and DRE-PCR (Sola et al. 1998). It can also be performed directly
from nonviable MTB or bacteria found in tissues in paraffin-embedded blocks or in

archaeological samples.

2.1.2. MIRU-VNTR: This is a PCR-based method, analyses multiple loci containing variable

numbers of tandem repeats (VNTR) of different families of interspersed genetic elements
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collectively called Mycobacterial interspersed repetitive units (MIRU) (Supply et al, 1997;
Frothingham & Connell, 1998; Supply et al, 2000; Supply et al, 2001). The method relies on
the calculation of the number of repeats from the size of the PCR amplicon and the most used
version of this method (MIRU-VNTR) is based on the analysis of 12 loci (Mazars et al, 2001;
Supply et al, 2001). A standardized format proposed recently comprised of 24 loci, 15 of
which constituted a discriminatory subset and were defined based on higher variability within
the different clonal complexes studied. This new panel has been evaluated widely (Oelemann
et al, 2007; Allix 2008) and permits the accurate and high-resolution analysis. The new tool is
now available with an online multifunctional MIRU-VNTR plus database (Allix et al, 2008)

for strain comparison.

2.1.3. Antibiotic susceptibility Testing:

Drug resistance in Mycobacteria is continually increasing world-wide and especially
there is an upsurge of extremely drug resistant strains of MTB which is an immense threat to
mankind. In view of this, the World Health Organization (WHO) has published a new
definition of MDR (multidrug resistant) and XDR (extreme drug resistant) TB. According to
it, strains showing resistance to at least rifampicin and isoniazid, the first line anti-TB drugs
are called MDR strains whereas, XDR strain is one which is MDR and resistant to any
fluoroquinolone, along with at least 1 of the following 3 injectable drugs used in anti-TB

treatment:  capreomycin, kanamycin and amikacin  (http:/www.who.int/tb/xdr/

taskforcereport oct06.pdf).

Since drug resistance in MTB is a result of point mutations in various genes it could
be responsible for the various phenotypic characteristics of the pathogen. It is believed that
drug- resistant status confers ‘unfit’ nature to strains (Von Groll et al, 2010) leading to the

reduced ability of the intracellular growth due to mutation in essential genes of the pathogen.
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However, few strains with specific genotypes can develop compensatory mutations to
overcome this situation (Gagneux 2009).

Drug resistance, can be monitored broadly by two different ways, phenotypic and
genotypic methods. Genotypic methods have the advantage of a shorter turnaround time, no
need for growth of the organism, the possibility of direct application in clinical samples,
lower biohazard risks, and the feasibility of automation. On the other hand, phenotypic
methods are conventional ones, in general simpler to perform, but time consuming. There are
three conventional phenotypic methods for drug susceptibility testing based on solid media:
the proportion method, the resistance ratio method and the absolute concentration method
(Canetti et al, 1963; Canetti et al, 1969). More recent methods are based on liquid media
including the BACTEC radiometric and the Mycobacterial Growth Indicator Tube (MGIT)
methods. Genotypic methods involve two basic steps: nucleic acid amplification such as by
polymerase chain reaction (PCR) of the sections of the MTB genome known to be altered in
resistant strains; and a second step of assessing the amplified products for specific mutations
correlating with drug resistance (Garcia de Viedma, 2003; Palomino, 2005). Rifampicin
resistance is related to mutation in highly conserved 81-bp hot spot region in Rifampicin
Resistance Determining Region (RRDR), affecting codons 507-533 (Somoskovi et al, 2001)
in 90-98% of strains. Spontaneous mutations (deletions/ substitutions/ insertions) occurring in
the rpofi gene result in replacement of the aromatic amino acids with non-aromatic amino
acids in the target RNA polymerase enzyme. This result in poor bonding between rifampicin
and the RNA polymerase (Ramaswamy & Musser, 1998), and activity of the enzyme
(transcription) is preserved, thus explaining resistance to rifampicin in bacteria. The
Ser315Thr mutation in katG is found most often, occurring in approximately 40% of all
isoniazid-resistant strains (Ramaswamy & Musser, 1998; Marttila et al, 1998; Zhang &

Telenti, 2000). The Ser315Thr mutation results in a catalase enzyme that cannot activate
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isoniazid, but retains approximately 50% of its catalase-peroxidase activity sufficient to
enable the organism to detoxify host antibacterial radicals (Rouse et al, 1996). Mutations in
the promoter region of a gene that encodes an alkyl hydroperoxidase reductase (ahpC) have
been found in approximately 10% of isoniazid-resistant isolates, but mutations in katG were
also found in these isolates (Goble et al, 1993; Drobniewski &Wilson, 1998). In the current
study seven genes were analysed for first line drugs e.g. ropB for Rifampicin (R), katG, inhA
and ahpC for Isoniazide (H); rpsL and rrs for Streptomycin (S); and emb for Ethambutol (E).
The proportion method as phenotypic indicator and mutation analysis for genotypic

indicator was performed for the current study.

2.2. Materials & Methods:

2.2.1 Sputum samples & decontamination (Modified Petroff’s method):

The clinical isolates used in the study were selected from sputum and tissue samples
of TB patients. The samples were kindly provided by Department of Microbiology, KEM
hospital and Tata Memorial Hospital Parel, Mumbai. Specimens like sputum might contain
normal flora and therefore, were decontaminated and concentrated by centrifugation before

inoculating culture media for the isolation of Mycobacteria.

For a given volume of the specimen in a screw capped test tube, 2 volumes of 4%
sterile NaOH was added and the tube was placed in an incubator at 37°C for 30 minutes with
continuous agitation for homogenizing the mixture. Sterile distilled water was then added to
fill up the test tube and it was centrifuged at 4,000 rpm for 20 minutes. The supernatant was
carefully discarded and the sediment was used to prepare a smear for acid fast staining and
for inoculating L] medium. The medium was incubated at 37°C and was checked for the

appearance of growth every day for the first week and later every week for a period of 8
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weeks. At the end of 8 weeks, if there was no growth, the medium was discarded and sample

was marked as negative for mycobacterium culture.
2.2.2 Isolation of MTB strains from clinical samples

Thiophene-2-carboxylic acid hydrazide (TCH) readily distinguished human MTB
strains from M .bovis and differentiate it from ‘“‘atypical” Mycobacteria or Mycobacteria
other than tubercle bacilli (MOTT). We selected strains that were grown on TCH containing
Middlebrook medium, which inhibits M.bovis at 1 and 5 pg/ml concentrations. Nitrate
reductase assay was performed as a confirmatory test of this pathogen. A loopful of log phase
culture of MTB was inoculated in nitrate buffer and kept at 37° C for 2 hours. Two drops of
nitrate reagent were then added to the bottle and red coloration confirmed the bacterial
viability.

2.2.3. Extraction of genomic DNA from MTB culture isolates using CTAB method

Two hundred pl of MTB cell suspension (in PBS) was first mixed with 50 pl of
lysozyme solution and incubated at 37°C for 90 min. Then 75ul of 10% SDS/proteinase K
mixture was added to it. The suspension was vortexed and incubated at 65°C for 10 min. One
hundred pl of SM NaCl was added to the suspension, followed by 100 pl of CTAB/NaCl
solution (‘A’ in Appendix I) which was prewarmed to 65°C. The tubes were vortexed till the
liquid inside became milky white and then incubated at 65°C for 10 min. Next, 750 pul of
CHISAM [Chloroform: isoamyl alcohol (24:1) mix] was added to the suspension, tubes were
vortexed for 10 seconds and centrifuged at RT for 5 min at 12000 rpm. The supernatant was
gently (without disturbing the interphase) transferred into a fresh microfuge tube and 0.6
volume (400 pl) isopropanol was added carefully to precipitate nucleic acids. The tubes were
placed at -20°C for 30 min and centrifuged for 15 min at RT at 12000 rpm. Most of the

supernatant was removed leaving behind 20 ul above the pellet. One ml of chilled 70%
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ethanol was added and the tubes were then inverted slowly. After centrifuging, supernatant
was discarded and pellet was washed again with absolute ethanol. Finally, the pellets were
dried at RT for 10 min and dissolved in 50 ul of 1X TE (‘A’ in Appendix I). The extracted
DNA was stored at 4°C and used for PCR.

Estimation of the DNA concentration using Nanodrop

All DNA samples were diluted in 1X TE. The absorbance was measured in Nanodrop
instrument by using only 2ul of sample. Nucleic acids absorb light at a wavelength of 260nm.
For double stranded DNA, an optical density (OD) of 1 at 260nm correlates to a DNA

concentration of 50ng/ul, so DNA can be easily calculated from OD measurements.

2.2.4. Spoligotyping and data presentation

Spoligotyping was performed with DNA samples from clinical isolates according to
the well established protocol. Briefly it consisted of three steps: PCR amplification of DR

region, hybridization of PCR products with spoligo-blots and analysis of the results.

Amplification of the DR regions from MTB strains was the very first step of
spoligotyping. PCR was performed using 10 ng of chromosomal DNA isolated from each
strain. Amplification of the spacer was accomplished by using the primers DRa and DRb
which enable to amplify the whole DR region. The details of the sequences of forward and
reverse primers used for PCR and PCR master mix are described in Table-A in Appendix-II.
After 3 min of hot-start at 96°C, the tubes were subjected to denaturation at 96°C for 1 min,

annealing at 55°C for 1 min and extension at 72°C for 30 sec for 40 cycles. This was

followed by the final step of extension at 72°C for 5 min.

PCR products (20ul) were mixed with 150 pl of 2X SSPE / 0.1% SDS and heat
denatured for 10 min at 99°C in heating block and cooled on ice immediately. The
spoligotyping membrane was washed for 5 min at 60°C in 250 ml 2X SSPE / 0.1% SDS. The
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membrane was placed on support cushion in miniblotter, so that the slots were perpendicular
to the line pattern of the spacer-oligonucleotide already immobilized on the membrane. The
residual fluid was removed from the slots of the miniblotter by aspiration. In the next step,
the heat denatured PCR products were filled in the slots, with care to avoid air bubbles and
were hybridized for 60 min at 60°C on a flat horizontal surface of hybridization oven
(Amersham). After that, the samples were removed from the miniblotter by aspiration and the
membrane was taken out from minoblotter using forceps. Then it was washed twice in 250 ml
2X SSPE /0.5% SDS for 10 min at 60°C and cooled down. The membrane was incubated in
10 ml of 1:4000 diluted streptravidin-POD conjugate (2.5 Ul of streptavidin-POD conjugate
(500 v/ml) to 10 ml of 2X SSPE / 0.5% SDS) for 45 min at 42°C. Finally, after washing the
membrane, it was incubated with 10 ml of ECL detection fluid for 1 min and it was covered
with a saran wrap and was exposed to hyper film ECL for 20 min to 30 min. The membrane
was reused after washing with1% SDS at 80°C for 30 minutes and kept in 20 mM EDTA pH

8 at 4°C. The buffer compositions are given in part ‘B’ in Appendix 1.

To simplify recording, the band pattern was converted to a series of 1s and Os (means
presence and absence of signal respectively). Since there are only 1s and Os in the number,
this is called a binary code. To simplify this even further, the 43-digit binary code was
converted to a 15-digit octal (i.e., base 8, having the digits 0-7) designation by a two-step
process. First, the 43-digit binary code was divided into 14 sets of three digits (spacers 1
through 42) plus one additional digit (spacer 43). Second, each 3-digit binary set is converted
to its octal equivalent, with the final additional digit remaining as 1 or 0. The translation of
binary numbers to octal numbers was done as follows: 000 = 0; 001 = 1; 010 = 2; 011 = 3;
100 = 4; 101 = 5; 110 = 6; 111 = 7. Each octal designation is unique, representing one
specific banding pattern. From an octal designation, the binary code of the spoligotyping

pattern can be re-created. The hybridization signal was analyzed on the basis of international
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spoligotyping database (SpolDB4) which has been created and maintained at the Institute
Pasteur de Guadeloup (IPG) (Brudey et al, 2006).
2.2.5 Amplification in TbD-1 and RD-1 region

The presence of TbD-1 and RD1 regions in the selected strains was confirmed by
gene specific PCR as described earlier (Brosch et al, 2002). The primer sequence and reaction
conditions are described in Tables D and E in Appendix-II.
2.2.6. MIRU-VNTR analysis

Genomic DNAs of MTB clinical isolates, extracted by CTAB method were used in
this study (Supply et al, 2001). Polymerase Chain Reaction was carried out to amplify 12
MIRU Loci of three MTB clinical strains with the primers listed in Table C in Appendix II
and PCR master mix was prepared as described in Table B in Appendix-II. The PCR thermal
conditions were as follows: initial denaturation for 15 min at 95°C followed by 40 cycles of
95°C for 1min, 59°C for Imin and 72°C for 1.5 min. Then, the PCR products were run in
2.5% agarose gel and PCR amplicon size of different loci was determined with respect to

DNA ladders.

2.2.7 Drug sensitivity testing of the clinical isolates by Proportion Method

At first, 3-4 loopful moist bacteria were taken in sterile distilled water and were
vortexed vigorously to produce a uniform suspension. This suspension was kept on the bench
for 15-20 minutes to allow the coarser particles to settle down. Then a 10-fold dilution was
made from the suspension, by carefully adding sterile distilled water to it (S1, 10™"). Two
further serial dilutions 10"2(82) and 107 (S3) were prepared in a similar manner. Finally, one
loopful of the suspension from each dilution was cultured on drug free and drug containing
(concentration described in ‘C’ Appendix-I) LJ slopes.

2.2.8 Detection of point mutation by sequencing
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The Genomic DNA of each clinical isolate was diluted to 10 ng/10 pul and amplified
in PCR for seven gene targets (rpoB, KatG, rps, rrs, inhA, ahpC, emb). The primer sequences
and PCR conditions were listed in Tables D and E in Appendix-II. The PCR products were
purified by ammonium acetate/ ethanol method. By keeping ethanol concentration relatively
low and temperature high (room temperature), precipitation of the short DNA fragments was

prevented.

In 25 wl of PCR product 11 pl 8M NHsAc and 37.5 pl 95% ethanol (room
temperature) were added and mixed properly with gentle shake in a vortex. Then the tubes
were kept at room temperature for 15 minutes. After that, the mixture was centrifuged at
3300 rpm for 30 minutes. The caps were removed and the tubes were put upside down on a
paper towel to remove the ethanol. Again, 50 pl of 70% ice-cold ethanol was added and after
2-3 minutes, spun for 1 min at 3000 rpm. The solution was removed gently and 25 pl of
ddH,O added and mixed gently. The purified PCR products were sent for automated

sequencing with their respective primers.

2.3 Results:

2.3.1 Strain Selection

MTB clinical isolates were obtained either from hospitals directly, as isolated cultures
or were isolated from clinical samples in the lab. Forty (40) samples were collected and 9 of
them were already in a LJ slant, known to have resistance to at least one first line anti-TB
drugs. Thirty one (31) sputum samples were decontaminated for further biochemical tests. All
the samples were inoculated in TCH containing medium and nitrate reductase buffer (Figure
4) to confirm the strain as MTB. Only two samples didn’t show positive results in these two

assays, hence 38 samples were selected for further characterization.
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Figure 4 : Isolation of MTB

A. TCH test: To distinguish between MTB from other Mycobacteria this test was
performed. In quadrants I to III TCH concentration was 0 pg/ml, 1pg/ml and Spg/ml
respectively and in quadrant IV was un-inoculated control. The growth of inoculums
in the first three quadrants after 10 days, confirms it as MTB. M. bovis cannot grow
in 0-10pg/ml of TCH containing medium. A representative photograph (left) is given
above.

B. Nitrate reduction test: The ability of MTB to reduce nitrate is a confirmatory test. All
the MTB clinical isolates showed red colour in presence of nitrate buffer and reagent
(HIMEDIA). A representative photograph for the test is shown in the Figure above
(right hand panel)
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2.3.2 Spoligotyping of the strains

All the 38 MTB strains were spoligotyped (Figure 5) along with H37Rv and M.bovis
BCG as a kit control. The octal spoligo codes were generated from the original binary film
and the strains were identified. Among all the isolates, 26% (n=10) were Beijing strains,
whereas LAM, S strains were 3% (single copy) (Figure 6). EAI, U, CAS, T and H strains
also showed the representation. Total 12 single copy unique isolates were present among the
strains. As the aim of the present study was to evaluate the immune interactions of the drug
resistant MTB strains three drug resistant strains representing three different lineages viz:
Myc431(Beijing); 4798A(LAM-6) and 5108R (EAI-5) were selected from the 9 drug

resistant strains.

2.3.3 TbD-1, RD1 and MIRU-VNTR typing of the selected strains

The presence of TbD-1 and RDI1 regions in the selected strains was confirmed by
gene specific PCR (Figure 7). EAI-5 strain showed a 2.5kb TbD-1 region confirming its
ancestral origin. On the other hand, all the three strains under study possessed intact RD1
region which confirmed their virulent nature. The 12 locus MIRU-VNTR analysis performed

for the strains for their further classification is shown in Figure 8.
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Figure 5: Spoligotyping of MTB clinical isolates

A. Spoligotyping (‘spacer-oligonucleotide-typing'), is based on the structure of the direct repeat
(DR) locus. The DR locus is made up of a variable number of 36 bp repeats that are separated
by unique inter-DR sequences of 35 to 41 bp. The primers of DRa and DRb regions amplify
differential length of PCR amplicons which is hybridized with respective unique spacer

B.

sequence in a line blot.

Mycobacterial DNA samples were spoligotyped and their spoligo patterns are presented in
the table along with their spoligo code and strain type. Strain types were assigned as
described in the international spoligotype database SpolDB4.
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Figure 6: Percentage of different genotypes in clinical isolates of MTB

A. Percentage of different genotype of MTB among the clinical isolates used in this study (top).
B. Original X ray film showing the spoligo patterns of selected different strains are shown here.
Spoligotype families as assigned as in the international spoligotype database SpolDB4.

