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Abstract

M. tuberculosis is one of the most ubiquitous and extraordinary effective human pathogens,
with one-third of the world’s population being infected and is second to HIV in the number
of deaths per year from a single infectious agent. These high numbers of deaths occur
despite effective therapy available through the WHO DOTS (Directly Observed Therapy,
short course) program, widespread vaccination with BCG, and the host’s ability to mount a
protective immune response.

Numerous studies in humans and animal models over the years have shown that cell-
mediated immunity is necessary for protection against M. tuberculosis infection. In cell-
mediated immunity, antigens should be presented by Antigen Presenting Cells (APCs) in
the context of MHC 1 or MHC II molecules to T cells. Dendritic cells (DC) are unique
among all APCs in the adult immune system in many critical ways and play an essential
role in the initiation and maintenance of immune response to pathogens, moreover DC-
based immunization protocols have been shown to mediate protection against a wide
spectrum of infectious diseases caused by viral, bacterial, parasitic and fungal pathogens as
well as cancer. However, whether the interaction between the human DC and M.
tuberculosis represents a defence mechanism by the invaded host, or a smoke screen,
masking the presence of an invader is still not clearly understood.

To analyze the interactions between M. tuberculosis and immune cells, human peripheral
blood monocyte derived immature DC were infected with M. tuberculosis H37Rv wild type
strain. DC were found to internalize the mycobacteria and show dose dependent infection
and necrosis with different multiplicity of infection. In this study we investigated whether
M. tuberculosis induced maturation of DC. Fluorescence activated cell analysis of mean
fluorescence intensity of cell surface expression markers CD40, CD54, CD80, CD83,
CD86 and HLA DR in infected DC revealed significant (p<0.05) upregulation following
infection with M. tuberculosis in comparison to immature DC with no stimulation.
Lipopolysaccharide (LPS) from Salmonella abortus equi, a known DC maturation agent,
was used as a positive control and showed a comparable upregulation of cell surface
markers as observed with M. tuberculosis infected DC. We have also investigated the
ability of the M. tuberculosis infected DC to induce T cell proliferation. Fluorescence
activated cell analysis of mixed leukocyte reaction using 5 and 6-carboxyfluorescein
diacetate succinimidyl ester (CFSE) dilution technique revealed that the M. tuberculosis
infected DC induced T cell proliferation. These data clearly demonstrate that M.
tuberculosis induces activation and maturation of human monocyte derived immature DC

in vitro.
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1 INTRODUCTION

1.1 The Pathogen

Mycobacterium tuberculosis (M. tuberculosis) is an acid fast, facultative intracellular aerobic
pathogen that has straight or curved rod morphology and exists either singly or in clusters. M.
tuberculosis is a particularly slow growing bacterium and divides once every 18-24 hours and
it takes between 18-21 days to view visible colonies on solid medium (Salyers and

Whitt,1994).

The cellular envelope of M. tuberculosis consists of a plasma membrane and a highly unusual
cell wall. The plasma membrane consists of a classical bilayer structure. The elaborate
distinctive features of the mycobacterial cell walls include the lipoarabinomannan (LAM),
lipomannan, mycolyl-arabinogalactan, phosphatidyl-myoinositol mannoside, sulfatide, cord
factor, and other acylated trehaloses, phenolic glycolipids, lipoligosaccharides, and other
attenuated lipids. Many of these have been shown to be involved in the virulence and
pathogenesis of this bacillus. LAM, a predominant component of the cell wall, is a virulence
factor for M. tuberculosis, which activates macrophages and scavenges reactive oxygen

intermediates (Brennan, 1995; Nigou et al., 2003).
1.2 Epidemiology of Mycobacterium tuberculosis Infection

Mycobacterium tuberculosis was first identified as the causative agent of tuberculosis (TB) by
Robert Koch in 1882. It is one of the most ubiquitous and extraordinary effective human
pathogens, with one-third of the world’s population being infected. Primary infection leads to
active disease in only a minority (about 10%) of infected individuals, in most cases within the
first two years. In the remaining 90% of cases, the immune system contains the infection and
the individual remains non-infectious and symptom free. TB is the world’s second commonest
cause of death from all infectious diseases, after HIV/AIDS. In 1993 the WHO declared TB as
a ‘global emergency’ (WHO, 1994).

There were 8.8 million new cases of TB in 2003 (140/ 100,000 population), of which 3.9
million (62/100,000) were smear positive and 674,000 (11/100,000) were infected with HIV.

There were 15.4 million prevalent cases (245/ 100,000), of which 6.9 million were smear-



positive (109/100,000). An estimated 1.7 million people (28/ 100,000) died from TB in 2003,
including those co-infected with HIV (229,000) (WHO, 2005).

Ethiopia ranks 7" globally in the estimated number of TB cases among the 22 high burden
countries. According to the estimates by WHO, the incidence of all cases of TB per 100,000
populations is 356 whereas the incidence of new smear positive pulmonary cases (SS*)/
100,000 is 155. The mortality rate of all cases of TB per 100,000 is estimated to be 79 per year
(WHO, 2005).

Table 1: WHO Report on Ethiopia TB Profile (Source: WHO, 2005)

LATEST ESTIMATES® TRENDS 2000 2001 02 2003
Population 70 678 002 DOTS cowarage (%) 85 70 a5 95
Global rank { by est. number of cases) 7 Nutification rate {all cases/ 100 000 pop) 138 141 160 166
Incidanca (all cases 100 (00 pop/yaar) 356 Natification rate (new ss+/100 000 pop) 47 49 53 BE
Incldanca {new ss+/ 100 000 pap/year) 155 Detaction of all casas (%) 45 43 47 47
Prevalence {all cases/ 100 000 pop) 533 Case dataction rate (new ss+, %) 35 35 36 36
TB mortality {all cases/100 000 pop/vaar) 74 DOTS case detection rate (new ss+, %) 35 35 36 38
TB cases HIV+ (adults aged 15-44, %) 21 DOTS case detaction rate (new ss+)/coverage (%) 41 71} a8 38
New casas multidrug reslstant |%) 2.3 | DOTS treatment success (new ss+, %) 80 T8 76 -
Notification rate (per 100 000 pop) Motification rate by age and sex [new ss+)®

= 55+ (3585 == all cases (117 GO0 In 2003) = famale = mala
280 160

200 150
150
BD

100

" /—
a a
1982 1985 188 1901 1994 1987 2000  z200Q <18 15-24 25-34 3544 4554 E5-54 BB+

fear Age group [years)

40

Through the WHO DOTS (Directly Observed Therapy, short course) program, effective
therapy is now available in 182 countries and DOTS covers 69% of the world’s population.
However, the likelihood of DOTS therapy resulting in the eradication of TB is limited by the
large reservoir of latently infected individuals as well as delays in diagnosis. Therefore, a
vaccine that prevents infection and/or disease is necessary to control or eliminate TB

worldwide (WHO, 2005).



Unfortunately, an effective vaccine against TB has not been developed. The only available TB
vaccine, Bacillus Calmette-Guerin (BCG), has been in use since the 1920s and more than three
billion people have received this vaccine. Although BCG can be effective in reducing the
incidence of childhood TB, particularly meningitis, it is relatively ineffective in protecting
against adult TB, and doesn’t prevent infection with the organism. Thus BCG immunized
persons still become infected with M. tuberculosis, can develop active TB, and can harbour
the organism and reactivate later in life. The efficacy of BCG in human trials has varied from

0 to 80% (Fine, 1995).

It should be stressed that although the majority of the world’s population is BCG vaccinated,
the incidence of TB is still staggering. Clearly, a more effective vaccine against this disease is
needed. A greater understanding of the immune response is necessary in order to develop a
vaccine that will confer complete protection from infection and, hopefully, from reactivation

of a pre-existing infection.



1.3 Immunology of Tuberculosis

The protective response to M. tuberculosis is complex and multifaceted involving many

components of the immune system, both from innate and adaptive immune response (Fig.1).

Phagolysosome fusion
Acidification

ANI Iron restriction
S-nitrogothiols  Mitrogen Hydnod and
diritragyl dicndice ferry radicals
IFON COMPIaxes

Figure 1. Components of immune system involved in TB immunology. (Source: Kaufman,
2001).

1.3.1 Macrophages

The mononuclear phagocyte constitutes a potent antimicrobial component of cell-mediated
immunity. The best characterized effector mechanisms include phagosome —lysosome fusion,
the reactive oxygen intermediate (ROI) burst, and the production of reactive nitrogen

intermediates (RNI) by an L-Arginine dependent pathway.



Phagolysosome Fusion

It is well established that phagosomes, the product of the endocytic pathway initiated by
phagocytosis of large particles including microbes, can fuse with lysosomes. Phagocytosed
microorganisms are subject to degradation by intralysosomal acidic hydrolases upon
phagolysosome fusion. This highly regulated event constitutes a significant antimicrobial
mechanism of phagocytes. It appears that the antimicrobial activity of the phagolysosome is
mediated, at least in part, by the degradative function of lysosomal hydrolases and / or direct

and indirect effect of acidification (Russell, 2001).

Studies have shown that M. tuberculosis can inhibit both phagosome acidification and
phagosome-lysosome fusion. However, upon macrophage activation there is some

phagosome-lysosome fusion resulting in bacterial death (Flynn and Chan, 2003).

Reactive Nitrogen Intermediates

Macrophages (M@) have been shown to produce nitric oxide (NO) and other reactive nitrogen
intermediates (RNI) via the NOS, enzyme using L-arginine as a substrate. NOS; is induced by
IFN-y and a second signal such as TNFo or bacterial products such as LPS or LAM
(MacMicking, et al., 1997).

Nitric oxide production within macrophages has major anti-microbial mechanisms. RNI can
inflict damage to the bacterium by modifying DNA, proteins and lipids. In the murine system,
toxic nitrogen compounds have been shown to play a role in protection in both an acute and a
chronic M. tuberculosis infection. NOS2 derived RNIs are the only clearly demonstrated

mycobacterial effector function in macrophages (Shiloh, 2000).

Reactive Oxygen Intermediates

While the role of NOS2 in host defence against M. tuberculosis is well established, the
significance of toxic oxygen species in the control of TB remains controversial. Despite the
demonstration that H,O, generated by cytokine activated macrophages was mycobacteriocidal
and ROI were shown to kill M. microti, the ability of ROI to kill M. tuberculosis remains to be
confirmed. Indeed, mycobacteria are capable of evading the toxic effect of ROI by various
means. A major mycobacterial cell wall component, LAM, was effective at scavenging ROI

generated by the respiratory burst of infected macrophages. It was also shown that ROI could



inhibit protein kinase C which downregulates the respiratory burst. Tubercle bacilli also
produce both superoxide dismutase and catalase that may interfere with toxic oxygen radical
production. Other mycobacterial components such as sulfatides and phenolic glycolipid I
(PGL-1) have also been suggested to interfere with ROI dependent antimicrobial mechanisms

within macrophages (Flynn and Chan, 2001).
1.3.2 Toll-Like Receptors (TLR)

Toll-Like Receptors (TLRs) are believed to represent key receptors for the recognition of
mycobacterial antigens and activation of macrophages and dendritic cells (DC) as well as
other cells of innate immunity, thereby likely modulating the adaptive immune response.
TLRs provide signal for NF-kB-mediated cytokine cascades involved in anti-microbial

mechanisms and likely play a role in regulating M. tuberculosis infections.

TLR2, TLR4 and, more recently TLR1/TLR6 that heterodimerise with TLR2, have been
implicated in the recognition of mycobacterial antigens. Over expression of either TLR2 or
TLR4 in Chinese Hamster Ovary (CHO) cells confers cellular activation by viable
M. tuberculosis. Soluble heat-stable mycobacterial fraction, distinct from the mycobacterial
cell wall LAM, signals through TLR2 whereas heat-labile cell associated ones signal through
TLR4. However, most purified mycobacterial antigens tested so far signal through TLR2.
M. tuberculosis induced TNFo production by macrophages is blocked by a TLR4 antagonist
(Quesniaux, et al., 2004) and other researchers also reported that M. tuberculosis induced

nitric oxide production via signalling through TLR (Modlin, 2001).



1.3.3 Cytokines

1.3.3.1 Proinflammatory Cytokines

Different cytokines and cytokine receptors are involved in type I immunity (Th;) in TB

(Fig. 2).

IFN-R

o

Figure2: Cytokines and Cytokine Receptors Involved in type I Immunity in Tuberculosis
(Source: van Crevel et al., 2002).

Interleukin 12 (IL-12)

To control M. tuberculosis infection, a Type 1 T cell response must be generated, as in the
case of most intracellular infections. Exogenous administration of therapeutic IL-12 and the
finding of susceptibility in IL-12p40 gene deficient mice to M. tuberculosis strongly support
an important role for this cytokine in the protective immune response against M. tuberculosis
(Cooper, et al., 1997; Flynn, et al., 1995). Vaccination in conjunction with IL-12 DNA has
been reported to reduce the bacterial load in M. tuberculosis in chronically infected mice

(Lowrie, 1999).