57



Chapter 2

Primary PCR with flanking primers

-

Nested PCRwithinternal primers

430bp of internal ThD1

L.5Kb of internal RD1 region

Figure 7: TbD-1 and RD1 PCR for clinical isolates

A. & B. TbDI region consist of two genes mmpS6 and mmpL6; in modern M.tuberculosis
strains there is deletion of 2.1kb which means complete deletion of gene mmpS6 and
truncation of gene mmpL6. In TbD1 flank PCR, the ancestral strain gave an amplicon of
2638bp and for TbD1 internal PCR, an amplicon of 430bp. In modern strain because of
TbD1 deletion when TbD1 flank PCR was done a 485bp amplicon was obtained and no
amplification was seen with TbD1 internal PCR since the internal sequence is deleted.

C. RDI1 amplicons obtained from strains that have the genomic region present or deleted.
Sizes of amplicons in selected strains are same.

D. Scheme of the proposed evolutionary pathway of the tubercle bacilli illustrating
successive loss of DNA in certain lineages (gray boxes). The scheme is based on the
presence or absence of conserved deleted regions and on sequence polymorphisms in five
selected genes. Blue arrows indicate that strains are characterized by katG463. CTG
(Leu), gyrA95 ACC (Thr), typical for group 1 organisms. Green arrows indicate that
strains belong to group 2 characterized by katG463 CGG (Arg), gyrA95 ACC (Thr).The
red arrow indicates that strains belong to group 3, characterized by katG463 CGG (Arg),
gyrA95 AGC (Ser), as defined by Sreevatsan et al. (1997) .
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Table -1: MIRU-VNTR for

three clinical isolates

Locus | No_of Alldles or repetition
in VNTR locus
EAIS | LAM§ | Beijmg
Leosl0  Luomls  Leom20 Lecs23 lopL |2 (2 |1 |2
4 5 2 2
10 4 3 2
16 3 3 3
20 2 2 2
yi 6 6 5
Loom 24 Loow 26 100bpl.  Loom27 Lo 31 y 2 1 1
26 2 5 5
27 3 3 3
k| 5 3 5
19 1 2 3
Looxs 39 100bp L. Loox 40 h 3 8 3

Figure 8: MIRU-VNTR analysis: The MIRU-VNTR analysis was performed with three
selected strains. Agarose gel (2.5%) electrophoresis of the PCR amplicons for 12 loci is
displayed. The amplicon sizes confirm the repetitions of different loci present in the genome
of the respective bacteria, which are shown in the table 1.
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2.3.4 Antibiotic susceptibility test

When tested for resistance against 13 drugs including first line as well as
second line drugs, clinical isolates Beijing, LAM and EAI were found to be resistant to 10, 6
and 8 drugs respectively as stated in Table 2. The phenotypic susceptibility of the strains was
compared with the genotypes of the strains by sequencing (Table 3) and it was observed that
in spite of being rifampicin resistant, LAM strain did not show any point mutations in rpoB
gene (Figure 9). Interestingly, Beijing also did not show mutation in katG, inhA and ahpC

genes which are responsible for isoniazide resistance.
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Table 2: Antibiotic susceptibility test

Chapter

2

The strains were sub-cultured and the drug susceptibility testing was performed using
standard proportion method for 13 drugs which included first line and second line drugs .
None of the selected clinical isolates were found to be sensitive to all four first-line anti-TB
drugs (isoniazid, rifampicin, streptomycin and ethambutol).

Resistant

Sensitive

EAIS Ethambutol, Streptomycin, Rifampicin, Ciprofloxacin,Amikacin,P-
Isoniazide, Pyrazinzmide, Amino salicylic acid, Rifabutin
Cycloserin, Ethionamide,

Kanamycin, Clarithromycin

LAMG6 Rifampicin, Ethambutol, Isoniazide, Rifampicin, Clarithromycin,
Streptomycin, Kanamycin, Ciprofloxacin, Cycloserine, Amikacin,
Pyrazinzmide,, Ethionamide PAS, Rifabutin

Beijing Ethambutol, Streptomycin, A mikacin, P-Amino salicylic acid,

Isoniazide, Pyrazinzmide,
Rifampicin, Cycloserin,
Ethionamide, Kanamycin,

Clarithromycin, Rifabutin

Ciprofloxacin
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inhA (392bp) ahpC (205bp) rpoB (385bp)

emb (430bp) rrs (480bp) kat G(497bp) rpsL (339bp)

Figure 9: Amplification and sequencing of seven target genes for the detection of point
mutations for the first line drugs

A. The amplicons obtained for all seven targets :rpoB, katG, ahpC, inhA, rps, rrs
(16SrRNA) and emb are shown in the figure A .

B. Representative photograph of point mutation obtained for three different strains in
rpoB gene in position 526 and karG gene in position 463.
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Table 3 : Point mutation analysis forall seven genes of three clinical isolates:

In this table, ‘wt’ represents wild type sequence and others are mutant;
+ indicates ‘sequences matches’ and — describes ‘sequence does not matches’ with the codon
sequence described in the left column.

Codon Sequence EAI-5 LAM-6 Beijing

rpoB 509-534 wt + + -

rpoB 526 TAC +

rpoB 526 GAC -

ahpC wt (-45...-23)

rrs 491 wt

ahpC-wt2 (-20...-1)

rs 513 wt

+ 4+ |+ |+ ]+

rpsL 88 wt (AAG)

inhA 1 wt (orf-inhA: -15-T)

[+ |+ |+ |+ [+

embB 306 wt (ATG)

|+ ||+ ]+

+ |+

katG 2 wt (katG 463 CGG-Arg) -

embB 306 CTG

katG 1m (katG 315 ACC-Thr) -

embB 306 GTG -

katG 2m (katG 463 CTG-Leu) +

embB 306 ATA - - -

63




Chapter 2

2.4. Discussion:

A major difficulty in relating the genotypic diversity of the MTB strains with their
phenotypic responses has been the lack of appropriate tools to index different clinical
isolates. Therefore, the primary objective of the study was to characterize clinical isolates of
MTB with different molecular biology techniques to obtain maximum genotypic information.

Initially after confirming the isolates from sputum samples as MTB strains, by TCH
and nitrite assay, spoligotyping was performed to determine their lineage. Out of 38 clinical
isolates, three isolates from three different major lineages were selected. LAM-6 is a part of
the Euro-American lineage of MTB (Gagneux et al, 2006) which is described as the most
successful group of strains of MTB in the world, with the LAM family alone believed to
cause about 15% of TB worldwide (Gibson et al, 2008). These strains shared a spoligo
pattern lacking spacers 23, 24, and 25 in addition to other common molecular characteristics
and were designated the "Cameroon family” (Niobe-Eyangoh et al, 2004). The international
spoligotyping database showed that the strain occurred 172 times among 1939 shared- type
strains worldwide, mostly in West African countries and other regions of South Africa
(Chihota et al, 2007). LAM is less prevalent in East African countries. In Tanzania, LAM and
East-African Indian (EAI) families of strains were estimated to be about 22% and 17%
respectively, while in Kenya and Uganda the only study on record showed that LAM strains
were 11% and 6.7% respectively (Asiimwe et al, 2008). LAM is also less predominant in the
Indian population (Figure 10).

The most prevalent strain in south India is East-African-Indian (EAI) strain, which
belongs to Lineage 1, Indo-Oceanic lineage. Among the 38 strains, 3 strains were from this
lineage and the drug resistant ones were chosen. The earlier study showed that the ancestral
East African Indian (EAI) family, belonging to the MGG 1, represented one sixth (17%) of

total isolates from Mumbai. The EAI family is also highly prevalent in Far-East-Asia

64



Chapter 2

(33.8%), the Middle East (24.3%) and Central Asia and Oceania (22.9%). The EAI lineage is
also more prevalent in South-East Asia, particularly in Myanmar (53%), Malaysia (Phyu et
al, 2003), Vietnam and in Thailand (32%; Brudey et al, 2006). It is also believed that the EAI
ancestral strains spread back from Asia to Africa through India concomitantly with human

migrations (Mokrousov et al, 2005).

Figure 10: Occurrence of selected MTB strains in the World.

World map showing absolute (diameter) and percentage (colour) numbers of MTB strains within each
country (Brudey et al, 2006). World Maps showing absolute (diameter) and percentage (colour)
numbers of 3 genotype families within each country: Beijing; EAI (East-African Indian) and LAM
(Latin-American and Mediterranean). These maps were built on an updated SpolDB4 on 2005
September 14", on clusters of the 50 most frequent shared types (Beijing n = 4042, EAI n = 1684,
LAM n = 3400). Maps were built using Philcarto (P. Waniez, version 4.38).

Source: http://www.biomedcentral.com/content/pdf/1471-2180-6-23.pdf
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The MTB Beijing strains are widely known for their frequent appearance in outbreaks
and association with drug resistance, suggesting that Beijing strains have enhanced fitness
and the potential to spread. All Beijing-genotype strains share a number of independent
genetic markers (Bifani et al, 2002). The spoligotype pattern for the Beijing family involves
hybridization to a 9 spacer region between spacers 35 and 43 and absence of 1 to 34 at a
stretch (Kremer et al, 2005). The Beijing genotype may represent a higher level of
evolutionary development of MTB, indicative of a more recent common ancestor (Kremer et
al, 2005). The Beijing family of strains is prevalent in Far-East-Asia, but also in Middle-East,
Central Asia and Oceania (45.9%, 16.5% and 17.2% respectively) (Figure-11). The Beijing
genotype may have been endemic in China for a long time (Qian et al, 1999), and emerging
in some parts of the world, especially in countries of the former Soviet Union, and to a lesser
extent in the Western world (Glynn et al, 2002). However, outbreaks in USA and France
(Munsiff et al, 2003; Golesi et al, 2012) indicate that among all the strains, Beijing spreads
much faster and is going to be a major threat to future world.

Recent developments in comparative genomics revealed the presence or absence of
regions of differences (RDs) and tuberculosis-specific deletion 1 (TbD1) as potential markers
for understanding the historical origins and genealogy of the present day Mycobacterial
pathogens. It is known from earlier studies that RD1 genomic region is present in virulent
strains of MTB, and is missing from the vaccine strain M. bovis BCG, and its importance has
been proved experimentally. Based on in silico analysis, it has been suggested that RD1 may
encode a novel secretion system, but the mechanism by which this region affects virulence is
unknown. Deletion of the 9.5 kb RD1 region from MTB results in attenuation similar to that
of BCG in cultured macrophages and mice (Guinn et al, 2004). In another study, disruption of
the RDI1-encoded ESAT-6 of M. bovis produced an attenuated phenotype in guinea pigs

(Wards et al, 2000). Finally, on introduction of RDI1 into BCG, the RD1-restored strain
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persisted longer in immunocompetent mice and grew to higher numbers in SCID mice than
the BCG Pasteur parent (Pym et al., 2002), though virulence was much reduced relative to
MTB. In contrast to earlier reports, Rao et al, (2006) demonstrated that the deletion of RD1
does not correlate with a decrease in the virulence potential of MTB. Indian isolates (n = 30)
examined by them were from diseased individuals and yet had lost the RDI1 region.
However, the extent of RD1 deletion in strains of other regions was comparatively less. Forty
percent of Angolan isolates, 21% of Libyan and 2.6% of Peruvian isolates had deletions of
RD1. All the clinical isolates obtained by us had intact RD1 region which showed their
virulent nature undoubtedly.

In the course of evolution there have been many deletions in MTB genome leading to
a variety of different species having different characters. Brosch et al (2002) have proposed
an evolutionary tree for MTB complex, based on TbD1 deletion analysis. This region is intact
in all other species of MTB complex except in some of MTB strains. Therefore, this deletion
is named as Tuberculosis specific deletion. There are some strains of MTB which possess
intact TbD1 region which belong to PGG group 1 (Sreevatsan et al, 1997) and are considered
as ancestral strains and those strains in which there is TbD1 deletion belong to PGG group 2
and group 3, are considered as modern strains. TbD1 region consist of two genes mmpS6 and
mmpL6. In modern M.tuberculosis strains there is deletion of 2.1kb which means complete
deletion of gene mmpS6 and truncation of gene mmpL6. Based on TbDI1 region, EAI-5 strain
is an ancient strain. The presence of ancestral strains has been found to be 80% in South
India (Gutierrez et al, 2006) and EAI strain represents one of them. LAM-6 and Beijing are
modern strains.

Our clinical Isolates were screened for Multiple locus VNTR analysis using all “12
locus MIRU”. This rapid and highly reproducible method clearly distinguished the majority

of the isolates of Beijing, EAI, and Haarlem families from each other. The Beijing family
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appeared the most homogenous family, which is consistent with the results obtained with
1S6110 RFLP and other markers. In addition, MIRU-VNTRs distinguished all strains except
for two M. bovis BCG vaccine sister strains, in contrast to IS6/10 RFLP. In the present study,
analysis of 12 loci MIRU-VNTR helped construct a dendrogram using NJ algorithim (Figure
11), in order to know the position of the selected strains among all the known well typed
strains of similar kind. MIRU-VNTR analysis supports polyphasic typing by calculating a
combined distance for different genotyping data. It allows the selection of the used
genotyping methods, distance measures and weightings. The comparison with the reference

database allows the identification of the phylogenetic lineage of new strains.

In the earlier studies, several attempts were made to correlate MIRU locus repetition
unit with lineage of MTB strains. According to Rao ef al, (2006), 7 repeats at MIRU Locus
26 is an identification signature for Beijing strain. However, some results contradicted these
findings. Koksalan et al (2006) showed that in some geographic regions, such as the countries
of the former USSR, Beijing genotype strains carried fewer than seven MIRU copies at locus
26 and are in striking predominance over strains with seven copies (Koksalan et al, 2006). In

the present study, the Beijing strain posses only 5 copies instead of 7.

The drug resistant pattern obtained by proportion method depicted EAI-5 and LAM
strain as resistant to eight and six drugs respectively whereas, Beijing strain was conventional
XDR with resistance to ten drugs. It is well known that successful transmission of specific
mutations, such as Ser315Thr in katG and Ser531Leu in rpoB, is associated with drug
resistance status of MTB in several populations (Marttila et al, 2000). To confirm whether the
drug resistant status of selected strains was due to a common mutation present in specific
genes or not, sequencing of specific regions, mentioned in Table 2 for all the three strains
was performed for first line drugs. EAI and LAM were resistant to isoniazide and rifampicin

respectively, whereas Beijing was resistant to both the drugs. However, for LAM
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Figure 11: Neighbour-joining tree, based on 12 loci MIRU-VNTR typing and 43 spacer
spoligotyping showing the phylogenetic relationship of strains used in the present study along
with186 reference strains of MTB complex.
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Table 4: Genotypes of M. tuberculosis strains used in the study:

Clades | Lineage | Spoligo code SIT* | MIRU-VNTR | ThD- | RD1 | Origin
# 1

EAIS 1-Indo- | 777700777413700 | 763 | 254326223513 | + + Pulmonary
Oceanic

LAM6 | 4-Euro- 777777607560771 | 64 123326153328 | - + Pulmonary
American

Beijing | 2- East 000000000003771 | 1 222325153533 | - + Extra-
Asian pulmonary

SIT = Spoligo-International-Type number
# 12 loci in the order = M2, M4, M10, M16, M20, M23, M24, M26, M27, M31, M39, M40

and Beijing strain, the phenotypes were not supported by the mutation in rpoB and katG
codons as expected. A number of researchers have hypothesized different reasons for
resistance in strains lacking mutations in respective genes, such as diminished antibiotic entry
into bacteria due to changed membrane permeability (Abadi et al, 1996) or enzymatic
degradation or modification of drug (Hetherington et al, 1995) and presence of certain kinds
of mutations elsewhere in the gene e.g. at N-terminal part of rpoB (Heep et al, 2001). It is
also possible that alteration of efflux pumps (Piddock, 2006) may protect the drugs from
getting entry into the pathogen. Lastly, the possibility of involvement of other genes in drug

resistance cannot be ignored (Tribuddharat & Fennewald, 1999).

Thus, three drug resistant clinical isolates from three different major MTB lineages
were selected and well characterized by various molecular typing methods (Table 4). In the
next set of experiments, the interactions of these different strains with different host cells

were analysed to decipher their strategy of pathogenesis.
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Chapter 3: Evaluation of various innate host responses induced by clinical isolates of

Mycobacterium tuberculosis from different genotypes

3.1 Introduction:

Mycobacterium tuberculosis is one of the best examples of a pathogen which
coevolved successfully with humans. It remains silent in 90% of the infection cases without
causing overt disease (Bhowruth et al, 2008). Strain-to-strain variation of the pathogen may
have impact on the molecular interactions with the host which dictate the overall
pathogenesis of the infection and can have important consequences to future diagnostics and
design of drugs and vaccines and patient management. Multiple factors regulate the course
and outcome of infection by MTB and involve a complex interplay between the immune
system of the host and survival strategies employed by the bacilli (Mischenko et al, 2004).

The bacterial cell wall composition differs with the genotype of the strains
(Domenech & Reed, 2009) which is believed to be responsible for the initial recognition by
the host (Torrelles et al, 2006). Virulent strains of MTB are phagocytosed specifically via
mannose receptor whereas phagocytosis of avirulent strain H37Ra is mediated only through
complement receptor which results in higher accumulation of virulent bacteria inside the host
compared to avirulent one (Schlesinger,1993). On the contrary, one study has shown that,
avirulent strain gets accumulated in higher number inside the host compared to virulent strain
(Rajavelu & Das, 2007).