Interferon-y (IFN-y)

IFN-vis a critical cytokine involved in the control of M. tuberculosis infections and produced
by CD4 *and CD8 * T cells. NK cells are another source of IFN-y, but they have not been
shown to directly produce this cytokine in response to M. tuberculosis (Lalvani, et al., 1998;
Serbina and Flynn, 1999). Mice with a genetic deficiency for IFN-yare very susceptible to
infection with virulent M. tuberculosis with a mean survival time of 14 days (Flynn, et al.,
1993). Notably there was also less NOS, production in these mice, indicating that macrophage
activation was defective, contributing to the susceptibility of IFN-y gene knockout mice (KO).
The importance of this cytokine has also been confirmed in humans who have a mutation in
their IFN-y receptor and this was associated with a heightened susceptibility to mycobacterial
infections (Jouanguy et al., 1999). IFN-y has been detected in the granulomas of patients and
their T cells have been shown to produce IFN-vy in response to challenge with M. tuberculosis

(Fenhalls e al., 2000).
Tumor Necrosis Factor oo (TNFo)

TNFa is required for the control of an acute M. tuberculosis infection. TNFa is secreted by
DC and macrophages in response to M. tuberculosis infection (Tascon et al., 2000). Mice
deficient in TNFa or the 55-kDa TNF receptor succumb more quickly to M. tuberculosis
infection (Bean, et al., 1999; Flynn, et al., 1995). Again, these mice have a high bacterial
burden compared to wild-type controls. TNFa acts as a necessary second signal in addition to
IFN-y to activate macrophages to produce RNI. NOS2 expression is delayed in the TNFRp55
gene KO mice but not in TNFou gene KO mice. Overall, the role of TNFo in M. tuberculosis

infection is complex since it appears to contribute to both protection and pathology (Flynn and

Ernst, 2000).
Interleukin 1  (IL-1PB)

IL-1B is mainly produced by monocytes, M@, and DC. In TB patients, IL-1f is expressed in
excess and at the site of disease (Bergeron and Soler, 1997). Studies with mice suggest an
important role of IL-1f in TB: IL-1p and IL-1a double gene KO mice (Yamada, et al., 2000)
and IL-1R type I-deficient mice (which do not respond to IL-1) display an increased



mycobacterial outgrowth and also defective granuloma formation after infection with

M. tuberculosis (Juffermans et al, 1996).
1.3.3.2 Anti inflammatory cytokines

Interleukin 10 (IL-10)

IL-10 is an anti-inflammatory cytokine, which is produced by macrophages and T cells,
leading to down regulation of IL-12 and consequently IFN-ysecretion by T cell and M@
activation. Inhibition of IL-10 can help reverse the suppression of T cell proliferation in vitro
by M@s isolated from human TB patients (Gong et al., 1996). IL-10 has been shown to

directly inhibit APC functions and T cell responses to mycobacterial infection (Rojas, et al.,

1999).
Tumor Growth Factor  (TGF-B)

TGF- also seems to counteract protective immunity in TB. Mycobacterial products induce
production of TGF-B by monocytes and dendritic cells. Interestingly, LAM from virulent
mycobacteria selectively induces TGF- production. Like IL-10, TGF-f is produced in excess
during TB and is expressed at the site of disease (Toossi et al., 1995). TGF-P suppresses cell-
mediated immunity: in T cells, TGF- inhibits proliferation and IFN-y production; in
macrophages it antagonizes antigen presentation, proinflammatory cytokine production, and
cellular activation. In addition, TGF-B may be involved in tissue damage and fibrosis during
TB, as it promotes the production and deposition of macrophage collagenases and collagen

matrix (Toosst et al., 1998).
Interleukin 4 (IL-4)

The deleterious effects of IL-4 in intracellular infections (including TB) have been ascribed to
this cytokine’s suppression of IFN-y production, and macrophage activation (Lucey et al.,
1996). In mice infected with M. tuberculosis, progressive disease (Hernandez Pando et al.,
1996) and reactivation of latent infection (Howard and Zwilling, 1999) are both associated
with increased production of IL-4. Similarly, over-expression 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 KO mice displayed normal
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instead of increased susceptibility to mycobacteria in two studies, suggesting that IL.-4 may be
a consequence rather than the cause of TB development (Erb et al., 1998). In contrast, a recent
study on IL-4 KO mice showed increased granuloma size and mycobacterial outgrowth after
airborne infection. Compared with control mice, production of proinflammatory cytokines was
increased in these animals and accompanied by excessive tissue damage. Researchers have
detected increased production of IL-4 in human TB patients, especially those with cavitary
disease. However, this is not a consistent finding and remains to be determined whether 1L-4
causes or merely reflects disease activity in human TB. Thus, the role of IL-4 in TB

susceptibility is not yet entirely resolved (van Crevel, et al., 2002).
1.3.4 Chemokines

Chemokines (chemotactic cytokines) are largely responsible for recruitment of inflammatory
cells to the site of infection. A number of chemokines have been investigated in TB. First,
several reports have addressed the role of IL-8, which attracts neutrophils, T lymphocytes, and
possibly monocytes. Upon phagocytosis of M. tuberculosis or stimulation with LAM,
macrophages produce IL-8 (Zhang, et al., 1995). This production is substantially blocked by
neutralization of TNFa and IL-1p, indicating that IL-8 production is largely under the control
of these cytokines. Pulmonary epithelial cells also produce IL-8 in response to M. tuberculosis
infection. In TB patients, IL-8 has been found in bronchoalveolar lavage fluid, lymph nodes,

and plasma (Juffermans et al., 1999).

A second major chemokine is monocyte chemoattractant protein 1 (MCP-1), which is
produced by and acts on monocytes and macrophages. M. tuberculosis preferentially induces
production of MCP-1 by monocytes. In murine models, deficiency of MCP-1 inhibited
granuloma formation ((Lu et al., 1998). Also, chemokine receptor 2-deficient mice, which fail
to respond to MCP-1, display reduced granuloma formation and suppressed Thl-type cytokine
production and die early after infection with M. tuberculosis (Peters, et al., 2001). In alveolar
lavage fluid, serum and pleural fluid from TB patients, concentrations of MCP-1 were found

to be elevated (Juffermans, et al., 1999).

A third chemokine is Regulated on Activation Normal T Cell Expressed and Secreted
(RANTES), which is produced by a wide variety of cells and which shows promiscuous

binding to multiple chemokine receptors. In murine models, expression of RANTES was
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associated with development of M. bovis induced pulmonary granulomas (Chensue, et al.,
1999). In human patients, RANTES has been detected in alveolar lavage fluid. Apart from
IL-8, MCP-1 and RANTES, other chemokines may be involved in cell trafficking in TB
(Ragno, et al., 2001).

1.3.5 T Cells

M. tuberculosis is a classic example of a pathogen for which the protective response relies on
cell-mediated immunity. This is primarily because the organism resides intracellularly within
macrophages; thus T cell effector mechanisms, rather than antibody, are required to control or
eliminate the bacteria. Studies in humans and animal models demonstrate that acquired
immunity to M. tuberculosis requires contributions by multiple T cell subsets, which include a
dominant role for CD4" T cells and significant roles for CD8" off and y8 T cells and CD1
restricted T cells. The reasons for involvement of these multiple T cell subsets are not known

(Boom, et al., 2003).
1.3.5.1 CD4" T Cells

M. tuberculosis resides primarily in a vacuole within the macrophage and thus, MHC class II
presentation of mycobacterial antigens to CD4" T cells is an obvious outcome of infection. It
is not surprising that these cells are among the most important in the protective response
against M. tuberculosis (Flynn and Chan, 2001). Murine studies have shown by antibody
depletion of CD4 T cells, adoptive transfer, or the use of gene-disrupted mice that the CD4" T
cells subset is required for control of infection. The mean survival time for CD4 gene KO
mice infected with M. tuberculosis is 60 days and the mean survival time for MHC II gene KO
mice is 40 days whereas wild type mice will not die from the infection. There is a heavy
recruitment of CD4" T cells to the lungs after intravenous infection with M. tuberculosis

(Boom et al., 2003).