Intracellular bacterial growth is mostly influenced by induction of reactive oxygen
and nitrogen species (Nozaki et al, 1997) and cytokines (Powrie & Coffman, 1993; Bekker et
al, 2001). Human macrophages, both from primary cultures and from transformed monocytic
cell lines such as THP-1, serve as a model host for early stages of infection and have been
used to measure intracellular growth rates of MTB isolates (Manca et al, 1999; Zhang et al,

1999; Li Q et al, 2002, Theus et al, 2005). It was observed that isolates of MTB that caused
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higher incidences of TB cases in central Los Angeles grew more rapidly in human
macrophages than the strains that caused disease in only one patient (Zhang et al, 1999). This
observation was confirmed in a separate study using activated THP-1 cells (Theus et al,
2005). Thus, these studies established that extensive spread of a particular MTB strain
correlates with its capacity to replicate rapidly in human macrophages. Virulent strain H37Rv
grew faster in human monocyte derived macrophage and mouse models compared to
avirulent strain H37Ra (Zhang et al 1998; Jung et al, 2002). However, a study showed that
avirulent H37Ra and virulent H37Rv grew at similar rates in human monocyte-derived
macrophages, whereas H37Rv grew more rapidly in murine macrophages (Paul et al, 1996).
Though sometimes contradictory, these findings underscore the importance of intracellular
growth as a determinant of pathogenesis.

The genetically different MTB strains from different lineages have been shown to
induce differential immune responses in macrophages, cell lines and mouse models (Manca
et al, 2004; Chacon Salinas et al, 2005; Thus et al, 2005; Sinsimer et al, 2008; Tanveer et al,
2009; Portevin et al, 2011) and are demonstrated to vary with respect to their virulence,
pathology and intracellular bacterial load (Marquina-Castillo et al, 2009). Maximum number
of studies on innate immune responses has been performed with Lineage -2 (Beijing) strains
so far, as they caused disease outbreak in different places. Further, it was reported that CAS1
and Beijing strains, belonging to lineage 2, induce lower levels of proinflammatory cytokines
in THP-1 cells (Tanveer et al, 2009) as well as macrophages compared to that induced by
standard laboratory strain H37Rv (Sohn et al, 2009; Portevin et al, 2011). A recent study has
demonstrated that ancient Beijing strains (lineage 2) from Brazil (characterized by the
absence of an insertion sequence 6110 within the noise transfer function region) induced
similar levels of TNF-a and IL-10 as H37Rv whilst modern MDR Beijing strains (lineage 2)

isolated in Russia, induced low TNF-a and high IL-10 in the THP-1 macrophage cell line
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(Lasunskaia et al, 2010). In contrast, another study has found that Beijing strains (lineage 2),
irrespective of subfamily, showed an immune phenotype of low level of TNF-a, IL-6, IL-10
and GRO-a (Portevin et al, 2011) production as compared to H37Rv and other genotypes of
MTB in human macrophages. Despite these discrepancies, most of the studies confirmed the
lower induction of cytokines by Beijing genotype. In contrast to Lineage-2, ancient strains
from Lineage-1 repeatedly showed higher induction of pro-inflammatory cytokines in host
cells (Portevin et al, 2011). H37Rv/Ra, Erdman and CDC1551 belong to Lineage 4 (Euro-
American) which shows higher proinflammatory response compared to Lineage-2 strains
(Manca et al, 1999; Bosio et al, 2000).

Apoptosis of the infected macrophages is another important innate immune response,
increasingly understood to play a role in the host defence against MTB (Keane et al, 1997;
Oddo et al 1998). Apoptotic Mycobacterium avium -infected macrophages were shown to be
ingested by healthy macrophages that ultimately kill the intracellular bacteria (Fratazzi et al,
1997). In addition, the apoptotic death of macrophages was associated with a substantial
reduction in bacillary viability in macrophages infected with either an attenuated or a virulent
strain of MTB (Oddo et al, 1998). The attenuated H37Ra has been shown to induce a greater
level of apoptosis in alveolar macrophages than the virulent H37Rv strain (Keane et al,
1997). Further, depending on the ratio of TNF-a and IL-10 induced by them, MTB strains
modulated the host cell survival and apoptosis (Rojas et al, 1999). It has been suggested that
the suppression of the death of host cells by the pathogen might represent a strategy by
pathogen for survival. Infection of resting human monocytes with Mycobacterium bovis BCG
increased monocyte viability by preventing them from undergoing apoptosis (Kremer et al,
1997). A number of recent studies have addressed a question, whether apoptosis is a
virulence marker or not. However, the mechanisms of cell death, virulence and their relation

with other innate factors are not well understood.
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Thus, the studies published so far evaluated one or two individual parameters of
innate immunity to MTB. However, comprehensive studies to correlate different parameters
induced by well typed clinical isolates have not been reported so far. Further, it is noticed
that there is no comparative evaluation of different genotypes of MTB isolated from India
for the immunological responses and other parameters induced by them. The aim of present
study, therefore, was to evaluate different parameters of innate immunity and their

correlations, if any, in the monocyte leukemic cell line, THP-1 after infection.

3.2. Materials and Methods:

3.2.1. Mycobacterial growth and single cell suspension

The MTB strains isolated from patients were plated on Lowenstein—Jensen (LJ)
medium (HIMEDIA) and after confirmation of a pure culture and biochemical tests, single
colony was added to Middelbrook 7H9 medium (HIMEDIA) to get mid log phase culture.
The cells were harvested at this point and stored in glycerol at -70°C. Before every infection
study these cell stocks were grown into log phase and used. Thus the passage number was
maintained at 5-6 for all the experiments. The single cell suspension was prepared as per
the standard protocol with minor modification (Lambrecht et al, 1988). Briefly, the cell
pellets were washed, suspended in PBS containing 0.2% Tween 20 and transferred to a hard
glass test tube containing around 25 glass beads (3mm diameter). After 30 second of bath
sonication and vigorous vortexing for 5 minutes, the suspension was kept undisturbed for half
an hour. The cell count was monitored by taking optical density (OD) of the upper cell layer
at 600nm and finally adjusted as required for infection experiments. The absence of clumps
was confirmed by Ziehl-Neelsen Carbol Fuchsin (ZNCF) staining and the cell viability was

evaluated by colony forming units (CFU) assay in each preparation.
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3.2.2 Host cell culture and infection

THP-1 and RAW 264.7 cell lines were obtained from the National Centre for Cell
Science, Pune, India. THP-1 was maintained as suspended cells in RPMI 1640 medium
(GIBCO,USA) supplemented with 2 mM L-glutamine, 10mM HEPES buffer, 1.0 mM
sodium pyruvate and 10% foetal bovine serum at 37°C in 5% CO, humidified incubator. The
cells were differentiated into macrophages by treatment with 20 nM/ml phorbol-12-myristate-
13-acetate (PMA, Sigma). During the standardization process, three different concentrations
(10, 20 and 40nM/ml) of PMA were used and 20 nM/ml PMA showed satisfactory result.
After overnight incubation, the monolayer formed was co-cultured with different MTB
strains at a MOI (multiplicity of infection) of 10 (10:1 bacilli/THP-1 cells), for 4 hours. The
infection was also carried out at four different MOI (1, 5, 10 and 20) and MOI 10 was
selected as it gave satisfactory results for monitoring all the different parameters. The
infected cells were washed three times with PBS to remove extracellular bacilli.

RAW 264.7 is a macrophage-like, abelson leukemia virus transformed cell line
derived from BALB/c mice. RAW cells were cultured in Dulbecco's modified Eagle Medium
(DMEM) supplemented with 2mM L-glutamine, 1mM sodium pyruvate and10% fetal bovine
serum (FBS), at 37°C in 5% CO, humidified incubator. RAW monolayer formed was co-
cultured with different MTB strains at a MOI of 10 (10:1 bacilli/RAW cells), for 4 hours. The
infected cells were washed three times with PBS to remove extracellular bacilli.

3.2.3. Phagocytic Index

To determine the phagocytic index, the THP-1 cells were seeded on a sterile glass
coverslip and infected with all MTB strains. After four hours of infection, the numbers of
internalized bacilli were counted microscopically, using Ziehl Neelsen (ZN) acid fast and

phenolic auramine staining. The reagents for microscopy are described in Appendix-I-E. At
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least 300 consecutive macrophages were counted and grouped according to the number of

intracellular bacteria.
3.2.4. Assay of Mycobacterial growth

In general, the bacterial growth is measured by optical density (600nm) method. But,
it has some disadvantages, e.g. clumping of the bacteria does not allow proper OD
measurement. Therefore an alternative method, radiorespirometry, was used to assess
bacterial growth. Radorespirometry is a sensitive and fast technique and gives sound results
in 10° to 10° bacteria up to 10 days of assessment. Single cell suspensions of all the MTB
strains were prepared and after monitoring their OD, the bacterial concentration was adjusted
to similar value on the basis of OD for all the strains. Subsequently, Iml aliquots were
prepared and distributed in small 5 ml crew-capped tubes and kept in shaker incubator. After
5 and 10 days of incubation i.e. in their mid log phase, the bacterial cells were centrifuged
and pellet was transferred to radiorespirometry vials. For each time point, a separate vial
containing 1ml of bacterial suspension was kept in a tube. For each time point, Iml of MTB
suspension was centrifuged and suspended in 100 pl of PBS. The suspension was then
transferred to a radiorespirometry vial with 1pCi 1C acetate form BRIT (Boards of Radiation
and Isotope Technology, Mumbai), India. The vial used for radiorespiromentry was an
assembly of a small inner vial containing LJ medium (without glycerol) and an outer vial
having Whatman paperl dipped in alkaline scintillation cocktail, forming a hemi cylinder
(Figure-15A). The paper was dipped in a mixture of liquifluor PPO-POPOP [2,5
diphenyloxazole-1,4-bis(5-phenyloxazoly) benzene] toluene concentrate and 4.0 N NaOH-
methanol and dried before use. The generation of radioactive C0, was determined daily
with a Perkin Elmer Liquid Scintillation Analyzer Tri-Carb 3100TR and data are presented as
cumulative cpm (counts per minute) five days after vial preparation. The experiment was

carried out in triplicate for all the strains.
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3.2.5. Assay of intra-cellular growth

To determine intracellular growth of various MTB strains, at different time points,
CFU assay and a modified radiorespirometric assay were used (Ganatra et al, 1980). In this
experiment, monolayers of THP-1 cells were prepared in 24-well plates (10°cells /well) and
thereafter were infected with the MTB cell suspension in a ratio of 10:1 bacilli/THP-1 cells.
Infected cells were incubated for 4 h at 37°C in 5% CO,, washed three times with PBS to
remove extracellular bacilli and further incubated in medium for 1 to 5 days. After each
incubation time point, cells were lysed with 1ml of water. After 15 minutes, subsequent to the
microscopic confirmation of lysis, the lysate was properly mixed. One hundred micro-litres
of the lysate was transferred into radiorespirometry vial with 1uCi 'C acetate (BRIT, India)
and 100ul was serially diluted and plated on complete 7H11 Middlebrook media (HIMEDIA)
agar plate in triplicate for evaluation of CFU. The generation of radioactive "Co, was
determined daily with a Perkin Elmer Liquid Scintillation Analyzer Tri-Carb 3100TR and
data are presented as cumulative cpm (counts per minute) obtained on day 5 of the assay. The

values were compared for all MTB strains and were correlated with CFU.
3.2.6. RNI assay

Concentration of nitrite produced by RAW and THP-1 cells was determined as a
measure of the production of NO by the method of Yamamoto et al, 1998. Briefly, 100 ul
supernatant was removed from each culture well at 24 hr and 120 hr (for THP-1), centrifuged
at 400 g for 10 min to make it cell free, incubated with 100ul of Griess reagent (1%
sulphanilamide, 0.1% napthylethylenediamine dihydrochloride, 2.5% phosphoric acid) at
room temperature for 10 min and absorbance was read at 543 nm in a spectrophotometer

(Synergy, Bio-tek). The concentration of nitrite (NO;) was determined by using sodium
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nitrite as a standard. Nitrite release was reported as pM per 10° cells per well. Cell-free

medium was used as blank for the assay.
3.2.7. ROI Assay

To determine ROI induced by various MTB strains after infection, DCFDA stain was
used, as described in previous study (Ling et al, 2011). THP-1 cells were infected with
various strains of MTB at a MOI 10. The cells were incubated with 10 uM H,DCFDA
(SIGMA) for 15 min at 37°C in 5% CO; prior to estimation of ROS production. The
monolayers of the cells were then washed with clear media and the fluorescence intensity
(excitation 485 nm; emission: 530 nm) was measured using a microtiter plate reader
(Synergy). Experiments were done in triplicate and the average florescence intensity was
calculated. Cells were also photographed using a fluorescence microscope (Olympus,

Tokyo).

3.2.8. RNA extraction, cDNA synthesis and real-time reverse transcription-polymerase

chain reaction (RT-PCR)

RNA was extracted from infected cells using RNA extraction kit (Qiagen) according
to the manufacturer’s instructions. Thereafter, cDNA was synthesized using 1ug of RNA
using cDNA synthesis kit (Fermentas Cat.No.#K1622). Quantitative real-time RT-PCR was
performed for TNF-a, IL-1p, IL-10, IL-12, TLR-2, MCP-1, IL-8 and B-actin (Tripathy et al,
2004; Boeuf et al, 2005) using SYBR Green master Mix (CAT # 600548, Stratagene) with
the following amplification conditions: 95°C for 10 min, for 40 cycles at 95°C for 15s,
respective annealing temperature for 30s and 72°C for 30s. Wang et al (1999) demonstrated
that NO level is directly correlated to iNOS mRNA expression in alveolar macrophages of

TB patients. Hence, PCR with iNOS primers was also done along with that for the cytokines.
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All the above mentioned primers along with annealing temperatures are listed in Table-F in
Appendix-II. Melting curve analysis was performed for confirming the specificity of the real
time PCR. Further, the Ct values for each gene amplification were normalized with respect
to house-keeping gene, B-actin by 224 method (Livak & Schmittgen, 2001) and the

expression levels were presented as fold induction in comparison to uninfected THP-1 cells.
3.2.9. Cytokine estimation by ELISA (enzyme-linked immunosorbent assay):

Supernatants from infected cells were collected after 24 and 48 hours by centrifugation
and were frozen at -70° C until further use. Quantification of TNF-a, IL-1p, IL-6, IL-12 and
IL-10 was performed using commercial ELISA kits (BD OptEIA). The procedures are briefly
described as follows: A 96 well plates were first coated with 100ul of capture antibody
solution overnight at 4°C and then blocked with 200 ul of blocking buffer at RT for 30 min.
Human cytokine standards and samples in a series of dilutions (100 pl per well) were added to
wells in duplicates and the plate was incubated for 1 hr at RT. This was followed by addition
of biotinylated anti-mouse antibody, (100 ul per well) and further incubation for lhr at RT.
Thereafter, 100 pl Streptavidin-HRP conjugate at 1:1000 dilution was added per well and the
plates were incubated at RT for 30 min. In the end, 100 pl of the substrate (ABTS) buffer was
added to each well. The plates were incubated in dark up to 30 min or till the colour developed
and the reaction was stopped by addition of 50 ul of stop solution (2 N H,SO,). The OD was
taken at 450 nm with A correction at 570nm. All the dilutions were made in blocking buffer
and each step of incubation was followed by extensive washing either 3 or 6 times as
mentioned in the protocol. Description of all the solutions and buffers are listed in Appendix-

II.

3.2.10. Assays for Apoptosis
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Apoptosis ELISA: Induction of apoptosis in THP-1 cells by different strains was estimated
by nucleosomal fragmentation ELISA (Cell Death Detection ELISAplus, Roche Applied
Science, Indianapolis, IN). Briefly, 10* cells were plated per well in 96-well plates, with or
without infection for 5 days and after removal of the supernatant, cells were lysed with the
lysis buffer provided in the kit. After centrifugation of the lysate, supernatant was carefully
transferred to pre-coated microtitre plate and subjected to ELISA as per the manufacturer’s
protocol. The absorbance values were normalized to those from uninfected cells to derive an

enrichment factor as per the manufacturer’s protocol (Roche Applied Science).

Expression of apoptosis related genes: Conventional PCR as well as SYBR Green
quantitative real-time RT-PCR were standardized for apoptosis related genes, such as Bcl2,
Bax, Caspase3 and housekeeping B-actin in infected THP-1 cells after 24 hours of infection.
Primer pairs and their sequences are as shown in the Table-F in Appendix-II. Dissociation
curve analysis was performed in Real Time PCR to check the PCR specificity. The Ct values
for each gene amplification were then normalized with respect to house-keeping genes by 2

A method and the expression values were presented as a fold induction.

Western Blot: Western blot was performed as previously described (Duan et al, 2001). In
brief, infected THP-1cells were lysed, centrifuged and 80ug of protein was resolved in 10%
SDS-polyacrylamide gel for one hour at 100V. The proteins were transferred to
nitrocellulose membrane (Sigma) and after blocking for 2 h, were incubated with rabbit
antibodies against PARP (Poly ADP ribose polymerase) or B-actin followed by biotinylated
anti-rabbit secondary antibody (all antibodies from Cell Signalling, Beverly, MA, USA).
After washing, the membranes were developed with chemiluminescence reagents (Roche)
and exposed to x-ray film. The description of required reagents was described in Appendix-I-

D.
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Flowcytometric analysis: Infected THP-1 cells after 5 and 6 days of infection were washed
with annexin-binding buffer (10 mM HEPES, 0.14 M NaCl, 2.5 mM CaCl,, pH 7.4), 5ul of
annexin V-FITC (Sigma) was added to 10° cells. Cells were gently mixed and incubated for
15 min at room temperature in dark. Thereafter, the cells were acquired in a flowcytometer
(Partec Cyflow Space) and analyzed by Flowmax software version 2.0. The required reagents

were listed in Appendix-I-F.
3.2.11. Statistical analysis:

Statistical analysis was performed using Sigmastat 3.5 and Microsoft Excel Statistical
software. To determine differences between measurements from individual isolates, One Way
Analysis of Variance was performed and P<0.05 was considered as significant. For
establishing correlation between pro-inflammatory cytokine productions, apoptosis,
intracellular growth and phagocytosis, the Pearson correlation test was performed and P <
0.05 was considered as significant.