In humans, the necessity for CD4" T cells to help control infection is shown by the rapid
acceleration of TB in HIV positive patients who have a loss of CD4" T cells (Selwyn et al.,

1989).

Most studies have focused on IFN-y production by CD4" T cells in response to mycobacterial

antigen, but other functions of CD4" T cells are likely to be important in the protective
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response and must be understood as correlates of immunity and as targets for vaccine design.
Possible pathways which are still under active investigation include the perforin and
granulysin, FAS-L or TNFa lytic and apoptosis pathways (Oddo, et al., 1998) and the
interaction of CD40-CD40L between CD4 + T cells and to enhance APC function (Andreasen,
et al., 2000).

1.3.5.2 CD8" T Cells

The contribution of CD8" T cells in infection has been debated for a long time. At the crux of
this debate is whether M. tuberculosis is ever found outside the phagosome (i.e.cytoplasm)
where it could be processed for MHC 1 presentation. Although it still has not been
exhaustively determined as to how mycobacterial antigens are presented to the immune
system, CD8" T cells that are specific for mycobacterial antigens have been isolated from both
infected humans and mice. CD8" T cells have also been shown to accumulate in the lungs after
M. tuberculosis infection in mice. These cells can produce IFN-yand lyse infected
macrophages (Serbina, et al., 2000). Earlier studies with mice deficient in the genes for 32-
microglobulin, TAP, MHC 1, and CD8" T cells have shown that these mice exhibit heightened
susceptibility to M. tuberculosis infection, and therefore CD8" T cells must contribute to

protection (Grotzke and Lewinsohn, 2005).

CD1 molecules are structurally similar to MHC class I molecules but have differences in their
binding groove which allow for the binding and presentation of lipids and glycolipids instead
of protein antigens (Porcelli and Modlin, 1999). Therefore, they are believed to serve as
important presentation complexes for mycobacterial antigens and indeed, this has been shown
for many mycobacterial lipids including LAM (Sieling, et al., 1995). However the actual role

of T cells in response to these complexes in infection has been unclear.

Indeed the roles of both CD4" and CD8" T cells may be multi-faceted and the two cell types
likely collaborate in the generation of protective cellular immunity. Therefore understanding
how to activate both T cell types using a vaccine is probably crucial to generating protection

and long-term memory.
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1.3.6 Dendritic Cells

Dendritic cells (DC) originally identified by Steinman and his colleagues (1972) represent the
pacemakers of the immune response. They comprise a family of antigen presenting cells that
act like ‘conductors’ of the immune response in their capacity to orchestrate signals derived
from the different parts of the immune system. DC can take up an array of different antigens,
including microorganisms, extracellular fluids and apoptotic bodies released by dying cells,
which they can process and present in the form of peptides bound to both major
histocompatibility complex (MHC) class I and class II molecules more effectively than any
other antigen presenting cell. After microbial or inflammatory stimuli, DC undergo a process
of maturation and migrate to secondary lymphoid organs where they can stimulate naive T

cells (Lipscomb and Masten, 2002).

The system of these cells is enormously complex. First, there is no single molecule that they
uniquely express. Rather, the DC subsets as well as maturation stages are defined by a
combination of markers. Second, DC comprises 2 distinct subsets, myeloid and plasmacytoid.
Moreover, 3 stages of development have been delineated: 1) precursor DC patrolling through
blood and lymphatics, 2) immature DC residing within virtually every tissue, and 3) mature
DC residing temporarily within secondary lymphoid organs. In situ, as in the skin and
lymphoid organs, DC can be identified as stellate-shaped cells with many dendrites that are
long and thin, either fine or sheet like. The shape and motility of DC suit their functions,
initially the efficient capture of antigen and subsequently the selection of rare antigen-specific

lymphocytes (Hart, 1997).

1.3.6.1 Dendritic Cell Development and Trafficking Pathways

Dendritic cells are derived from haematopoietic stem cells in the bone marrow and form a
network of heterogeneous cell populations. Human DC subsets are less well defined than
murine ones. The best-characterized human DC populations are monocyte-derived DC
(Myeloid DC) and lymphoid-derived DC (Plasmacytoid DC (pDC)) (Fig. 3). CD11¢" CD1a"
CD14" monocyte-derived DC can be isolated from the blood, or they can be grown in culture
in the presence of granulocyte/macrophage colony-stimulating factor and IL-4 from precursors
isolated from the blood or the bone marrow. pDC, which are phenotypically characterized as

CD11cCD45RA'CDI123"blood DC antigen 2 (BDCA2)", are found in the blood and can be
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generated in vitro from IL 3-supplemented cultures of CD11¢’CD4"IL-3 receptor (IL 3R)"
precursors (Degli-Esposti and Smyth, 2005).
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Figure 3: Schema for derivation of human dendritic cell (DC) subsets from CD34" myeloid
and lymphoid progenitors (adopted from Lipscomb and Masten, 2002).

Dendritic cells are migratory cells that traffic from one site to the next performing specific
functions at each site. Bone marrow derived DC circulate as precursors in blood before
entering tissue where they become resident immature DC that monitor their environment. The
extravasation of DC from the blood to peripheral tissue and the movement from peripheral
tissue into lymphoid tissue requires chemoattractants called chemokines. The anatomic
location of inflammatory chemokines within peripheral tissue and lymphoid chemokines
within lymphoid tissue regulates the migration of DC initially to sites of antigen and

ultimately to lymphoid tissue to initiate an immune response (Lipscomb and Masten, 2002).

1.3.6.2 Antigen Capture, Processing and Presentation by Dendritic Cells

Denderitic cells are unique among all APCs in the adult immune system in many critical ways.
Unlike M@ or B cells, DC’ primary function appears to be antigen presentation. Both DC and
M@ differentiate from circulating bone marrow derived precursors and complete their
differentiation upon leaving the blood stream and taking residence in peripheral tissues. DC
have a unique distribution within lymphoid organs, accumulating in regions where M@ and B

cells are generally excluded. DC are enriched in the areas where naive T cells are activated, in
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an optimal position to be interrogated by a continuously moving population of T cells seeking

their cognate peptide- MHC complexes (Trombetta and Mellman, 2005).

Dendritic cells show a unique functional duality during their development, designed to
ultimately provide secondary lymphoid tissues with useful information about the antigenic
composition in the periphery. At the immature stages of development, DC resident in
peripheral tissues are specialized in antigen capture, acting as sentinel cells (high intracellular
MHC 11, Endocytosis, phagocytosis, High CCR1, CCRS, and CCR6; low CCR7 and low
CD40, CD54, CD80, CD83, CD86 and CDS58). After antigen uptake, DC rapidly cross the
endothelium of lymphatic vessels and migrate to the draining secondary lymphoid organ.
During this migration, DC undergo a maturation process which is characterized by
downregulation of the capacity to capture antigen and upregulation of antigen processing and
presentation, expression of costimulatory molecules and of dendritic morphology (high
surface MHC 11, low endocytosis, low phagocytosis, low CCR1, CCRS5, CCR6, high CCR7
and high CD40, CD54, CD80, CD83, CD86 and CD58) (Banchereau et al., 2000).

DC have unique surveillance and migratory properties, enabling them to carry antigens
captured in the periphery to secondary lymphoid organs, or to internalize them directly from
the lymph (Itano, et al., 2003). In peripheral tissues DC capture and process antigens via
different pathways: (a) Macropinocytosis where fluid from the extracellular milieu is taken up
into pinocytic vesicles and antigen is concentrated by expelling excess water (Sallusto, et al.,
1995); (b) Endocytosis via lecitin receptors such as mannoseR, DEC-205, Langerin, or DC
specific ICAM 3 grabbing non integrin (DC-SIGN) (Geijtenbeek, et al., 2000; Sallusto et al.,
1995; Valladeau et al., 2000) (c) Fc receptors (FcyRI, FcyRII, FcyRIIl) and complement
receptors (CR3) can mediate efficient internalization of immune complexes or bacteria
(Rescigno, et al., 2000) (d) Phagocytosis of apoptotic and necrotic cell fragments, viruses,
bacteria including mycobacteria and /or intracellular parasites (Albert, et al., 1998); (e) Toll
like receptors (TLRs) in pathogen recognition including LPS, peptidoglycan, lipotheicoic acid,

and lipoprotein (Visintin, et al., 2001).

DC present virtually any form of protein antigen associated with MHC-I (Fig. 4) or MHC-II
(Fig. 5) molecules. Indeed, the ability of DC to “cross-present” exogenous antigens on MHC-I

molecules is arising as a distinguishing feature; M@ are also capable of cross-presentation, but
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with efficiencies that are orders of magnitude lower (Delamarre et al., 2003). In addition to
their distinct antigen handling and homing properties, DC exhibit a variety of other features
that greatly enhance their capacity as APCs. Among these are exceptionally high levels of
MHC-II and costimulatory molecules, certainly as compared with M@ in most tissues. DC
also expresses CD86 greater than fivefold higher density than B cells. In addition, the
extensive folds and dendritic extensions characteristic of DC enables them to form close
contact with multiple T cells simultaneously. MHC-II molecules on the DC plasma membrane
also appear to be laterally clustered, which may further facilitate the efficiency of T cell
scanning by increasing the effective local density of MHC molecules at contact sites, even in

the absence of antigen-specific recognition (Turley, et al., 2000).

DC are also capable of presenting antigens on CD1 molecules. CD1 molecules present both
endogeous and exogenous derived lipid and glycolipid antigens. Antigen processing and
presentation by CDI is different from that described above for MHC Class I and II. CD1
molecules are synthesized in the ER and are expressed on the plasma membrane following
traffic to the surface via vesicular transport. CD1 molecules are subsequently incorporated into
endosomes and become associated with lipid ligands and recycle to the plasma membrane

(Shinkai and Locksley, 2000).
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Figure 4: Degradation and transport of antigens that bind major histocompatibility complex
(MHC) class I molecules (Source:http://www-ermm.cbcu.cam.ac.uk/figures.htm). (a) In an
antigen-presenting cell (APC), newly synthesised MHC class I molecules bind to calnexin
(Cx), which retains them in a partially folded state in the endoplasmic reticulum (ER). (b)
Binding of MHC class I molecules to B, microglobulin (B,m) displaces Cx and allows binding
of chaperonin proteins (calreticulin and tapasin; not shown). (¢) The MHC class I-B,m
complex binds to the TAP complex (TAP1-TAP2), which awaits the delivery of peptides. (d)
Peptides (e.g. from antigens) are formed from the degradation of cytosolic proteins (‘self’-,
pathogen- and tumour-derived proteins in the cytoplasm). (e) These are degraded by
proteasomes into (f) short peptides. (g) Peptides are transported into the ER by the TAPs,
where they meet the MHC class I-3,m complex (h). This peptide binding in the antigenic
groove of the MHC stablises the structure of the MHC class I molecule and (i) releases the
TAP complex. (j) The fully folded MHC class I molecule with its peptide is transported to the
cell surface via the Golgi apparatus. (k) Recognition of the MHC class I-peptide complex by
the T-cell receptor (TCR) of an antigen-specific (CD8*, CD3") cytotoxic T lymphocyte (CTL)
takes place and (1) a signal transduction event activates effector functions in the MHC-class-I-
restricted T cell.
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Figure 5: Degradation and transport of antigens that bind major histocompatibility complex
(MHC) class II molecules (Source: http://www-ermm.cbcu.cam.ac.uk/figures.htm).(a) In an
antigen-presenting cell (APC), newly synthesised MHC class II molecules bind the invariant
chain (IC), which prevents binding of peptides that are present in the endoplasmic reticulum
(ER). (b) The IC allows transport of MHC class II molecules from the ER into the Golgi
apparatus to acidified endosomes. (¢) Endosomes contain peptides that are derived from either
resident pathogens (e.g. bacteria) or (d) engulfed extracellular proteins (or pathogens) (e) in
the phagosomes. (f) Proteases within the endosome degrade proteins into peptides. (g) The
endosome fuses with the Golgi to form the trans-Golgi. (h) Here, the IC is cleaved and
released from the MHC class II molecule. This allows the binding of peptides within the
endosome to the peptide-binding cleft of the MHC molecules. An MHC-class-II-like molecule
(HLA-DM) binds to MHC class II molecules to facilitate the release of the IC (not shown). (i)
The MHC class II-peptide complex is then transported to the cell surface of the APC for (j)
recognition by the T-cell receptor (TCR) of (CD4", CD3") T-helper lymphocytes (THLs) and
(k) intracellular signalling for activation.

1.3.6.3 Dendritic Cell Role in T cell Memory, Effector Function and Tolerance

DC regulate primary immune responses by directing antigen specific T cells to die or to

become anergic, memory or effector T cells. CD4" and CD8" T cells respond to peptide
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antigen displayed on MHC class II and MHC class I molecules respectively (referred to as
signal 1). Accessory molecules on DC are required to ensure that T cells will divide and
differentiate into effector cells (signal 2). In the absence of sufficient co-stimulation, T cells
exhibit anergy or undergo apoptosis. Secretion or lack of secretion of factors by DC,
particularly IL-12 (Fig. 4), are instrumental in the final differentiation of T cells into type 1 or

type 2 effector T cells respectively (signal 3) (Banchareau et al., 2000).
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Figure 6: The Interaction between Dendritic Cells (DC) and T Cells

(Source: http://www-ermm.cbcu.cam.ac.uk/figures.htm).

The length of time that T cells and DC interact defines effector function, homing and survival
of responder T cells with only the fittest T cells maintaining a DC-T cell interaction and
surviving to become memory T cells (Lanzavecchia and Sallusto, 2000). Excessive
stimulation causes responding naive T cells to proliferate and develop effector function, but
many of these responders soon die, some within the lymphoid organ and others after they
migrate to tissue sites (Jacob and Baltimore, 1999). Some effector T cells survive and persist
as effector memory cells as the primary cells wanes, although the survival signals these cells
receive are not certain. Inadequate stimulation, either through a poor fit of the T cell receptor

(TCR) for the DC’s MHC/peptide complex or lack of costimulation as a result of a low level
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of DC costimulatory molecules or both, would lead to T cell anergy or programmed cell death
(Jameson and Bevan , 1995). A second type of memory T cell, a central memory T cell,
develops if the strength of DC stimulation falls somewhere intermediate between that required
for generating anergy and that required for polarizing effector T cells. Central memory T cells
circulate between blood and lymphoid organs and respond to MHC/peptide complexes by
further expansion and differentiation into effector cells, which subsequently migrate to
relevant target sites. In contrast, effector memory T cells circulate between blood and
peripheral tissues and, thus can quickly respond to antigen by displaying immediate effector

function (Sallusto et al., 1999).