3.3 Results
3.3.1. Phagocytosis by different strains of M.tuberculosis

THP-1 cells were infected at different MOI and it was observed that internalization of
MTB increased with higher MOI (Figure 12A). At lower MOI (1 and 5), the concentrations
of induced cytokines were low. On the other hand at higher MOI (20) apoptosis was observed
much earlier in the infected cells. Hence, at higher MOI, intracellular growth measurement
would be erroneous as bacterial count would be reduced due to apoptosis. In order to keep the

same MOI for all the parameters studied, MOI 10 was selected.
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Figure 12 : MTB in infected THP-1 cells

(A)The bars represent per cent THP-1 cells infected with H37Rv at different multiplicity of
infection after hours.

(B & C)The representative photographs show THP-1 cells infected with MTB and stained
with auramine-KMnQj after 4 hours of infection, seen under UV light (BX60; M & M
Olympus, Tokyo) at (B) high magnification (x1000) and (C) low magnification
respectively(x400).

(D) THP-1 cells infected with MTB and stained with ZN acid fast stain after 4 hours of
infection, seen under bright light (BX60; M & M Olympus, Tokyo) at a high magnification
(x1000).
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Figure 13 : Phagocytic index for infected THP-1 cells

THP-1 cells were seeded on a sterile glass coverslip and infected with H37Ra, H37Rv, EAI-
5, LAM-6 and Beijing strains. After four hours of infection, the numbers of internalized
bacilli were counted microscopically, using Ziehl Neelsen (ZN) acid fast and phenolic
auramine staining. At least 300 consecutive macrophages were counted and grouped
according to the number of intracellular bacteria. Phagocytic index was categorized into 1-5

bacilli, 6-10 bacilli and >10 bacilli per cell. Each bar represents the mean of five independent
experiments.
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The extent of infection in THP-1 cells for H37Rv, H37Ra and three clinical isolates
was scored based on phagocytic index using phenolic auramine staining (Figure 12B and
12C) and ZN acid fast stain (Figure 12D). All the strains showed comparable infectivity in
terms of percentage of THP-1 cells infected (65% to 70 %) after four hours of infection.
However, when the phagocytic index was divided into three different groups like 1-5, 6-10
and greater than 10 bacilli per cell, it was found that H37Ra infected cells had significantly
high percentage of cells accumulating bacteria (24+7%) in the category ‘>10 bacilli/cell’
than cells infected by both Beijing (10+3%) and LAM (15+4%) strains. The percentage of
infected THP-1 cells in ‘1-5 bacilli /cell’ category was higher compared to ‘6-10" and

“>10’bacilli/cell categories for all the strains (Figure 13).
3.3.2. Assessment of Mycobacterial growth

Extracellular bacterial growth of the individual isolates was assessed in Middlebrook
growth medium by radiorespirometry technique (Figure 14). LAM strain grew faster than
other strains when compared on 10™ day after incubation (p<0.05). There was no significant
difference in growth of H37Ra and H37Rv strains. Beijing strain showed lower CPM values

compared to LAM, H37Ra and H37Rv on the 10" day of incubation.

3.3.3. Assessment of intracellular Mycobacterial growth in infected THP-1 cells

The intracellular growth was monitored using both, radiorespirometry and CFU
plating. Zero to 5 days post-infection, the THP-1 cells was lysed and the intracellular bacteria
were subjected to radiorespirometry and CFU counting. Figure 15 represents the cumulative
response obtained by radiorespirometry technique for intracellular bacterial load of different
MTB strains at different time points. The cpm values in figure were obtained at 5 days after

the MTB cells were added in radiorespirometry vial at each time point and represent
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Figure 14 : Extra-cellular growth by different MTB strains in Middlebrook 7H10
medium by Radiorespirometry

After preparing single cell suspension of H37Ra, H37Rv, EAI, LAM and Beijing strains of
MTRB, it was suspended in middlebrook growth medium in the concentration of 10°cells/ml
for 10 days in a shaking incubator, in separate vials for each time interval. In each time point,
Iml of MTB suspension was centrifuged and th pellet was suspended in 100 pl of PBS. The
suspension was then transferred to radiorespirometry vial and the counts were taken in a
Liquid Scintillation counter (LSC) five days after vial preparation. The experiment was
carried out in triplicate and the graph represents mean + SD of all the samples.
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collective amount of '“CO, released by viable bacilli. Figure 16 shows CFU counts obtained
for different time points after 30 days of incubation. A gradual increase of intracellular bacilli
was observed for all the strains, with H37Rv and LAM-6 showing significantly higher
intracellular bacillary load compared to H37Ra. Though, percentage of infected THP-1 cells
in three categories like 1-5, 6-10 and >10 bacilli per cell was different for each strain, in
present study, the total number of intracellular bacteria on day zero were in the range of 6.6 x
10* to 7.1 x 10* (as per CFU assay), which were not significantly different to give
differences in cpm values. The generation times of intracellular bacteria were calculated [g=
Generation time (Number of generations in time t )= (logN-logn)/ log2] and avirulent
strain H37Ra as expected, showed higher generation time compared to other virulent strains

(Table-5).
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Figure 15: Intracellular growth by different MTB strains in THP-1 cells
(Radiorespirometry)

(A) The picture shows, how intracellular bacterial load has been calculated.

(B) THP-1 cells were infected with H37Ra, H37Rv, EAI, LAM and Beijing strains of MTB
at MOI of 10 for 4 hrs and after removing extracellular bacteria, the infected cells were
incubated with medium for 1-5 days. After each incubation time, the infected cells were
lysed. The lysates of infected cells were inoculated in radiorespirometry vial containing LJ
medium with '*C acetate. For radiorespirometry, the counts were taken in a Liquid
Scintillation counter (LSC) five days after vial preparation. Three such independent
experiments were carried out and the graph represents mean = SEM.

(C) A standard growth curve was drawn with variable number of bacteria of different MTB
strains and CPM were obtained ont 10" day of vial preparation. Upto 5x10* MTB cells, any

drastic change in the counts of all the strains after 10 days of vial preparation.were not
observed
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Figure 16: Intracellular growth by different MTB strains in THP-1 cells (CFU method)

THP-1 cells were infected with H37Ra, H37Rv, EAI, LAM and Beijing strains of MTB at
MOI of 10 for 4 hrs and after removing extracellular bacteria, the infected cells were
incubated with medium for 1-5 days. After each incubation time, the infected cells were
lysed. The lysates of infected cells were serially diluted and plated for CFU assay. Colonies
were counted after 30 days of plating. Three such independent experiments were carried out
and the graph represents mean = SEM. The symbol, # represents statistically significant
difference with respect to H37Ra strain.

Table 5 : Generation time of all selected strains:

Strains Generation Time (Hr)+ SE
H37Ra 39.6 £2.42

H37Rv 309 £1.09

EAI 35.2 #1.06

LAM 34.1+1.7

Beijing 36.1+1.3
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3.3.4. ROI and RNI in MTB infected cells

ROI production was studied after initial infection in THP-1 cells using DCFDA
reagent. Mycobacterial infection stimulated ROI production inside the host cell and the
response was differentially modulated by different strains. Figure 17 depicts the results
obtained for ROS production after 2 and 4 hours of infection respectively. Among all the
strains, the ancient strain, EAI-5 showed higher levels of ROI in THP-1 compared to other
strains. ROI levels inTHP-1 cells infected with all other strains were not significantly

different.

RNI levels were estimated in two ways (Figure 18). Firstly, mRNA level for iNOS
was estimated and secondly the actual nitrite concentration was measured in the supernatant
of the infected THP-1 and RAW cells. In 24 hour post-infection RAW cells produced
detectable levels of nitrite in culture supernatants. On the other hand, THP-1 did not show
detectable levels of nitrite before five days post infection. Ancient strain EAI-5 again showed

higher RNI response to host compared to other strains.
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Figure 17 : ROS production in infected cells

(A) THP-1 cells were infected with various strains of MTB at MOI 10. The cells were
incubated with 10 uM H,DCFDA (SIGMA) for 15 min and washed with HBSS. The
fluorescence intensity was measured in a fluorescent plate reader. Experiments were done in
triplicate and the average florescencecount was calculated.

(B) Representative photographs of DCFDA stained THP-1 cells, H,O, treated, infected with
H37Rv and uninfected after 4 hours of infection, were given.
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Figure 18 : RNI estimation in infected cells by different strains of MTB

(A, B) Real time PCR was carried out to estimate the mRNA expression for iNOS, 24 hrs
after infection of THP-1 (A) and RAW (B) cells with M. tuberculosis H37Ra, H37Rv and
three clinical isolates at MOI 10. The graph shows relative mRNA expression corrected for
total mRNA using the housekeeping P-actin gene. Data represent the means + standard
deviation of three independent experiments.

(C, D) THP-1 and RAW cells were infected with H37Ra, H37Rv,EAI-5, LAM6 and Beijing
strains of MTB at a MOI of 10 and after 120 hr and 24 hr respectively, 100 pl of cell free
supernatant was removed from each culture well and was incubated with 100ul of Griess
reagent. The graphs C & D represent the nitriteconcentrations in the supernatant of THP-1
and RAW cell lines respectively after infection with various strains. Data represent the means
+ standard deviation of three independent experiments.
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3.3.5. Cytokine profiles in THP-1 and RAW 264.7 cells after infection with different

MTB strains

Differential gene expression for proinflammatory cytokines like TNF-a, IL-1f, IL-12
and anti-inflammatory cytokine IL-10, was assessed in infected THP-1 cells, as well as RAW
cells by RT- PCR 24 hours after infection (Figure 19 and Figure 20 respectively). The
mRNA expression of TNF-a, IL-12 and IL-1p was significantly (P<0.05) higher in THP-1
and RAW cells infected with EAI-5 than in cells infected with H37Rv, H37Ra and Beijing
strains. However, the expression of these genes was comparable in LAM-6 and H37Rv
infected cells. The infection with Beijing genotype showed lower expression levels for all
cytokine genes mentioned above (Figure 19, 20). There was no significant difference in
expression of IL-10 mRNA among the cells infected with different strains, except for Beijing
which induced significantly lower amount of IL-10 mRNA compared to other strains
(P<0.05). The most interesting observation about Beijing strain was that it induced lesser
amount mRNA of both pro and anti-inflammatory cytokines in both the cell lines in contrast

to cells infected with other strains.

The levels of different cytokines measured by ELISA corroborated with the mRNA
expression pattern (Figure 21). TNF-a concentration in 48 hour post-infection supernatants of
THP-1 cells were almost similar for H37Ra, H37Rv and LAM strains. However, Beijing
genotype induced significantly lower and EAI induced significantly higher amount of TNF-a
compared to H37Rv. Further, patterns for the secretion of other pro-inflammatory cytokines,
IL-1B, IL-6 and IL-12, were similar to TNF-a, showing a highly significant correlation
among them (TNF-a and IL-1p, R* =0.879, P<0.05; TNF-o and IL-6, R* = 0.799, P<0.05;
IL-1p and IL-6, R? = 0.927, P<0.05). The induction of proinflammatory response by LAM-6

was comparable with laboratory strains. The concentrations of IL-10 produced in the
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supernatants were less with no significant difference in 24 and 48 hours post-infection for all

the strains.

3.3.6. Chemokine and TLR-2 mRNA expression in infected THP-1 cells

The mRNA expression patterns for the most important chemokines, IL-8 and MCP-1
were monitored in THP-1 cells infected with all the strains. The expression levels for EAI-5
infected cells were significantly higher compared to those for infection with other strains.
Beijing strain induced lower levels of these chemokines (Figure 22). The TLR-2 expression
was also assessed in infected THP-1 cells, but, there was no significant difference in the

induction among the strains.
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Figure 19: Cytokine induction in infected THP-1 cells (By Real time PCR)

(A) Real time PCR was carried out to estimate the mRNA expression for TNF-a, IL-1p, IL-
12 and IL-10, 24 hrs after infection of THP-1 cells with M. tuberculosis H37Ra, H37Rv and
three clinical isolates at MOI 10. The graph shows relative mRNA expression corrected for
total mRNA using the housekeeping B-actin gene.Three independent experiments was carried
out. Data represent the means + standard deviation of one representative experiment. The
symbols represent statistically significant difference with respect to specific strain, such as; #,
compared to H37Rv and $, compared to Beijing strain.

(B) The respective dissociation curve and amplification plots for different cytokines are
shown which indicate the specificity of the reaction.
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Figure 20: Cytokine induction in infected RAW 264.7 cells (By Real time PCR)

Real time PCR was carried out to estimate the mRNA expression for TNF-q, IL-1p and IL-10, 24 hrs
after infection of RAW cells with M. tuberculosis H37Ra, H37Rv and three clinical isolates at MOI
10. The graph shows relative mRNA expression corrected for total mRNA using the housekeeping [3-
actin gene. Data represent the means + standard deviation of three independent experiments. The
symbol # and $ represent statistically significant difference when compared to infection by
H37Rv and H37 Ra respectively.
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Figure 21: Cytokine induction in infected THP-1 cells (as estimated by ELISA)
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Figure 22 : Chemokine and TLR-2 induction in infected THP-1 cells

MCP-1, IL-8 and TLR-2 mRNA expression in THP-1 cells (A, B and C respectively) infected with
different strains of M. tuberculosis (MTB) after 24 hr of infection. Expression was analyzed by Real
time-PCR and the graphs show relative mRNA expression corrected for total mRNA using the
housekeeping B-actin gene. Data are representative of three independent experiments. . The symbol #
and * represent statistically significant difference when compared to infection by H37Rv and H37Ra
respectively.
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3.3.7. Apoptosis in infected cells

Apoptosis in host cells was confirmed by several different methods. Significant
apoptosis was observed after 5 days of infection in THP-1 cells by apoptosis ELISA method
(Figure 23). It estimates the fragmented DNA by anti-histone antibody. Strains of MTB
induced apoptosis differentially according to their genotype. It was further confirmed by PI
staining and annexin V staining. The pattern of apoptosis in THP-1 cells was also compared
after five and six days of infection by PI staining (Figure 24) and by Annexin V labelling
(Figure 25). Among the five strains H37Ra and EAI-5 induced significantly higher apoptosis
compared to that in uninfected and Beijing infected cells. Further, the apoptotic response to

LAM-6 was similar to that observed for H37Rv.

To understand the apoptotic pathway more clearly, the levels of Bcl2, Bax and
Caspase-3 genes in the infected THP-1 cells, were analyzed. It was observed those 24 hours
post-infection, the levels of bax and caspase-3 gene expression were higher in case of
infection by EAI strain, compared to those for cells infected with Beijing and H37Rv. On the
other hand, bcl-2 gene expression was significantly less compared to that after infection with
H37Ra, H37Rv and Beijing strains. Further, expression of Bcl2-associated X (bax), poly
ADP-ribose polymerase (PARP) and Caspase-3 proteins was also confirmed by Western
Blotting. Figure 26B depicts the relative expression of pro-apoptotic proteins, such as PARP,
bax and caspase-3 in uninfected and infected THP-1 cells after 48 hrs of infection for all the
five strains. The observed protein levels of degraded PARP, bax and caspase-3 also support

the apoptotic events.
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Figure 23: Apoptosis of infected THP-1 cells as estimated by ELISA
(A) The diagram shows the principle of cell death detection ELISA.

(B) Apoptosis was determined using the Cell Death Detection ELISA (Roche Applied
Science) five days after infection. The bar diagram represents the extent of nucleosome
fragmentation in infected THP-1 cells. Two such independent experiments were carried out
and the graph represented as mean = SD of one such experiment. The symbol # and $
represent statistically significant difference when compared to infection by H37Rv and
H37Ra respectively.
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Figure 24 : Apoptosis of infected THP-1 cells as estimated by PI staining

(A) A representative flowcytometric analysis of propidium iodide (PI) labeled THP-1 cells
infected with various MTB strains on 5th day of infection. The gated cell population
represents cells showing apoptosis. Three such independent experiments were carried out.

(B) The bar diagram represents the percentage of apoptotic THP-1 cells. Three such
independent experiments were carried out and the bars show mean + SD values from one
such experiment. The symbol, # represents statistically significant difference when compared
to infection by H37Rv.
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Figure 25 : The apoptosis of infected THP-1 cells as estimated by Annexin V-FITC

(A) A representative flowcytometric analysis of Annexin-V-FITC labeled THP-1 cells on 5th
day of infection with various MTB strains. RN1 indicates the percentage of Annexin-V
positive cells.

(B) The bar diagram represents the percentage of infected THP-1 cells stained with
AnnexinV after 5 and 6 days of infection. Three such independent experiments were carried
out and the graph represented as mean + SD of one such experiment. The symbol, #
represents statistically significant difference when compared to infection by H37Rv.
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Figure 26 : Expression of apoptosis related genes in infected THP-1 cells

(A) Bax, bcl-2 and Caspase3 mRNA expression levels in THP-1 cells after 24 hours of
infection with different strains of MTB, was measured by Real time RT PCR and fold change
in gene expression relative to B actin was calculated by 22T method. Mean fold change in
gene expression is plotted on Y-axis and the X axis shows the strain names. Three such
independent experiments were carried out and the data arerepresented as mean + SD.