DC also play a role in the development of tolerance both centrally and peripherally. Central
tolerance mechanisms occur in the thymus for T cells. T cells that might inadvertently respond
to DC carrying self-peptides are deleted during ontogeny in the thymus. T cells that fail to
respond to stimuli in the thymus die from neglect, while T cells that recognize MHC/peptide

with high avidity undergo apoptosis and are deleted (Brocker, 1999).

Peripheral tolerance mechanisms include T cell death, T cell anergy and active suppression by
T regulatory cells. If T cells recognize DC with only low levels of MHC/peptide, have low
affinity for their cognate ligand, or receive no costimulation from DC, they become anergic or

undergo apoptosis (Steinbrink, ez al., 1997).

Apart from activating naive T cells in secondary lymphoid organs, DC may directly or
indirectly modulate B cell growth and differentiation (Fig.5). A critical indirect role for DC in
B cell stimulation relates to their role in activating T cells through upregulation of CD40L and
by secretion of B cell helper factors. However DC can also interact directly with CD40
activated naive B cells to induce proliferation through an unidentified mechanism.
Furthermore in an IL-12 dependent mechanism, DC affect the differentiation of B cells into
IgM secreting plasma cells. Plasma cell differentiation is facilitated by DC secretion of the
IL-6R « chain, gp80, which complexes to IL-6 and then binds to the IL-6R receptor on the
responding B cell (Dubois, et al., 1999). DC also stimulate CD40-ligand activated B cells to
undergo isotype switching. DC can capture and present unprocessed antigen to B cells and

induce an IgG switch both in vitro and in vivo (Wykes, et al., 1998).
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Figure 7: The Life Cycle of Dendritic Cells (Source: Banchereau et al., 2000).

1.3.6.4 Dendritic Cells and Mycobacterium tuberculosis

Dendritic cells, the most potent antigen presenting cells, play a central role in induction and
regulation of protective immunity against microorganisms. In the lungs, immature DC line
alveolar spaces and readily take up foreign materials, presumably including inhaled M.
tuberculosis. To present antigen efficiently, these immature DC must differentiate into
activated, mature DC. During this process, DC phagocytic capacity is downregulated and
antigen-presenting capacity is upregulated. Mature DC express high levels of the antigen
presenting molecules MHC I, MHC 11, and co-stimulatory molecules such as CD40, CD80,
CD86 on their surfaces. These cells can migrate to regional lymph nodes by means of
upregulated surface expression of the chemokine receptor CCR7. Within lymph nodes DC
interact with the abundant T cells that traffic through this site, to activate both naive and

memory T cell immunity.

The fate of interaction between the human dendritic cell and M. tuberculosis is not clearly
known. Whether this encounter represents a defence mechanism by the invaded host, or a

smoke screen, masking the presence of an invader is still unknown. Henderson et al found that
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DC phagocytose M. tuberculosis efficiently, suggesting a role for this important cell in early
response to TB infection. Infection with this pathogen resulted in upregulation of MHC I and
MHC 11, CD40, CD54, CD58, and CD80 (Henderson, et al., 1997), a phenotype consistent
with the activation of the DC, suggesting that infected DC produce cytokines that lead to
maturation, and possibly to migration and antigen processing and presentation. In contrast to
these findings some workers (Hanekom, et al., 2003) reported that DC infected with
M. tuberculosis show some upregulation of DC surface expression of maturation markers such
as CD25, CD83, CD 40, CD80, CD86 and the antigen presenting molecules MHC I and
MHC II. This was minimal compared with that induced by the maturation cocktail of TNFa,
IL-1B, and PGE,. M. tuberculosis infected DC are compromised in their ability to activate
naive T cells and were poor inducers of autologous T cell proliferation and cytokine

production.
1.4 Hypothesis

The immune response generated to M. tuberculosis infection is unable to eliminate a persistent
infection and this is due to the different evasion mechanism(s) of the bacteria. In this study,
we hypothesise that M. tuberculosis inhibits maturation of dendritic cells and thereby inhibits
development of strong T helper 1-subset responses. This could be described as a novel evasion

mechanism of M. tuberculosis.

1.5 Objectives

1.5.1 General Objective

To determine the role of dendritic cells in the initiation of immunity to M. tuberculosis

infection.

1.5.2 Specific Objectives

1. To analyse whether human monocyte-derived dendritic cells mature after infection

with M. tuberculosis.

2. To determine whether human monocyte-derived dendritic cells process and present M.

tuberculosis antigens and thereby augment T cell proliferation.
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2. MATERIALS AND METHODS

2.1 Source of Dendritic cells

DC were obtained from peripheral venous blood of apparently adult healthy volunteers from
AHRI staffs/ medical students. From each volunteer, 40~50ml of peripheral venous blood was
taken by venipuncture using heparinized BD vacutainer tube. Blood was collected from
human volunteers after obtaining informed consent from each of them and each study subject

was given 30 birr as compensation of their time and travel.
2.2 Sample Size

A convenient sampling technique was employed and a total of 15~20 set of experiments with
DC were planned to be undertaken at the beginning of the project. Seventeen healthy

individuals were bled as source of DC for the experiments.
2.3 Study Design

The study was an experimental in vitro study on DC generated from positively selected CD14"
cells isolated from peripheral blood mononuclear cells (PBMC) derived from the peripheral
venous blood following density gradient method. The isolated immature DC were infected
with wild type H37Rv M. tuberculosis under BSL 3 conditions and analysed for maturation by
looking at the surface markers with flow cytometric analysis. The infected DC were assessed
for their ability to promote T cell proliferation in mixed leukocyte cultures (MLC) with
autologous CD14 cells by using 5 and 6-carboxyfluorescein diacetate succinimidyl ester
(CFSE) dilution technique. The result was compared with the known DC activator

lipopolysaccharide (LPS), and immature DC alone without any stimulus.
2.4 Study Period

The study was conducted at Armauer Hansen Research Institute (AHRI) from January 2004 to
April 2005.
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2.5 Materials

Chemicals and Reagents

Chemical/Reagent
RPMI-1640

LPS from S. abortus equi
B-2 Mercaptoethanol
Paraformaldehyde
Trypan blue

Dimethyl sulfoxide
Sodium bicarbonate
Ficoll-Paque

7AAD

24 well Cell culture plate
6 well Cell culture plate
rHuman IL4

rHuman GM-CSF

CD14 microbeads

LS separation columns

Vybrant™ CFDA SE cell tracer

Company

Sigma, Germany

Sigma, Germany

Sigma, Germany

Sigma, Germany

Sigma, Germany

Sigma, Germany

Sigma, Germany
Amersham Bioscience, Sweden
BD Pharmingen, USA

BD Pharmingen , USA

BD Pharmingen , USA
Cytolab/Peprotech , USA
Cytolab/Peprotech , USA
Miltenyi Biotech, Germany
Miltenyi Biotech, Germany

Molecular Probes, USA
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Cat. No.