(B) Expression of degraded PARP, Caspase-3 and Bax and B-Actin was monitored in THP-1
cells after 48 h of infection withfive different MTB strains by Western Blotting. In this
representative picture, the lanes were aligned from original picture.
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3.4. Discussion:

Pathogenesis in tuberculosis is driven by many components of the host immune
system, pathogen and environment (Comas & Gagneux, 2009). Hence, for understanding the
disease, an integrative approach, considering many interactions between host and pathogen, is
essential. Innate immune mechanisms are crucial to the outcome of infection. In the present
study, innate responses were comparatively evaluated for three MTB clinical isolates and two
laboratory strains in terms of phagocytosis, growth, induction of ROI/RNI, cytokines and
apoptosis in infected host cells. The percentages of total THP-1 cells showing phagocytosis
were not significantly different for laboratory strains and clinical isolates. However, infection
with avirulent H37Ra resulted in comparatively higher accumulation of bacteria inside the
host cells with higher number of infected cells containing more than 10 Mycobacteria per
cell, compared to infection with all virulent strains which showed more infected cells in 1-5
Mycobacteria per cell group. This is in agreement with the report of Rajavelu et al, 2007.
Other studies have compared the overall extent of phagocytosis for different MTB strains and
have reported contradictory results. Torrelles et al (2010) demonstrated that clinical isolates
from Beijing genotype exhibited lesser phagocytosis due to the presence of truncated
mannose-capped lipoarabinomannan (ManLam) as compared to laboratory strains whereas,
Sarkar et al, 2012 have demonstrated less uptake of laboratory strain H37Rv as compared to
that of clinical isolates at the time of infection. Whether this difference in accumulation really
has any role in virulence is not yet clear.

Intracellular bacillary load is considered to be an indicator of virulence of the MTB
strains. Previous studies have suggested that virulent strains grow faster intracellularly and
their survival depends on their adaptability inside the host (Silver et al, 1998; Zhang et al
1998; Park et al, 2006). Quantitation of the intracellular growth of MTB in human

macrophages is technically demanding for several reasons. MTB can induce cell death during
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the culture period which artificially reduces the number of CFU in macrophage lysates.
Further, the extracellular growth of MTB and clumping of bacteria may complicate the
interpretation of results. In the present study, two different techniques were used and
compared. The radiorespirometry data obtained, correlated well with CFU counts (R?=0.98,
P<0.05), indicating that the former corresponded only to intracellular bacteria. The isolates
displayed differential growth in THP-1 cells, which was apparently comparable or lower than
that of H37Rv (Figure 15,16). Among the strains under study, H37Ra grew much faster
extracellularly (Figure 14), but its intracellular growth was lowest compared to the virulent
strains on day 5 of infection indicating the lack of ability to sustain inside the host, probably
due to the intracellular killing by the host and induction of apoptosis. It is well established
that mycobacteria have evolved strategies to block phagolysosomal fusion by different ways.
It needs involvement of several different virulent factors of the pathogen. On the other hand,
a number of factors of host macrophage, have been characterized so far which modulate the
outcome of the entry of mycobacteria and the phagolysosomal fusion thereafter. The small
GTPase LRG-47, membrane cholesterol and coronin-1 or TACO (tryptophan aspartate
containing coat protein) are the most studied host molecules in this regard (MacMicking,
2005). Only viable Mycobacteria can recruit TACO in the phagosomal membrane and block
phago-lysosomal fusion by activation of the Ca2+ dependent phosphatase calcineurin (Ferrari
et al, 1999; Nguyen and Pieters, 2005; Jayachandran et al, 2007). Interestingly, it has also
been observed that down regulation of TACO gene restricts mycobacterial intracellular
survival in THP-1 cells (Anand & Kaul, 2005). In the current study, the role of TACO was
not examined, but apoptosis of host cells was assessed.

Laboratory virulent strain, H37Rv grew faster intracellularly among all strains and
presented itself as more virulent than clinical isolates which was in agreement with some

other studies (Rajavelu et al, 2007). It was reported that the differences in apparent
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intracellular growth rates (Figure 15, 16) presumably reflect differences in strain virulence
(Park et al, 2006; Theus et al, 2006). Clinical isolates are supposed to be more virulent
compared to laboratory strains (Comas & Gagneux, 2009). Possibly the strains under study
might not have adapted to the intracellular environment compared to other prevalent strains;
or, it was likely that five day observation of intracellular growth in THP-1(in vitro model )
might not sufficiently indicate the virulent characteristic of the strains. Importantly, the
variation in intracellular growth was observed after infection with different genotypes in spite
of these isolates showing broadly comparable growth rates in extracellular cultures (Figure
14).

Induction of pro-inflammatory cytokines dictates containment of intracellular
pathogen, granuloma formation and determines virulence, as well as prevalence of the strain
(Silver et al, 1993). Persistent MTB strains induce much lower amount of pro-inflammatory
cytokines in the host during infection (ex vivo) compared to non-prevalent isolates (Theus et
al, 2005). A higher pro-inflammatory cytokine response was observed for the non-Beijing
strains and significantly lower induction for Beijing strain, as reported earlier (Sarkar et al,
2012). Whether the suppression of innate immune response induced by Beijing strain is
associated with the ability of this genotype to propagate faster, is still to be explored.
However, it has been reported that Beijing strains produce a unique phenolic glycolipid that
abolishes the host’s ability to control the infection ( Schlesinger, 1993). EAI-5 strain in the
present study consistently elicited a stronger pro-inflammatory response like other ancient
strains reported earlier (Sarkar et al, 2012). LAM-6 showed similar proinflammatory
response compared to H37Rv and they both belong to lineage 4. Though the strains used in
the study showed differences in their resistance to anti-TB drugs (Table 2, 3; Figure 9), all the
clinical isolates showed patterns of immune response typical for their respective genotype

with no deviations due to drug resistance. This observation strongly suggests that the innate
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immune responses of the host varied with the lineage of the pathogen but not with its drug

resistance.

It is acknowledged that ROS and RNI play an autoregulatory role in amplifying the
synthesis of TNF-a and IL-1B. In addition, reactive oxygen species (ROS) can also act as
signalling molecules (Yang et al, 2007). It was observed that mouse macrophage produced
detectable levels of nitrite in culture supernatants after 24 hours of infection, whereas human
macrophage hardly showed nitrite after 120 hours of infection. The probable reason may be
the lack of tetrahydrobiopterin, a necessary cofactor for iNOS catalytic activity and a co-
enzyme not constitutively synthesized by human monocytes or macrophages. Jagannath and
co-workers (1998) demonstrated that the difficulty in detecting NO in human macrophages
might, be due to the inability of the standard colorimetric assay to detect relatively low levels
of NO in initial stages of infection. In the current study, results showed that each of the
genotypes assessed had a differential ability to induce ROS and RNI in infected host cells.
The Beijing genotype which is known to be highly virulent, induced the lowest
proinflamatory cytokine, reactive nitrogen and reactive oxygen species in the host without
affecting expression of immunosuppressive cytokines. These findings are consistent with

previous reports with other members of the W/Beijing family of strains (Portevin et al, 2011).

The extent of apoptosis in THP-1 cells infected with Beijing strain was also
significantly less than in cells infected with other strains, which indicated that selected
Beijing isolate used in this study must have been virulent in nature. Manca et al (2004)
showed that certain members of the highly pathogenic W/Beijing family of MTB strains
produced lipids that fail to efficiently induce protective immune response. In the infected host
this failure would ultimately result in delayed or impaired protective immunity, leading to

more severe disease. In the present study, EAIS ancient isolate induced higher
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proinflammatory cytokines, ROS and RNI, which is corroborative as reactive species induce

cytokines and cytokines induce apoptosis.

In the host defence against Mycobacterium tuberculosis, apoptosis promotes
microbicidal activity in alveolar macrophages (Gan et al, 2008). Macrophage apoptosis may
contribute to the innate immune system’s response by containing and limiting the growth of
tubercle bacilli ( Kelly et al, 2008) by keeping the membrane barrier intact (Gan et al, 2008).
Macrophage necrosis, on the other hand, releases viable tubercle bacilli from macrophages
for the extracellular spread of infection (Gan et al, 2008). Macrophage necrosis causes cell
lysis and death, leading to the inflammation that promotes tissue damage. This process is
responsible for the recruitment of naive macrophages which ultimately become infected and
promote MTB infection (Gan et al, 2008). The attenuated H37Ra strain induced macrophage
apoptosis while the virulent H37Rv strain induced macrophage necrosis (Fratazzi et al, 1997;
Gan et al, 2008). It was reported that infection of human alveolar macrophages by MTB was
sufficient to induce classical apoptosis by extrinsic pathway mediated by TNF-a in an
autocrine/paracrine manner and pro-inflammatory cytokines directly or indirectly modulated
apoptotic response depending on the degree of virulence of the strain (Ciaramella et al, 2002).
It was observed that addition of exogenous TNF- a enhanced apoptosis and, conversely,
treatment with anti-TNF-a enhanced macrophage survival. On the other hand, treatment with
anti-IL-10 diminished cell viability and Bcl-2 expression, while increasing caspase 1
activation, p53 expression, and the number of TNF-a producing cells. These findings are in
agreement with those of Estaquier et al,(1996) showing that IL-10 was able to rescue the cells
from apoptosis by down-regulating protease cascade rather than by inhibition of nitric oxide
production. Furthermore, it has been reported that Bc/-2 family genes are down-regulated in
human mononuclear phagocytes after infection with M. bovis BCG (Klingler et al, 1997). The

down-regulation of Bcl-2 was accompanied up-regulation of Bax (Mogga et al, 2002), which
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is known as a cause of apoptosis (Perskvist et al, 2002). In the present study too, a strain
specific apoptotic response was observed, with EAI-5 inducing significantly higher rate of
pro-inflammatory response and apoptosis compared to Beijing strain and H37Rv (P<0.05).
This strain even induced higher amount of hax mRNA and protein while lowering bcl-2
(mRNA), whereas, Beijing strain induced lower pro-inflammatory cytokines and apoptosis
compared to all other strains. We observed a good correlation between all pro-inflammatory
cytokine responses and apoptosis induced only by virulent strains after five and six days of
infection. The correlation coefficients (Rz) for TNF-a, IL-1B, IL-6 and IL-12 with per cent
apoptosis were 0.906, 0.864, 0.879 and 0.890 respectively (P<0.05) on 5" day and 0.830,
0.669, 0.639 and 0.846 respectively (P<0.05) on 6™ day of infection . When H37Ra was
included for the analysis, a good correlation at a significant level was not observed. It was
evident that MTB strains trigger apoptosis mostly by induction of proinflammatory cytokines
(Keane et al, 1997). However, as avirulent strains in present study showed higher apoptosis
without inducing proportionately higher pro-inflammatory cytokines, possibility of

involvement of other pathways along with proinflammatory cytokines do exist.

Till date only one report described the relationship between phagocytosis by and
apoptosis of host cell after infection with MTB strains (Rajavelu & Das, 2007). According to
that study, phagocytic index for ‘> 20 bacilli/ cell’ has a positive correlation and for ‘1-10
bacilli /cell’ has a negative correlation with apoptosis. In the present study, a positive
correlation was observed between phagocytic index for ‘>10 bacilli/cell’ and the per cent
apoptosis after five (R* =0.708 , P<0.05) and six (R* = 0.608, P<0.05) days of infection and a
negative correlation was seen between phagocytic index ‘1-5 bacilli/cell’ and per cent
apoptosis (R* =-0.6 and -0.606 P<0.05) for the same period. It was evident that pro-
inflammatory cytokines and higher initial accumulation of bacilli inside the host cell were the

two determining factors for host cell apoptosis. Furthermore, our results illustrate that more
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virulent strains of MTB have more number of infected cells in 1-5 bacilli per cell category.
On this basis it may be hypothesized that virulent strains once inside the host allow limited
accumulation of bacilli by yet unknown mechanism which is beneficial to the pathogen.
Taken together, it is apparent that diverse clinical isolates from different genetic background
induce differential innate immune responses. The opposite responses illustrated by ancient
and modern lineages, may reflect the differential virulence strategies employed to subvert the

host immunity.

This study is the first report in which all the important parameters like bacterial
extracellular, intracellular growth and their internalization in terms of phagocytic index were
monitored, along with induction of cytokines, reactive oxygen-nitrogen species and apoptosis
in host cells. It is also unique, as it involved the drug resistant strains from different lineages
and for the first time illustrates that, the high and low inflammatory responses induced by
ancient and modern lineages respectively, are not influenced by their drug resistant status.
Moreover, significant correlation among the innate responses were-established for all these

clinical isolates.
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Chapter 4: Ex vivo infection of monocyte derived macrophage (MDM), monocyte
derived dendritic cells (MDDC) and whole blood from healthy individuals, with
different strains of Mycobacterium tuberculosis and assessment of interleukin responses.
4.1 Introduction

Alveolar macrophages are the primary cell types involved in the initial uptake of M.
tuberculosis. This first encounter is usually followed by the phagocytosis by dendritic cells
and monocyte-derived macrophages (Henderson et al, 1997; Thurnher et al, 1997). The host
defence in tuberculosis involves both mononuclear phagocytes and lymphocytes involved in
innate and acquired immune responses respectively (Andersen et al, 2000; Kaplan et al,
2003). Typically, mononuclear phagocytes in their innate response produce proinflammatory
cytokines, e.g. tumour necrosis factor-a (TNF-a), interleukin-1p (IL-1p) and interleukin-12
(IL-12) and anti-inflammatory cytokines, e.g. interleukin-10 (IL-10) and transforming growth
factor-B (TGF-B). Similarly, after stimulation, T-lymphocytes in their acquired immune
response produce Thl-type cytokines, e.g. interferon-y (IFN-y) and interleukin-2 (IL-2) or
Th2-type cytokines, interleukin-4 (IL-4) and interleukin-10 (IL-10) (Lucey et al, 1996). The
delicate balance between pro- and anti-inflammatory cytokines as well as Th-1 and Th-2
response is believed to influence the outcome of the infection (Rook et al, 1996).

In addition to macrophages, the dendritic cells (DC) are also known to play a critical
role in the initiation of adaptive immune response (Banchereau et al, 1998) strengthening
cellular immunity against mycobacterium infection (Henderson et al, 1997; Fortsch et al,
2000; Tascon et al, 2000, Demangel et al, 2000, Mohagheghpour et al 2000). After the onset
of the inflammatory response, DCs are highly represented at the sites of MTB infection (Sertl
et al, 1986; Holt et al, 1987; Van Haarst et al, 1994). Immature DCs present in the lung
mucosa are specialized in antigen uptake and processing and after interacting with pathogens,

they mature and migrate to lymphoid organs where they prime Thl cells through the MHC
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class II associated antigen presentation and secrete immunoregulatory cytokines such as IL-
12 (Henderson et al, 1997; Banchereau et al, 1998).

It is well known that macrophages are the reservoir and also the main effectors for
killing of M.tuberculosis. In the earlier chapter, ex vivo infection experiments with THP-1
cells, a human monocytic leukemia cell line, were described. However, cancerous cells have
their own drawback of not responding accurately like the primary cells. Since the cell lines
are genetically manipulated, it may alter their phenotype, native functions and their
responsiveness to stimuli. Further, their serial passages can cause genotypic and phenotypic
variations over an extended period and genetic drift may lead to heterogeneity in the cultures
at a single time point. In view of this, and also with an aim to represent and understand the
true interactions in the normal infection process in tuberculosis, the infection studies were
carried out in primary cultures of MDM, MDDC and whole blood from several individuals.
Cytokine production is the best reflection of the immune interactions taking place in humans
during the infection. However, concentrations of circulating cytokines are often very low or
undetectable and do not reflect local cytokine production (Barnes et al, 1993; Perenboom et
al, 1996) and measurement of cytokines at the tissue level in humans has its own practical
problems. Comparatively, studying ex-vivo cytokine production in isolated cells after
infection is associated with less difficulties and more accurate results.

Hence, in the present study, monocyte derived macrophage (MDM) and monocyte
derived dendritic cells (MDDC) were isolated and infected in ex vivo condition with different
strains of MTB. Further, the whole blood assay was included as it has both practical and
theoretical advantages of representing in vivo situation. To analyze the patterns of immune
response to bacterial constituents, sonicates of different strains of MTB were also included

for this study.
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In the earlier part of the study, ancient strain, EAI-5 and modern strain Beijing
showed extremely opposite responses. Since MDM and MDDC are not very abundant, only
these two strains were selected along with laboratory strain H37Rv for monitoring the host
immune responses induced by them.

4.2 Materials and Methods
4.2.1 Study subjects

Seven tuberculin skin test positive healthy subjects were included (5 men and 2 women;
mean age 32 years) in this study. It is known that, MTB antigens induce the production of
IFNy in skin-test positive individuals but not in skin test negative controls. Hence, in the
current study, Mantoux positive individual’s blood samples were taken to compare the
differential cytokine induction by live and dead bacteria. Blood samples were collected from
three healthy individuals who had previous history of tuberculosis infection (2 pulmonary and
1 extra-pulmonary). All the subjects did not have any chronic illness and were not affected
by any acute medical problem at the time of the study. Heparinized blood samples were
drawn from each subject after obtaining informed consent and the approval from Medical
Ethics Committee, BARC.

4.2.3. Mycobacterium tuberculosis strains
As described in chapter 2.2.3 section and Table 4.
4.2.4. Mycobacterial growth, single cell suspension and whole cell sonicate

Single cell suspensions of bacteria were prepared as described in 3.2.1. Total sonicate
of M. tuberculosis was prepared by suspending 10 CFU of dried bacilli per ml in ice-cold

PBS and sonicating with a probe sonicator (Sonifier 450; Branson Ultrasonics Corp.,
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Danbury, Conn.) at 40% maximum power output for 5 min. This M. fuberculosis sonicate
represents a suspension of all of the antigens of the bacillus.

4.2.5. Ex-vivo infection of MDMs and MDDCs

Peripheral blood mononuclear cells (PBMCs) were separated from heparinized whole
blood by density gradient centrifugation using Histopaque-1077 (Sigma) according to the
manufacturer’s protocol. To isolate monocytes, PBMCs were plated in Nuncleon Suface 24-
well plates (Nunc, Denmark) containing RPMI- 1640 (Sigma, Germany) with 10% heat-
inactivated fetal bovine serum (FBS; Sigma, Germany), 2 mM L-glutamine and 100 units of
gentamycin for 2 hours at 37°C. Non-adherent cells were removed by washing with
phosphate buffered saline (PBS) containing 3% FBS and adherent cells were incubated for 7
days at 37° C, in 5% CO, to obtain MDMs. The purity of MDM was assessed
microscopically as well as by flowcytometry labelling adherent cells with CD-14 primary
antibody and FITC conjugated secondary antibody. Approximately 84% cells were CD-14+
or MDM (Figure 27).

MDDC were generated by culturing adherent monocytes in 24-well tissue cultures
plates with 400U/ml GM-CSF and 400 U/ml IL-4 (BD) for 5 days in RPMI 1640 with
supplements as mentioned above. The purity of MDDC was assessed by flowcytometry after
labelling cells with CDla primary antibody and FITC conjugated secondary antibody.
Approximately 73% labelled cells were MDDC (Figure 27). FACS analysis for MDM and
MDDC population was done only for one sample during protocol standardization and the
same protocol was followed for rest of the samples.

Both MDM and MDDC were infected with single cell suspension of the two clinical
isolates, EAIS and Beijing, along with the vaccine strain BCG and H37Rv for 4 hours at a
MOI of 5. The cells were washed to remove extracellular Mycobacteria and incubated for a

further 20 h before RNA extraction.
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Figure 27: Phenotypic purityof MDM and MDDC isolated from PBMC by FACS
analysis
PBMCs were plated in Nuncleon Suface 24-well plates (Nunc, Denmark) in complete
medium for 2 hours at 37°C. Non-adherent cells were removed by washing with phosphate
buffered saline (PBS) containing 3% FBS and adhered cells were incubated for 7 days at
37° C, 5% CO, to obtain MDMs. Adherent cells were labelled by anti-CD-14 primary
antibody and FITC conjugated secondary antibody analyzed by flowcytometry.
Approximately 84% cells were CD-14+. MDDC were generated by culturing adherent
monocytes in 24-well tissue culture plates with 400U/ml GM-CSF and 400 U/ml IL-4 (BD)
for 5 days in complete medium. The cells were labelled by CDla primary antibody and
FITC conjugated secondary antibody. Flowcytometric analysis revealed that 73% cells were
labelled (MDDC).
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4.2.6. RNA extraction, cDNA synthesis and RT-PCR

After 24 hr of infection, RNA was extracted from infected macrophage and DCs using
RNA extraction kit (HIMEDIA) and it was digested with Dnase I (Roche). Thereafter, cDNA
was synthesized from 1ug of RNA using cDNA synthesis kit (Fermentas Cat.No.#K1622).
Quantitative RT-PCR was performed for TNF-a, IL-1B, IL-12, IL-10, MCP-1 ,IL-8 and -
actin (Table-F in Appendix-II) using SYBR Green master Mix (CAT # 600548, Stratagene)
with the following amplification conditions: 95°C for 10 min, for 40 cycles at 95°C for 15s,
60°C for 30s and 72°C for 30s. Melting curve analysis was performed for confirming the
specificity of PCR. Further, the Ct values for each gene amplification were normalized with
respect to house-keeping gene, B-actin by 2% method and the expression levels are

presented as fold induction in comparison to uninfected cells (Livak et al, 2004).
4.2.7. Whole blood assay with live bacteria and whole cell sonicates

Blood samples were collected in apyrogenic heparinized tubes (Vacutainer; Becton
Dickinson, Mountain View, CA). The blood was processed immediately and diluted with 1 :1
RPMI 1640 supplemented with 2mM glutamine and 100 U/ml penicillin and was then
distributed in 24 well tissue culture plates as 1 ml of diluted blood for each well. Either 10°
CFU/ml live bacteria or Mycobacterial whole cell sonicate from similar number of bacteria
was added to each well. LPS (endotoxin from E. coli ; 026B6 Sigma) 1pg/ml was used as a
positive control and only medium as a negative control. The plates were incubated at 37°C
with 5% CO, for 24 h. The contents of the wells were then collected and centrifuged at 900 g

for 10 min. Supernatants were recovered and frozen at -70°C until use.

4.2.8. Cytokine estimation by ELISA
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Supernatants from infected cells were collected, after 24 hours, centrifuged and frozen
at -70° C until used. Quantification of TNF-q, IL-12, IFN-y and IL-10 was carried out using
commercial ELISA kits (BD OptEIA). The procedures are briefly described insection 3.2.9. of

Chapter 3.

4.2.9. Statistical analysis

Data analysis, correlation study, Mann-Whitney U tests and Kruskal-Wallis rank tests were
performed using Sigmastat software version 3.5. Without assuming a pre-defined distribution
of the response tested, non-parametric statistical analysis has been used all across the study.

4.3. Results

4.3.1 Mycobacterium tuberculosis isolates differ in their ability to induce cytokines in
MDMs and MDDCs

To address the link between MTB genotype and host immune responses, two clinical
isolates representative of the modern and ancient clades of human MTBC were selected from
a well-characterized clinical strain collection from previous study, along with two laboratory
strains (M. tuberculosis H37Rv and M. bovis BCG Pasteur). Monocyte derived macrophages
(MDMs) and monocyte derived dendritic cells (MDDCs) were taken as host cells from
seven different healthy individuals and infected ex vivo with MTB strains at a MOI of 5 for 4
hours. Using Acid Fast staining, it was observed that approximately 60% of cells had
phagocytosed Mycobacteria at this time point. mRNA expression for the cytokines like
TNF-0, IL-18 and IL-12 (proinflammatory), IL-10 (anti-inflammatory) and IL-8, MCP-1
(chemokines) was analyzed from 24 hr infected MDM and MDDC by SYBR Green Real
time PCR and the levels are shown in Figure 28 and Figure 29. The relative hierarchy of low
and high responses induced by modern and ancient lineages respectively was observed to be
similar to one seen in previous study with THP-1. The ancient strain EAI-5 induced

significantly higher pro-inflammatory cytokine and chemokine response compared to that
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Figure 28: Cytokines and chemokines induced in infected MDMs by different strains of
MTB.

Real time PCR was carried out to estimate the mRNA expression for TNF-a, IL-18, IL-12,
IL-10, MCP-1 and IL- 24 hrs after infection of. human monocyte-derived macrophages
(MDM). Data from seven independent donors are shown in a scatter plot representation and
have been clustered according to strain lineage. MDMs were infected with M. tuberculosis
BCG, H37Rv and two clinical isolates (EAI and Beijing) at MOI 5 for four hours and after
removing extracellular bacteria, the infected cells were kept for another 20 hours in complete
medium. The total mRNA was extracted from infected MDMs at 24 hour of infection. The
bar shows relative mRNA expression corrected for total mRNA using the housekeeping [3-
actin gene. Non-parametric Kruskal-Wallis test revealed a significant effect of different
lineages in cytokine production (P,0.001). ‘# sign indicates significant difference compared
to infection by H37Rv where p is at least <0.05.
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Figure 29: Cytokines and chemokines induced in infected MDDCs by different strains
of MTB.

Real time PCR was carried out to estimate the mRNA expression for TNF-a, IL-1p, IL-12,
MCP-1 and IL-8 24 hr after infection. Data for human monocyte-derived dendritic cells
(MDDCs) from seven independent donors are shown in a scatter plot representation and are
clustered according to strain lineage. MDDCs were infected with M. tuberculosis BCG,
H37Rv and two clinical isolates (EAI and Beijing) at MOI 5 for four hours and after
removing extracellular bacteria, the infected cells were kept for another 20 hours in complete
medium. Then the total mMRNA was extracted from infected MDDCs at 24 hour of infection.
The bar shows relative mRNA expression corrected for total mRNA using the housekeeping
B-actin gene. Non-parametric Kruskal-Wallis test revealed a significant effect of different
lineages in cytokine production (P,0.001). ‘#* sign indicates significant difference compared
to H37Rv where p is at least <0.05.
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induced by laboratory strains and Beijing induced sometimes lower and sometimes similar
cytokine levels compared to H37Rv. This pattern of cytokine secretion was maintained in all
the seven donors, though there were fluctuations in the absolute levels of the same cytokine
for different donors.

The patterns for the cytokine responses of MDM and MDDC following infection with
different strains were similar in the present study. However, it was observed that mRNAs for
pro-inflammatory cytokines, TNF-a, IL-1f and IL-12, were expressed at high levels
preferentially by MTB-infected MDM, whereas MDDC produced low levels of these
cytokines except for IL-12. On the other hand, IL-10 gene expression was not in the
detectable range in infected DCs. In addition, similar to the earlier experiments in THP-1
cells, all the proinflammatory cytokines like TNF-a, IL-1p and IL-12 induced by a particular
strain showed correlation among each other when analyzed across the panel of seven
donors. The correlation coefficient between production of TNF-a and IL-1f was 0.890; TNF-
a and IL-12 was 0.850; IL-1pB and IL-12 was 0.849 (Spearman rank correlation coefficient
when P<0.001) across the seven donors for all four strains. There were no significant
difference in the expression of these cytokines induced by laboratory virulent strain H37Rv
and vaccine strain BCG in the present study.

4.3.2. Cytokine response in whole blood infected with different clinical isolates of MTB

To evaluate how macrophages respond to infection with different MTB strains in the
presence of lymphocytes, whole blood assay was done. It also reflects in vivo conditions (De
Groote, et al., 1992). The concentrations of cytokines, monitored 24 hours post infection with
ancient strain EAI, modern strain Beijing and reference strain H37Rv by ELISA are depicted
in Figure 30. In this assay, lipopolysaccharide (LPS) was included as positive control
stimulus for monocytes and only RPMI medium was kept as a negative control. There was a

clear difference in the level of pro-inflammatory cytokines produced by a single host in
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response to infection with different strains and the relative hierarchy of low and high
responses was maintained as observed in MDM and MDDC infection. The concentration of
TNFa induced by H37Rv and EAI-5 was 10-15 ng/ml and 19-26 ng/ml respectively in whole
blood of different individuals; whereas uninfected cells produced 0.185-0.780 ng/ml. IFN-y
concentration also varied with strain type with EAI-5 and Beijing inducing significantly
higher and lower levels respectively compared to H37Rv. No significant difference in the
level of IL-10 was observed after infection by different strains.

Similar whole blood assay was also performed for three previously infected
individuals and levels of TNF-a, IL-12 and IFN-y were monitored after ex vivo co-culturing
with live MTB. The responses were compared with healthy individuals who didn’t have
history of TB. There was significant difference in the levels of IFN-y and IL-12 in these two
groups when compared in whole blood supernatant 24 hours post-infection (Figure 31).

4.3.3. Cytokine response in whole blood stimulated by the sonicates of different clinical
isolates of MTB

It was observed that cytokine expression pattern for whole blood, infected with live
bacteria of different strains was similar to that observed with infected MDM and MDDC. To
find out whether intact bacteria were required for the differential cytokine pattern of a given
strain, cell sonicates were used for stimulating whole blood cells. Differential cytokine
response was not seen when sonicates were used for stimulating the whole blood cells

(Figure 32).
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Figure 30: Induction of cytokines by live strains of MTB in whole blood assay

After ex-vivo infection by different strains of MTB the levels of TNF-a, IL-12, IFN-y and IL-
10in the supernatant were estimated by ELISA. Their levels are shown in scatter plot
representation and according to strain lineage. Data from diluted whole blood from six
healthy subjects after stimulation with 10° live MTB single cells along with LPS (positive
control) after 24 hours are shown.
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Figure 31: Cytokines induced by healthy sensitized persons and previously treated
person after infection with strains of MTB in whole blood assay

Cytokines induced after ex-vivo infections were estimated by ELISA and averaged for each
individual. Healthy individuals are referred to as ‘F’ and individuals with previous TB are
referred to as H. The levels of TNF-a (A), IL-12 (B), and IFN-y (C) in the supernatants of
diluted whole blood after stimulation with 10°/ml live MTB single cells from different
genotypes after 24 hours are shown.
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Figure 32: Cytokines induced in whole blood by whole cell sonicate of MTB

Cytokines induced following ex vivo stimulation of whole blood of six healthy individuals by
sonicates of 10° MTB cells after 24 hours, were assessed by ELISA.
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4.4. Discussion

The proinflammatory cytokines like TNF-a and IL-12 play essential role in host
defence, as they dictate containment of intracellular pathogen and granuloma formation in TB
(Senaldi et al, 1996; Klingler et al, 1997). In addition, the induction of proinflammatory
cytokines by different MTB strains determines its virulence (Manca et al, 2001). TNF-a,
produced by monocytes and macrophages in early infection plays a key role in protective
immunity during TB infection. Further, IL-12 production is essential to induce a protective
Th1 response (Cooper et al, 1997). Furthermore, chemokines like IL-8 and MCP-1 are
important in TB and recruit inflammatory cells at the site of infection (Juffermans et al,
1999). As the interplay of the proinflammatory cytokines and chemokines is a hallmark of
TB infection, the interleukins secreted by the host after infections with different genotypes
can be considered as good markers for correlating MTB genotypes with the innate responses
induced by them. In view of this, in the present study, the expression of different cytokines
and chemokines was analyzed in MDM, MDDC and whole blood cells infected with different

strains of MTB.

It has been reported that ancient lineage MTB strains induced higher
proinflammatory cytokines in human macrophages and higher interferon-y in peripheral
blood T cells (Torres et al, 1998). In agreement with this report, in the present study,
profound induction of proinflammatory cytokines (TNF-a, IL1b and IL-12) by ancient (EAI)
was observed and modern (Beijing) lineages suppressed this response in THP-1 cells. This
pattern of cytokine gene expression remained similar even in MDM, MDDC as well as whole
blood infected with respective strains. In addition, there were clear differences in the levels of
proinflammatory cytokines produced by a single donor in response to different strains and a
significant correlation was observed among each of the proinflammatory cytokine pairs

induced by a single strain across the multiple donors. IL-10, an anti-inflammatory cytokine
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suppresses TNF-a and IL-12 expression. Differential expression of IL-10 induction was not
observed in MDMs, on the other hand, IL-10 induction observed in MDDC, infected with

different strains, was at a negligible level

It was observed in the earlier studies, that the response induced by MTB varies with
the change in the microenvironment of the infection (Kaplan et al, 2003). Hence, whole blood
assay was carried out to evaluate the innate response induced by different MTB strains which
will have contributions from MDM and MDDC and lymphocytes. In one of the earlier
studies the differential host response seen in isolated MDM, was not observed in peripheral
blood mononuclear cells for different strains (Portevin et al, 2011). In contrast to this, some
research groups showed the differential cytokine response to the MTB strains in whole
PBMC (De Groote et al, 2003). The dilution of blood and incubation in tissue culture wells
facilitates the use of much smaller volumes of blood and longer incubation periods, both of
which may be advantageous for the detection of cytokines with a lower production rate (e.g.
IL-10). Whole blood might therefore be a good substitute for purified populations like MDM
and MDDC.

However, even with optimum standardization many cellular and humoral variables in
the blood cannot be controlled. Plasma components such as cortisol (Petrovsky et al, 1994),
lipids (Ulevitch et al, 1978) or soluble cytokine receptors (Dinarello, 1996) may influence
results by enhancing or inhibiting cell stimulation and inactivating or capturing secreted
cytokines. All these effects reflect in vivo conditions and are less prominent in diluted blood
assay. The induction of proinflammatory responses across the isolates was compared and
similar lineage specific response was observed. A typical pattern of a protective Th1 cytokine
was observed for EAI strain in whole blood assay. These observations are in agreement with
the results obtained in an ex vivo infection with MDM and MDDC of particular human

subjects. Interestingly, the induction of IFN-y and IL-12 was significantly higher in the blood
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of previously diseased persons compared to others. These persons probably have higher
percentage of sensitized T-cells which enable them to give higher response when co-cultured
with live bacilli. This strain specific pattern of cytokine induction was absent when MTB cell
sonicates were used instead of live bacteria. It is possible that different components of the
sonicate induce contrasting pathways of regulation of cytokine secretion, so that the net
concentration of induced cytokines was similar for sonicates of all the strains used.

The responses to different MTB strains were similar to THP-1 cells and primary cells
isolated from PBMC. Several other factors like concentration of vitamin-D, glucose, mutation
in cytokine genes are known to influence disease outcome in vivo. It is therefore, necessary to

evaluate responses to the strains in vivo in an animal model.
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Chapter 5: In vivo infection study in BALB/c mice using strains of Mycobacterium

tuberculosis belonging to different genotypes

S5.1. Introduction

After the first exposure to Mycobacterium tuberculosis, a series of immune responses
are triggered that define the course of the infection. However, it is evident from the earlier
part of the present study, that the host response is not uniform for different clinical isolates of
MTB. Human macrophages, both from primary cultures and from transformed monocyte cell
line, THP-1 serve as a model of infection for clinical isolates of MTB belonging to different
genotypes. However, infection in cell lines and isolated primary cells has their own
disadvantages as it doesn’t truly represent the original infection condition. Therefore, the
animal models for MTB infection studies are thought to be useful for further study of host—
pathogen interaction with the selected strains.

Mice can be easily infected via several routes and the bacilli can grow easily in lungs
and subsequently spread to liver and spleen (Gupta & Katoch, 2009). The resulting infection
is well tolerated for more than one year in some strains of mice (Flynn et al, 2001). In
addition, guinea pigs (Flynn et al, 2006), rabbits (Dannenberg et al, 1994), and non-human
primates (Langermans et al, 2001) serve as additional mammalian hosts. Mycobacterial
infection is observed even in more distantly related ectotherms, including frogs and

transparent zebra fish (Cosma et al, 2004; Cosma et al, 2006).