R-6504

L-1887

M-6250

P-6148

T-8154

D-2650

S-5761

17-1440-03

559925

353047

353046

200-04

300-03

130-050-201

130-041-306

V-12883



Monoclonal Antibodies

All listed below were obtained from BD Pharmingen, USA.

Chemical/Reagent

Anti-CD3PE

Anti-CD40 FITC

Anti-CD54 PE

Anti-CD80 PE

Anti-CD83 FITC

Anti-CD86 PE

Anti-HLA-DR FITC

Anti-CD14 FITC

Mouse isotype control

IgG1k-PE

Mouse isotype control

IgG1k-FITC

Mouse isotype control

IgG2ak-FITC

for staining
20ul / 10° cells
20ul / 10° cells
20ul / 10° cells
20ul / 10° cells
20ul / 10° cells
20ul / 10° cells
20ul / 10° cells

20ul / 10° cells

0.5ug / 10° cells

0.5ug / 10° cells

0.5ug / 10° cells

Recommended conc
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Clone

UCHT1

5C3

HAS8

L307.4

HB15e

FUN-1

G46-6

MSE2

MOPC-21

MOPC-21

Antibody

Composition

Mouse IgGl, x

Mouse IgGl, x

Mouse IgGl, x

Mouse IgGl, x

Mouse IgGl, x

Mouse IgGl, x

Mouse IgG2a, ¥

Mouse IgG2a, ¥

Mouse IgGl, k

Mouse IgGl, x

G155-178 Mouse IgG 2a,

Cat. NO

555333

555588

555511

557227

556910

555658

555811

555397

559320

554679

554647



Buffers and Media

No. Type of Media or Buffer
1 RO
2 R10
3 FACS Buffer
4 MACS Buffer
5 PBS
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Composition
RPMI 1640 with L-glutamine
1% Sodium bicarbonate

1% Penicillin — Streptomycin

RO
10% FBS

PBS
1% FBS
0.1% Sodium azide

PBS
0.5% Bovine Serum Albumin (BSA)
2 mM EDTA

Na,HPOy4 (9.2 g/10L)
NaCl (81g/10L)
KH,PO4 (2.1g/10L)
pH adjusted to 7.2



2.5.1 Media and Reagents

The medium used throughout the study was RO and R10. Human rGM-CSF and rIL-4 were
purchased from Cytolab. LPS from Salmonella abortus equi was purchased from Sigma and

CFSE was purchased from Molecular Probes.

The following fluorochrome conjugated monoclonal antibodies were purchased from BD
Pharmingen: CD40 FITC, CD54 PE, CD80, CD83 FITC, CD86 PE, HLA DR FITC, CD14
FITC, CD3 PE, FITC conjugated mouse IgGl, «Isotype control, PE conjugated Mouse
IgGi, x Isotype control, FITC conjugated Mouse IgG,, K and 7AAD. CD14 microbead and

columns were purchased from Miltenyi Biotech, Germany.

2.5.2 Mycobacteria

M. tuberculosis H37Rv wild type strain was used (Source: ATCC#25618). The mycobacteria
were cultured in LJ supplemented with 10% Oleic acid-Albumin-Dextrose Catalase (OADC)
(Difco, BD Biosciences Mountain view, CA) and glycerol. Cultures were grown for up to 12
days and were then used for cell infection. To determine the number of bacteria, a loop of
colony was taken and enumerated by plating on 7H10 media after eliminating clumps by
vigorously vortexing with 5-7 sterile 2mm glass beads. The suspension was then passed
through a 26 gauge needle up to 25 to 30 times and settled for 15 minutes, so that the
homogenized suspension could be transferred to another tube with the beads and debris left in
the tube. The bacterial suspension was adjusted to 0.3 OD value at 600 nm using Novaspec I
photometer, Pharmacia Biotech Ltd, UK with R10 without antibiotics to be consistent in each

experiment.

Tubes were set up with serial dilution series running from 10 to 107" After mixing gently the
bacterial suspension, 100 ul of bacterial suspension was added into a 10" dilution tube
containing 900 ul of R10 without antibiotic. Transfer of 100ul of bacterial suspension
repeated consecutively until the final dilution series include dilutions of 10" to 107 In each
experiment fresh 12-days-old culture cells were used to infect DC and the same protocol was

used to determine the number and viability of M. tuberculosis used.
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2.6Laboratory Methods

2.6.1 Isolation of Peripheral Blood Mononuclear Cells (PBMC)

Peripheral blood (40~50ml) was collected in multiple 10ml heparinised BD vacutainer tubes.
PBMC were isolated from the whole blood according to the standard procedures. In brief,
whole blood was resuspended in two volumes of RO and mixed well by pipetting. Two
volumes of the diluted blood were gently overlaid on top of 1 volume of Ficoll-Paque™ Plus
density gradient (Amersham Pharmacia Biotech, Sweden) and centrifuged at a speed of 1800
rpm (Allegra™ 6R Centrifuge, Beckman Coulter) for 30 min at room temperature with no
brake. After centrifugation, the white ring of PBMC at the interface of the plasma and the
Ficoll-Paque™ Plus was harvested aseptically and washed three times with RO medium at
1500 rpm for 10 min at RT. The cells were finally resuspended in R10 and counted using
haemocytometer under light microscope (40 x magnifications) using 0.2% trypan blue dye in
PBS. Four corners of the WBC counting chambers -16 squares (Improved Neubauer cell
counting chamber) were counted for refractile cells and the mean count of four chambers
taken to calculate final cell number per ml by multiplying with dilution factor (10) and volume

of the counting chamber (10%) under the cover slip.
2.6.2 Isolation of Monocytes

Monocytes were purified by positive selection of CD14" cells using a magnetic cell separator
(VarioMacs, Miltenyi Biotech, Germany) according to the manufacturer’s instruction (Fig. 7).
In brief, PBMCs were resuspended in 80ul MACS buffer to which 20 pl of MACS anti- CD14
antibodies coated microbeads were added and incubated for 15 minutes at 4 °C. Cells were
then washed by adding 2ml of MACS buffer at 1500 rpm (Allegra™ 6R Centrifuge, Beckman
Coulter) for 10minutes at RT. After removing the supernatant completely, the cell pellet was
resuspended in 500ul of MACS buffer and the cell suspension was applied onto the LS™
column at once. The column was rinsed 3x with 3 ml of MACS buffer each time to wash out
all CD14" cells. The column was then removed from separator and placed on a suitable
collection tube to obtain CD14" cells. Positive cells were flushed out by applying 5 ml of
MACS buffer onto the column using the plunger supplied with the column. Purity was
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checked by flow cytometry with the anti CD14 antibody. CD14" cells were cryopreserved and

used as a source of autologous T cells for mixed lymphocyte reaction.