The mouse strains, BALB/c as well as C57BL/6 are well established for MTB
infection studies. The mean survival time of these two strains are higher compared to DBA/2
and C3H/Hel] strains after infection (Forget A et al, 1981). Among the two mouse strains, it is
observed that C57BL/6 is significantly resistant to MTB infection compared to BALB/c.
C57BL/6 mice produce a strong Th1 response which is able to limit and resolve the infection

whereas BALB/c mice, which are dominated by IL-4 production, develop progressive
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disease. The difference between the two appears to be governed by multiple genes (Reiner et
al, 1995), one of which may be related to the major histocompatibility complex (MHC)
(Roberts et al, 1997). Therefore, BALB/c mice are widely used for the studies of disease
susceptibility (Roch et al, 1990; Wakeham et al, 2000; Roque et al, 2007) and assessment of
immunological parameters induced by the pathogen (Hernandez et al, 1996; Hernandez et al,
1997). The immune response to MTB in mouse has been shown to correlate with the human
system, including the importance of CD4+ T cells (Muller et al, 1987; Caruso et al,1999;
Scanga et al, 2000), interleukin-12 (Cooper et al, 1997) and tumour necrosis factor-a. (Bean et
al, 1999; Keane et al, 2001; Mohan et al, 2001). These cytokines activate macrophages and
induce iNOS expression. The NO produced in this process is essential for mice to kill
intracellular Mycobacteria (Cooper et al, 2000). This protective activity fails if there is a
marked release of Th2 type cytokines (Powrie & Coffman, 1993; Lucey et al, 1996). The
interplay of cytokines is depicted clearly in a BALB/c model of pulmonary tuberculosis
(Wakeham et al, 2000). This model offers the following benefits: first the rate of bacterial
multiplication in the lungs correlates with the extent of tissue damage and mortality. Second,
the infection is controlled successfully as long as a strong T helper type 1 (Thl) cell response

18 sustained.

In experimental mouse TB models, the route of bacterial administration can influence
the level or nature of immune responses generated. TB infection was mostly established by
pulmonary or intravenous inoculation of MTB in mouse models. Higher extra-pulmonary
load of MTB was observed in the intravenously (i.v.)-infected animals compared to the intra
tracheally (i.t.)-infected animals. In addition, differences in immune response following i.t.
infection versus i.v. infection may add to differences in MTB clearance from the various
organs. North et al. (1995) described the difference in pathogenesis of TB in aerosol-infected

mice versus intravenously-infected mice. Low dose aerosol infection is the most
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physiologically natural method for infecting experimental animals with MTB. Aerosol
infection was shown to allow more rapid lung pathology and higher rate of bacterial growth
in mice than intravenous infection (North et al, 1995). Natural MTB infection through
inhalation may also have an influence on the course of infection (Mc Kinney et al, 1998).

In aerosol model, mice are challenged with a low dose of aerosol of virulent MTB
which can multiply in the lungs and spread to other organs, most notably spleen and the liver.
The initial phase is dominated by high production of Thl cell cytokines that, together with
high levels of TNF-a and iNOS, temporarily control the infection. Granuloma develops in
this phase. Three weeks after the infection, the expression of Thl cell cytokines, TNFa and
iNOS starts to decline. Gradually, pneumonic areas prevail over granulomas. In the current
study, BALB/c mouse model of progressive pulmonary TB by aerosol infection was used, to
examine the course of infection in terms of strain virulence (lung bacillary load,
histopathology) and immune responses (cytokine expression determined by RT-PCR)
induced by different MTB strains selected from previous study.

5.2 Materials and Methods

5.2.1 Mycobacterial growth and single cell suspension
As described in section 3. 2.1. in chapter 3.

5.2.2 Murine model of progressive pulmonary tuberculosis

The experimental model of pulmonary tuberculosis has been described in detail previously
(Hemandez-Pando et al 1996, Hemandez-Pando et al, 1997, Hemandez-Pando et al, 2001).
Eight week-old, male BALB/c mice, free of common viral pathogens were purchased from
National Institute of Nutrition (Hyderabad). Mice were exposed to the aerosol with the final
bacterial count of; 10° bacilli/ml. for 15 min using a Lovelace nebulizer (In-Tox Products,
Albuquerque, NM). This implants approximately 200 organisms into the lungs of each mouse

as confirmed by plating lung homogenates next day after infection. Groups of 17 mice were
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infected by M. bovis BCG and each strain of M tuberculosis, such as H37Rv, EAI-5, LAM-6
and Beijing. Another group of 15 mice was left uninfected, undisturbed and were sacrificed
at specific time points with other infected mice which served as a negative control. Of the 17
mice from five infected groups, 2 mice were sacrificed to confirm the infection by plating
their respective lung homogenate and five mice from each groups were killed by cervical
dislocation at 15, 30 and 60 days after infection. Lungs were used for CFU analysis, RNA
extraction and histopathological study. The protocol was approved by the animal ethic
committee of International Centre for Genetic Engineering and Biotechnology (ICGEB).
5.2.3.Colony-forming unit (CFU) counts from infected lung

Lungs of 5 mice from each experimental group were harvested 15, 30 and 60 days
after infection, for colony-forming unit determination. The right or left lungs were
homogenized with a Polytron homogenizer (Kinematica, Luzern, Switzerland) in sterile tubes
containing 2 ml of isotonic saline. Three different dilutions of each homogenate were spread
onto Bacto Middlebrook 7H11 agar plates enriched with oleic acid, albumin, catalase and
dextrose (Difco Laboratories, Detroit, MI, USA) in duplicate. The numbers of colonies were
counted 21 days post-infection.
5.2.4. RT-PCR analysis of cytokines and iNOS in lung homogenates

RNA from mouse lung was isolated with RNA extraction Kit (HIMEDIA, India)
according to the manufacturer’s instructions. Briefly, lung homogenate was prepared in lysis
buffer and subsequently passed through RNA extraction column. DNasel digestion was
performed on the extraction column itself and RNA was isolated in DEPC treated water.
Thereafter, ¢cDNA was synthesized using 1ug of RNA by cDNA synthesis kit
(Cat.No.#K1622, Fermentas Life Science). Quantitative real-time RT-PCR was performed
with TNF-q, IL-12, IL-10, IFN-y, iNOS and B-actin primers (shown in Table-G in Appendix-

II) using SYBR Green master Mix (CAT # 600548, Stratagene, La Jolla, Ca, USA ) with the
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following amplification conditions: 95°C for 10 min, for 40 cycles at 95°C for 15s, 60°C for
30s and 72°C for 30s. Melting curve analysis was performed for confirming the specificity of
PCR. Further, the Ct values for each gene amplification were normalized with respect to
house-keeping gene, B-actin by 2% method (Livak et al, 2004) and the expression levels

were presented as fold induction in comparison to uninfected mice.
5.2.5. Restimulation Assay

Spleens from infected and uninfected mice were removed aseptically and single cell
suspensions were prepared by pressing the spleen through a sterile mesh. Erythrocytes were
removed by incubation in red cell lysis solution (1.5 M NH4Cl, 100 mM NaHCO3, 10 mM
disodium EDTA) (Sigma), pH 7.2 for 12 min, followed by centrifugation and resuspension in
RPMI 1640 medium (Sigma) supplemented with 10% foetal bovine serum (FBS) (Hyclone
Laboratories), 200 mM L-glutamine, 100 units/ml penicillin and 100 pg/ml streptomycin.
The cells were plated at a concentration of 2 x 10°cells/ ml in a 24 well plate and were
stimulated with either PPD (10pg/ml) or ConA (5pg/ml) for each group of mice. After 48
hours, the supernatants were collected, centrifuged (2000 rpm for 5 minutes) and stored at -
70°C and later used for estimation of IFN-y by ELISA (described in section 3.2.9.).

5.2.6. Histopathology

Immediately after dissection the lungs were immersed in 10% formalin in PBS. After
24 hours, the specimens were embedded in paraffin. Five micrometre thick haematoxilin and
eosin stained transverse sections were examined by light microscopy. Coded sections were
viewed and scored. For each time point, the lungs of three animals were examined for
histopathological parameters such as perivascular infiltration and granuloma formation.

5.2.7 Statistical Analysis
Statistical analysis of lung CFU, histopathology features and cytokine expression was

performed using student’s t-test and P<0.05 was considered as statistically significant.
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5.3. Results

5.3.1. Bacterial load in the lungs

Successful infection by all the strains was confirmed by the mean number of CFUs obtained
24 hr post infection in the lungs of mice which was about 200 for all the clinical isolates.
Figure 33 shows CFU in lungs of mice infected with strains belonging to each genotypic
family. After 15 days of infection, the MTB loads in the lungs of the mice were similar for all
the strains. However, mice infected with five different strains of M fuberculosis showed a
significantly different lung bacillary load at 30 days post-infection. Beijing and LAM strain
showed significantly higher bacillary load compared to H37Rv, BCG and EAI strains
(P<0.05). CFU in the lungs of mice infected with BCG and EAI did not differ statistically
from each other or from counts obtained with H37Rv. Interestingly, this increase in the load
of MTB in the lungs of infected mice was transient, and by 60 days of infection the bacterial

count decreased significantly (p<0.05) in the mice infected with Beijing, LAM and H37Rv.
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Figure 33: Bacterial load in the lungs

BALB/c mice were infected with aerosolized M tuberculosis strains of BCG, H37Rv, EAI-5,
LAM and Beijing and after 15, 30 and 60 days of infection, the lung CFU was determined.
The data are presented as mean CFU counts = SD (5 mice/group/time point). The symbol #
and * represent statistically significant difference when compared to infection at a similar
time point by H37Rv and BCG respectively.
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5.3.2. Cytokines and iNOS gene expression in lung homogenates

Gene expression for proinflammatory cytokines like TNF-a, IL-12 and anti-inflammatory
cytokine IL-10, was assessed in infected mouse lungs by Real Time PCR 15, 30 and 60 days
after infection (Figure 34 and 35). In view of the fact that serum cytokines do not represent
the true infection situation, assessment of local mRNA expression is considered to be the best
way to measure strain dependent immune response. The mRNA expression of TNF-a, IL-12,
iNOS (Figure 36) and IFN-y (Figure 34) was significantly (P<0.05) higher in mouse lungs
infected with EAI-5 and BCG than in those infected with LAM and Beijing strains at 15
days after infection. However, the expression of these genes was comparable in Beijing,
LAM-6 and H37Rv infected mice at this time point. H37Rv infected mice showed higher
TNF-a compared to Beijing and LAM at 30 days after infection. The lower levels of TNF-a
and IFN-y detected in the lungs of mice infected with Beijing indicated less Thl immune
activation in mice infected with this strain. In addition, IL-10 mRNA levels were also lower
in Beijing-infected mice. There was no significant difference in expression of IL-10 mRNA
in the lungs infected with different strains, except for LAM which induced significantly
higher amount of IL-10 at 30 days after infection (P<0.05). The most exciting observation
about different strains was that the cytokine induction pattern at 15 days post infection was

similar to the one observed in in vitro infection studies with THP-1 cells.
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Figure 34: Assessment of TNF-a and IFN-y in infected mouse lung (By Real time PCR)

Real time PCR was carried out to estimate the mRNA expression for TNF-a and IFN-y at indicated
time point, after infection of BALB/c mice with MTB H37Ra, H37Rv and three clinical isolates. The
bars show relative mRNA expression corrected for total mRNA using the housekeeping -actin gene.
Data represent the means + standard deviation of the samples. The symbol # and * represent
statistically significant difference when compared to infection at a similar time point by
H37Rv and BCG respectively.
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Figure 35: Assessment of IL.-12 and IL-10 in infected mouse lung (By Real time PCR)

Real time PCR was carried out to estimate the mRNA expression for IL-12 and IL-10 at indicated
time point, after infection in BALB/c mice with MTB H37Ra, H37Rv and three clinical isolates. The
bars show relative mRNA expression corrected for total mRNA using the housekeeping -actin gene.
Data represent the mean + standard deviation of the samples. The symbol # and * represent
statistically significant difference when compared to infection at a similar time point by
H37Rv and BCG respectively.
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Figure 36: Estimation of iNOS mRNA induction in infected mouse lung (By Real time PCR)

Real time PCR was carried out to estimate the mRNA expression for iNOS in BALB/c mice at 15
days, 30 days and 60 days post infection with MTB H37Ra, H37Rv and three clinical isolates. The
bars show relative mRNA expression corrected for total mRNA using the housekeeping B-actin gene.
Data represent the mean + standard deviation of the samples. The symbol # and * represent
statistically significant difference when compared to infection at a similar time point by
H37Rv and BCG respectively.
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5.3.3 Splenocyte restimulation and IFN-y production in vitro

To further characterize the role of acquired immunity in the immune response against
different genotypes of MTB, the state of T cell activation in the splenocytes of infected mice
were investigated. At 60 days post infection, IFN-y production in response to PPD was
significantly lower in spleen cells from mice infected with Beijing strain than in spleen cells
from mice infected with BCG and EAI-5 (Figure 37). IFN-y production by splenocytes
isolated from mice infected with different clinical isolates in response to Con A were similar.
ConA served as positive control and unstimulated cells served as negative control. IFN-y
concentration was very low for all unstimulated splenocytes.
5.3.4 Histopathology
Histopathological parameters, such as lymphocyte infiltration in the lung were observed with
the increased severity in the course of infection. Large differences in the time-dependent
induction of lung pathology were noticed among mice infected with different strains (Figure
38). At 15 day post infection, a minimal infiltrates was detected in lungs of mice infected
with LAM strain. Most of the strains, however, were able to induce reasonable lung damage
within 30 days after infection. Beijing and LAM strains caused modest perivascular

infiltration at 30 days after infection. It was significantly larger than that produced by H37Rv.
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Figure 37: Estimation of IFN-y by stimulated splenocytes isolated from 60 days post infected
mice

Splenocytes were isolated from mice 60 days post-infection with different strains of MTB (as
indicated) and stimulated with PPD (10 pg/ml) and Con A ( Spg/ml) for 48 hours. IFN-y
levels were estimated in cell free supernatants of unstimulated, PPD and Con A stimulated
cells by ELISA. The data are presented as mean IFN-y concentration + SD (3
mice/group/time point). The symbol # and * represent statistically significant difference when
compared to infection at a similar time point by H37Rv and BCG respectively.
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Figure 38: Lung histopathology in MTB infected BALB/c mice

Sections of the lungs were stained with H&E stain. Representative lung sections for each M.
tuberculosis infected group at day 30 post-infection are displayed. Lung sections were scored
for lymphocytic infiltrates, (0) = normal lung; a score of + = very little infiltrates ; ++ =
moderate lymphocytic infiltrate and a score of +++ = extensive lymphocytic 1nf11trate.
Representative photographs are shown.

140



Chapter 5

5.4. Discussion

Clinical isolates of MTB from different genetic background have already shown their
ability to induce differential immune response in different hosts in ex vivo infection models.
When, the same strains were studied in BALB/c mouse model, dissimilar patterns of immune
response were observed yet again.

It has been established that both in mice and humans the control of Mycobacterial
infections depends mainly on macrophage activation, through the Thl type cytokines. Thl
type cytokines provoke inflammation which may lead to the development of tissue pathology
by granuloma formation and necrosis. Eventually, the containment of the infection depends
on intracellular killing of the Mycobacteria or at least suppression of bacterial growth leading
to a state of latency. The precise mechanisms involved in containment of MTB during in vivo
infection are only partly known. In mice this depends on reactive oxygen and nitrogen
intermediates whereas these do not seem to be involved in the effecter mechanism in humans
(Chan e al, 1992; MacMicking et al, 1997). It was found that in human, granulysin in
combination with perforin was an important mycobactericide (Stenger et al, 1998). This
protective activity fails if there is a marked release of Th2 type cytokines (Seah et al, 2000;
Wangoo et al, 2001), thus the Th1/Th2 balance is thought to determine the outcome of the
encounter with the pathogen. This interplay of cytokines is clearly depicted in a BALB/c
model of pulmonary tuberculosis following aerosol infection. In the present study, the initial
phase of infection (15 to 30 days) was dominated by high production of Th1 cell cytokines, in
coexistence with high levels of TNF-a and iNOS in EAI-5, BCG and H37Rv infected mice,
which temporarily controlled the infection. Their lung bacillary load was also significantly
lower than of Beijing and LAM strains. Further, 60 days post infection, probably the
predominance of Th2 cytokines helped comparatively decrease the TNF-a and iNOS levels in

EAI-5, BCG and H37Rv infected mice (Figures 33 and 35).
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The reduced expression of IFN-y and iNOS was seen in case of infection by Beijing
genotype, which suggests suppression of immune activation during the early phase of the
infection. The minuscule expression of IFN-y induced by Beijing strain, failed to stimulate
the arrest of bacillary multiplication in the lungs, resulting in massive tissue damage
compared to that inflicted by other strains. In contrast with the Beijing strain, EAI-5 elicited
prompt and conspicuous inflammation. The high and sustained TNF-a and iNOS expression
might be the reason for the arrest of progression of the bacterial growth in case of EAI-S,
which was reflected by limited tissue damage and lower lung bacillary load. This early and
very efficient control of the infection by activated macrophages was also accompanied by
high IFN-y expression in the mice 30 days post infection with EAI-5 strain.

The initial host-pathogen interactions by strains of MTB differentially induced host
adaptive response. EAI-5 strain which induced higher Th1 response in early infection showed
more bacillary clearance and higher number of primed T cells in the splenocytes of infected
mice. In presence of PPD, these activated T-cells produced significantly higher IFN-y
compared to that by spleen cells infected by other strains. The IFN-y levels were even higher
compared to those induced in response to BCG, a vaccine strain, known to induce stronger
adaptive response. T-cell activation observed for Beijing and LAM strains, was comparable
with that for H37Rv, although both the strains grew to a much higher bacillary load in the
infected lung, than H37Rv. This observation suggests that lung bacillary load and severity of
infection might have little role in induction of adaptive immune responses whereas the strain
genotype might play a key role in this regard.

Different genotypes of MTB were also divergent in their virulence, as illustrated by
bacillary burden and lung histopathology at different time points after infection. Strains such
as Beijing and LAM that caused the highest levels of infiltration or granuloma formation,

also showed the highest bacillary burden. Earlier studies with the Beijing strains in an animal
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model, had also demonstrated similar results (Lopez et al, 2003; Dormans et al, 2004). It
was reported in several studies that Beijing, Lineage-2 strains grow rapidly in animal models
compared to H37Rv and other clinical isolates (Li Q et al, 2002; Tsenova et al, 2005) which
is in agreement with the present results. It was also confirmed in earlier studies that Beijing
(clinical isolate and NH898, an outbreak strain from Texas) triggered less Thl response and
caused severe mortality (Lopez 2003; Manca et al, 2005). Relatively, very few studies have
so far been published on the animals infected with Lineage-4 strains other than laboratory
strains H37Rv. The strains of LAM lineage are also known for causing cavitary disease
(Lazzarini et al, 2008) and the acquisition of drug resistance (Ignatova et al, 2006). Similar to
the results observed with present LAM strain, CDC1551 (an outbreak LAM strain from
Tennessee) and RDR® (LAM strains from Rio de Janeiro, Brazil) also showed higher lung
bacillary load in mice, compared to laboratory strain after 3-4 weeks of infection (Valway et
al, 1998; Lazzarini et al, 2007). Ancient strains from Lineage-1 are known to be less virulent
and easy to treat. In addition, recurrence is rarely observed in infection with this strain type
compared to that with Beijing (Lan et al, 2003). It is evident from current study, that the
ancient strain induces higher Th1 response initially which probably responsible for the lesser
bacterial burden in the lung.

Comparing both in vivo and ex vivo infections for the MTB strains, it is clear that a
genotype of MTB induced a particular immune pattern in the host, which is comparable with
the early infection (15 days) in mice and ex vivo infection in THP-1 cells. The results
obtained for the cytokines induction, iNOS and intracellular bacterial growth were similar for
all the strains in these two infection models. Beijing showed lowest bacterial growth in THP-

1; but, showed much higher growth in mouse model, which clearly indicated that ex vivo

intracellular growth, might not be an important parameter to determine virulence.

143



Chapter 5

In conclusion, using a well-studied model of progressive pulmonary tuberculosis, it
was demonstrated that genetically different MTB strains elicit diverse immune responses and
it is an attribute of particular genotype. This divergence led to differences in the induced
pathology and lung bacillary burden. In particular, the emerging Beijing genotype and LAM
were the most virulent among the genotypes studied, as they induced less adaptive response

and high lung bacillary burden.
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Summary:

The stable infection of host macrophages by Mycobacterium tuberculosis involves and
depends on the subversion of the diverse microbicidal responses mounted by the host cells.
This is primarily achieved through targeted perturbation of the host cellular machinery by
bacterial effecter molecules. Broadly, the innate and adaptive immune responses triggered by
mycobacterium create a cascade of events that work to limit and contain the growth of
infection. Strains from different genotype have been shown to subvert the host response in
different ways and regulate multiple events at a time. Hence, a coherent knowledge of such
parameters might shed light on actual TB pathogenesis. The present study was aimed to
characterize different clinical isolates from Mumbai and to analyze how mycobacterium

strains might modulate several responses of macrophage according to their genotype.

Three different clinical isolates of MTB from three different lineages were selected
for the study and were used for ex vivo as well as in vivo infection experiments. The strains
were further characterized on the basis of TbD-1, MIRU-VNTR and their drug susceptibility.
The ex vivo infection study was carried out in THP-1 and RAW264.7 cells, as well as in
primary cells MDMs and MDDCs, isolated from blood of healthy individuals. Several
different interactions between host and pathogen such as phagocytosis, intracellular growth of
Mpycobacteria, induction of proinflammatory cytokines and chemokines, reactive
oxygen/nitrogen species and apoptosis in THP-1 cells, were monitored. Induction of
proinflammatory cytokines followed a particular pattern for a single clinical isolate, in ex vivo
experiments and the pattern was unchanged in different host cells. It was observed that the
ancient EAI-5 strain from lineage-1 induced significantly higher proinflammatory response in
host compared to modern clinical isolates, as marked in earlier studies. On the other hand,
modern Beijing strain from lineage-2 consistently induced low levels of proinflammatory

cytokines and IL-10 according to its known lineage characteristic. Further, LAM-6 and
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H37Rv both belonging to lineage 4, showed similar proinflammatory responses. Overall, it
was noticed that there exist a lineage specific cytokine induction throughout ex vivo and in
vivo infections as reported in previous studies and interestingly these patterns were not
influenced by the drug resistant status of the strains. A strain specific apoptotic response was
observed only for virulent strains with a significant correlation with induction of pro-
inflammatory cytokines. Further, virulent strains accumulated less in number of bacteria
(less than 5) compared to virulent strain H37Ra inside the host during their initial interaction
or phagocytosis and it showed a relation with the induction of apoptosis of the host. In the
present study, a positive correlation was observed between phagocytic index for ‘>10
bacilli/cell’ and the percent apoptosis after five and six days of infection. It was evident that
pro-inflammatory cytokines and initial higher accumulation of bacilli inside the host cell

were the two determining factors for host cell apoptosis.

Similar interplay of different immune interactions as observed in ex vivo studies was
also clearly observed in the BALB/c model of TB following aerosol infection. In the present
study, the initial phase of infection (15 & 30 days) was dominated by high production of Thl
type cytokines, in coexistence with high levels of TNF-a and iNOS for EAI-5, BCG and
H37Rv infected mice which showed simultaneously lower bacillary load in lungs. However,
clinical isolates belonging to LAM and Beijing genotype showed the opposite picture of
higher bacillary load in lungs. The early Th1 response observed in lungs, induced by different
strains also caused dissimilar adaptive immune responses, which was confirmed by
splenocyte restimulation assay using PPD. Thus, EAI-5 strain which induced higher Thl
response in early infection showed more bacillary clearance and higher number of primed T
cells in the restimulated splenocytes whereas Beijing and LAM strains induced T-cell
activation comparable to H37Rwv. It is evident from current study, that the strain exhibiting

higher proinflammatory responses in vitro (EAI-5), induced higher Thl type of response
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which was protective in nature. It is also reflected in the bacillary load in the lungs of mice
infected with the same strain. Similarly, the Beijing strain which showed suppression of
immune responses showed higher lung bacillary load in infected mice.

So far, this kind of study was conducted with laboratory strains and with very few
clinical isolates of MTB. The present study was conducted with clinical strains isolated from
TB patients from Mumbai, India and hence is the first of its kind. Additionally, this is also the
first report where all the important parameters of immune interactions like intracellular
growth, phagocytic index, induction of cytokine and apoptosis were monitored in hosts
infected with highly drug resistant, well characterized MTB lineages in a single study. It
illustrated lineage-specific patterns of innate immune responses induced by the strains of
different genotypes in ex vivo and in vivo conditions. This might have consequences in TB
patients infected with different lineages of MTB. The study has generated a strong base for
future in-depth research in the field of TB pathogenesis. The detailed study of the underlying

mechanisms behind these differences might pave way to the new treatment regimen.
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Appendix I
Composition of buffers and reagents:
A. Solutions for DNA extraction by CTAB method:

TE buffer :100 mM Tris-Cl (pH 8.0) and10 mM EDTA (pH 8.0)

CTAB/NaCl solution: 4.1 gm NaCl was dissolved in 80 ml distilled water. While
stirring 10 gm CTAB was added and heated at 65°C. The volume was adjusted to 100

ml with distilled water and stored at room temperature (RT).

B. Solutions for Spoligotyping:

20X SSPE : 0.2 M Na,HPO4.2H,0; 3.6 M NaCl; 20 mM EDTA
The pH was adjusted to 7.4 and solution was autoclaved and stored at room
temperature.

20X SSC : 3 M NaCl; 0.3 M Na-citrate.
The pH was adjusted to 7.0 with NaOH and  solution was autoclaved and stored at
room temperature.

C. Concentrations used first line and second line Drugs in LJ slant
Dihydrostreptomycin : 4 pg/ml
Isoniazid : 0. 2 pg/ml
Rifampicin : 40 pg/ml
Ethambutol : 2 pg/ml
Pyrazinamide: 100 pg/ml
Kanamycin : 30 pg/ml
Ethionamide : 40 pg/ml
Ofloxacin : 2 pg/ml

Amikacin : 40 pg/ml
Capriomycin : 40 pg/ml

P-amino Salycyclic acid: 1 pg/ml
Rifabutin: 20pg/ml

Cycloserine: 40 pg/ml

D. Solutions for PAGE and Western Blotting

Lysis buffer for cytoplasmic extract : 20mM HEPES, 10mMNacCl, 1.5nM MgCl,, 0.2mM
EDTA, 0.5% (v/v) Triton X-100, 0.5 mM DTT, 1mM sodium orthovanadate, 1mM NaF and
a cocktail of protease inhibitors.

2X SDS-PAGE gel loading Buffer : 100mM Tris-HCL, pH 6.8, 4%(w/v) SDS, 20% (v/v)
glycerol, 200mM B-mercaptoethanol, 0.2% (w/v) bromophenol blue
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Transfer buffer: 25mM Tris base, 250 mM Glycine, 0.01% SDS (Sodium Dodecyl
Sulphate) (w/v) and 20% (v/v) Methanol

1X PBS (phosphate-buffered saline): NaCl, 80.0 g; Na,HPO,, 11.6 g; KH ,PO, , 2.0 g;
KClI, 2.0g H,O to 10 liter; Adjust pH to 7.2 - 7.4

Blocking Buffer: 5 % (w/v) Bovine Serum Albumin (BSA) in 1XPBS-T. Antibody dilutions
were prepared either in 1 X PBS-T or 5% (w/v) BSA.

Wash Buffer: 0.1% (v/v) Tween-2- in 1 X PBS.

E. Solutions for Microscopy
Fixative Solution: 3% (w/v) Para formaldehyde in 1 X PBS
Quenching Solution: 50 mM ammonium chloride in 1XPBS

Wash Buffer: 0.05% (v/v) Triton X-100- in 1 X PBS.

F. Solutions for Flowcytometry
Fixative solution: 0.1% (w/v) Para formaldehyde in 1 X PBS

Wash Buffer: 0.1% (w/v) BSA in 1 X PBS containing 0.01% (w/v) Azide
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Table A: PCR reaction mixture for spoligotyping
A 50 pl polymerase chain reaction mixture was set-up as follows:

Reagents Volume (ul ) Final reaction conc.
Buffer 10 X 5 1X

dNTPs 1 0.2mM of each
MgCl12 25mM 4 2 mM

DRa- GGTTTTGGGTCTGACGAC 4 20 pmoles
DRb-CCCGAGAGGGGACGGAAAC | 4 20 pmoles

Taq polymerase 1 lu

Template DNA 10wl 10 ng

Mineral oil 40 ul

H20 11.75

Table B: PCR reaction mixture for MIRU-VNTR typing
A 25 pl polymerase chain reaction mixture was set-up as follows :

Reagents Final reaction conc Volume (ul )
Buffer 10 X 1x 2.5

dNTPs 10mM 0.2mM 0.5

MgCl12 50mM 2.5mM 1.5

Primers (listed separately) 0.4mM 1+1=2
DMSO 5% 1.25
Enzyme 2-3 units 0.5
Template DNA 4ng/ul 4 ng/ ul 5

H,O 11.75
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Table C: Primers of MIRU-VNTR analysis

MIRU locus PCR primer sequence (5'-3")

MIRU-2F TGGACTTGCAGCAATGGACCAACT
MIRU-2R TACTCGGACGCCGGCTCAAAAT
MIRU-4F GTCAAACAGGTCACAACGAGAGGAA
MIRU-4R CCTCCACAATCAACACACTGGTCAT
MIRU-10F GTTCTTGACCAACTGCAGTCGTCC
MIRU-10R GCCACCTTGGTGATCAGCTACCT
MIRU-16F TCGGTGATCGGGTCCAGTCCAAGTA
MIRU-16R CCCGTCGTGCAGCCCTGGTAC
MIRU-20F TCGGAGAGATGCCCTTCGAGTTAG
MIRU-20R GGAGACCGCGACCAGGTACTTGTA
MIRU-23F CTGTCGATGGCCGCAACAAAACG
MIRU-23R AGCTCAACGGGTTCGCCCTTTTGTC
MIRU-24F CGACCAAGATGTGCAGGAATACAT
MIRU-24R GGGCGAGTTGAGCTCACAGAA
MIRU-26F TAGGTCTACCGTCGAAATCTGTGAC
MIRU-26R CATAGGCGACCAGGCGAATAG
MIRU-27F TCGAAAGCCTCTGCGTGCCAGTAA
MIRU-27R GCGATGTGAGCGTGCCACTCAA
MIRU-31F ACTGATTGGCTTCATACGGCTTTA
MIRU-31R GTGCCGACGTGGTCTTCAT
MIRU-39F CGCATCGACAAACTGGAGCCAAAC
MIRU-39R CGGAAACGTCTACGCCCCACACAT
MIRU-40F GGGTTGCTGGATGACAACGTGT
MIRU-40R GGGTGATCTCGGCGAAATCAGATA

Table D: PCR reaction mixture for TbD-1, RD1 and seven different genes selected for mutation
analysis:

The PCR condition was 40 cycles of denaturation at 94°C for 30 s, annealing (at respective
temperature) for 30 s and extension at 72°C for 1 min.

A 25 pl polymerase chain reaction mixture was set-up as follows :
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Reagents Final reaction conc Volume (pl )

Buffer 10 X 1x 2.5

dNTPs 10mM 0.2mM 0.5

MgCI2 50mM 2.5mM 1.5

Primers (listed separately) 0.4mM 1+1=2

Taq polymerase lu 0.5

Template DNA 4ng/ul 4ng/ ul 5

H20 13

Table E: Primers for TbD-1, RD1 and mutation analysis:
Annealing

Primers 5'to 3 Temp °C
flaTBD1F CTA CCT CAT CTT CCG GTC CA 59
flaTBD1R CAT AGA TCC CGG ACA TGG TG
TBDI1intS.F CGT TCA ACC CCA AAC AGGTA 59
TBDI1intS.R AAT CGA ACT CGT GGA ACA CC
RDIF GTC AGC CAA GTC AGG CTA CC 60
RDIR CAA CGT TGT GGT TGT TGA GG
RDIFF GAA ACA GTC CCC AGC AGGT 60
RDIFR TTC AAC GGG TTA CTG CGA AT
rpoB F TGG TCC GCT TGC ACG AGG GTC AGA- 70
rpoB R CTC AGG GGT TTC GATCGGGCACAT
AhpC F ACT GCT TTG CCG CCA CC 57
AhpC F CFGA TGA GAG CGC TGA GCT G
InhA F CGCTGCCCAGAAAGGGA 70
InhAR CCGGGTTTCCTCCGGT
KatGF CAG ATG GGC TIG GGC TGG AAG AGC 57
KatG R -GAC GAC GCC Gcecaeeca
16SF GGA A TICAG AGT TGG A TC MTG GYT CAG 70
16SR CGG GAT CCC TIT A CG CCC ART RAW TCCG
rps F CGA CCC GCA GCG TCG TGG TG 70
ps R GCT GCG TGC CTG TTTGCG GTT CTT
emb F TGG ACG GGC GGG GCT CAAT 70
emb R GGC AGG CGC ATC CACAGACT
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Table F: Primers for cytokines, chemokines and other genes

Primers

TNF-aF
TNF-aR

IL-1BF
IL-1BR

IL-10F
IL-10R

IL-8F
IL-8F

TLR-2F
TLR-2R

iNOSF
iNOSR

IL-12F
IL-12R

MCP-1F
MCP-1R

TLR-4F
TLR-4R

BclI2F
Bcl2R

BaxF
BaxR

Caspase3F
Caspase3R

B ActinF
B ActinR

Sequence

GAGTGACAAGCCTGTAGCCCATGTTGTAGC
GCAATGATCCCAAAGTAGCCTGCCCAGAC

CCTGTCCTGCGTGTTGAAAGA
GGGAACTGGGCAGACTCAAA

GCTGGAGGACTTTAAGGGTTACCT
CTTGATGTCTGGGTCTTGGTTCT

ATGACTTCCAAGCTGGCCGTG
TTATGAATTCTCAGCCCTCTTCAAAAACTTCTC

GGCCAGCAAATTACCTGTGTG
AGGCGGACATCCTGAACCT

TGGAATTCACTCAGCTGTGC
GATGTTGTAGCGCTGGACG

GCTGGAGGACTTTAAGGGTTACCT
CTTGATGTCTGGGTCTTGGTTCT

ATGACTTCCAAGCTGGCCGTG
TTATGAATTCTCAGCCCTCTTCAAAAACTTCTC;

GGCCAGCAAATTACCTGTGTG
AGGCGGACATCCTGAACCT

TGGAATTCACTCAGCTGTGC
GATGTTGTAGCGCTGGACG

GGAATTCGCGGTGATGGACGGGTCCGG
GGAATTCTCAGCCCATCTTCTTCCAGA

TTCAGAGGGGATCGTTGTAGAAGTC
CAAGCTTGTCGGCATACTGTTTCAG

GTGGGCCGCTCTAGGCACCA
CGGTTGGCCTTAGGGTTCAGGGGGG

Annealing
temperature
(’C)

60

60

60

65

60

55

60

65

60

60

60

60

60
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Table G: Primers for mouse cytokines and other genes

Primers

TNF-aF
TNF-aR

IFN-yF
IFN-yR

IL-10F
IL-10R

iNOSF
iNOSR

IL-12F
IL-12R

B ActinF
B ActinR

Sequence

GGCAGGTCTACTTTGGAGTCATTGC
ACATTCGAGGCTCCAGTGAATTCGG

TGAACGCTACACACT GCA TCT TGG
CGACTC CTTTTCCGCTTCCTGAG

CGGGAAGACAATAACTG
CATTTCCGATAAGGCTTGG

CCCTTCCGAAGTTTCTGGCAGCAGC3
GGCTGTCAGAGCCTCGTGGCTTTGG

GCTGGAGGACTTTAAGGGTTACCT
CTTGATGTCTGGGTCTTGGTTCT

TGG AAT CCT GTG GCA TCC ATG AAAC
TAA AAC GCA GCT CAG TAA CAGTCCG

Annealing
temperature
(()C)

60

60

60

60

60

60
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