After the cells were counted and adjusted to 5 x10° cells/ml, cells were frozen in freezing
media containing 10% dimethyl sulphoxide (DMSO) in FBS and stored at -80°C in the
freezing Frost box with Isopropanol for graded freezing for 2 days before transferring to the

liquid nitrogen until subsequent assays were done.

Figure 8: Positive selection of cells using VarioMacs

Target cells are magnetically & =«
labelled with MACS MicroBeads -

Cells labelled with MicroBeads
are retained on the MACS
Column while the unlabeled
cells pass through

LS Column

Plunger

Y
The column is removed from *
the separator. The retained cells
are eluted as the enriched,
positively selected cell fraction
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2.6.3 Processing of frozen cell samples

Frozen cells were rapidly thawed in 37°C water bath and the cells were washed three times in
complete tissue culture medium (R10), centrifuged at a speed of 1500 rpm, for 10 min at room
temperature (Allegra™ 6R Centrifuge, Beckman Coulter). After the first wash, cell clumps
were disrupted by incubating the cell suspension with RNase-free DNase I, 10-units/pl (Roche
Diagnostics GmbH, Germany) at a ratio of 1:1000 for an hour, in a humidified incubator
containing 5% CO,, at a temperature of 37°C. After washing, the cells were suspended in R10

and counted using haemocytometer under light microscope (40x magnification).
2.6.4 Generation of immature human DC in vitro

Immature DC were generated as described previously (Romani et al, 1996) with minor
modifications. In brief, CD14" cells were incubated in six-well tissue culture plates (at a
concentration of approximately 2 x 10%well in a volume of 3ml) for 7 days at 37 OCin an
atmosphere of 5% CO, in R10 medium supplemented with 50uM 2-mercaptoethanol,
50 ng/ml human recombinant GM-CSF and 50 ng/ml human recombinant IL-4. After 7 days
of incubation, the non-adherent cells were harvested and placed in 24-well plates containing

R10 without antibiotics.

Initially twenty experiments were conducted to optimise all the conditions before adhering to

the final protocol for the study.
2.6.5 Infection of DC with M. tuberculosis

Immature DC were plated in 24-well plates, at 2 x 10> cells in 2 ml of R10 per well, without
antibiotics, and then were infected with H37Rv at a multiplicity of infection (MOI) of 5 in
BSL-3. After 6 hour of incubation at 37° C in CO; incubator, infected cells were washed three
times in the 24-well plate with R10 without antibiotics at low speed (600rpm) to remove
extracellular bacteria by manual pipetting and were incubated in fresh medium for a further
2 days. Infected DC were incubated in 0.02% EDTA for 15 minute at RT before harvesting to
obtain the total cellular content of each well. This was followed by a single wash with R10
without antibiotics. The percentages of infected and necrotic cells were estimated in each

experiment by staining aliquots of cells by Ziehl-Neelsen method for acid-fast bacteria and
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7-amino-actinomycin D (7-AAD) respectively. Cells were fixed with 2% Paraformaldehyde
(PFA) for overnight at 4° C before taken out of BSL-3 lab for flow cytometric analysis.

Moreover, infected DCs were evaluated after 48 hours for both cell surface phenotype and
extent of autologous T cell stimulation using flow cytometry as described below at 2.5.8 and

2.5.9.

Twelve experiments were done as optimisation steps before adhering to the final protocol for

the experimental study.
2.6.6 Stimulation of DC with LPS

Immature DC were plated in 24-well plates, at 2 x 10> cells in 2 ml of R10 per well, without
antibiotics, and then were stimulated with 1 pg/ml LPS for 48 hours. Stimulated DC were
incubated in 0.02% EDTA for 15 minute at RT before harvesting to obtain the total cellular
content of wells. This was followed by a single wash. Stimulated DC were evaluated after
48 hours for both cell surface phenotype and extent of autologous T cell stimulation in tandem
with the protocol of infecting DC with M. tuberculosis using flow cytometry as described

below in 2.5.8 and 2.5.9.
2.6.7 7-Amino-Actinomycin D (7-AAD) Staining Assay

7-AAD is a fluorescent, DNA-binding agent that intercalates between cytosine and guanine
bases. Disrupted and permeabilized cellular membrane allows 7-AAD to enter the cell and

bind to the DNA. 7-AAD staining intensity reflects the loss of membrane integrity.

The degree of staining intensity can be measured by flow cytometry and discriminates
between live and necrotic cell populations. In brief, the cells from one well of the 24-well
plate which was plated with 2 x 10° DC followed by infection with M. tuberculosis and co-
culture for 48 hrs were harvested into small Sml Falcon tubes (BD, Phrmingen). Cells were
washed once at 1500 rpm at 4 °C for 10 minutes (Allegra™ 6R Centrifuge, Beckman Coulter)
with FACS buffer and cells were then incubated with 5ul of 7AAD for 30 minutes at 4° C.
Stained cells were fixed with 2% PFA at 4° C overnight before taken out of the BSL3 lab for
flow cytometric analysis. Apoptotic cells were identified and quantified by flow cytometry
(Schmid et al, 1994). Briefly, the cells were first gated based upon size by forward scatter and

granularity by side scatter plotting. These cells were then analyzed for their ability to take up
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the 7-AAD. The 7-AAD dull are the live cells and 7-AAD bright are necrotic populations. The

values were reported as percentages of the total events counted (n=10000 events).
2.6.8 Flow Cytometric Analysis of Surface Markers

All groups of DC (Immature DC alone, Immature DC infected with H37Rv M. tuberculosis
strain, and stimulated with LPS for 48 hours) surface marker expression was assessed by flow
cytometry (FACScan, BD). Direct double immunofluorescence labelling technique (CD40
FITC / CD80 PE, HLA DR FITC / CD54 PE, CDS83 FITC / CD86 PE) was used. In brief,
2 x 10’ cells were aliquoted into tubes and were washed once at 1500 rpm at 4 °C for 10
minute in FACS medium and cells were incubated with 15ul fluorochrome conjugated
monoclonal antibodies of each surface antigen for 30 minutes at 4 °C. The cells were washed
an additional three times with FACS medium. Dead cells were eliminated from the analysis by
staining with 7AAD. Flow cytometric acquisition was performed on DC following overnight
fixation with 2% PFA in P3 lab at 4 °C. The values were reported as Mean Fluorescence
Intensity (MFI) of the total events counted (n=10000). Small Sml Falcon tubes were used for

staining and flow cytometric analysis.
2.6.9 Mixed Leukocyte Reaction

The ability of M. tuberculosis infected DC to stimulate T cells was assessed using a mixed
DC-autologous-T-cell reaction. Infected dendritic cells were used to stimulate autologous
CD 14 PBMC (purified by magnetic beads following CD14" positive selection). A total of 2 x
10° CFSE stained CD 14" PBMC (responder cells) were added to each well in 100ul R10 on
U bottom, 96 well plate (BD, Phrmingen). Dendritic cells (stimulator cells) were harvested
following stimulation with medium alone/ LPS/ M. tuberculosis, washed twice, resuspended in
complete medium and then added to the responder cells at a ratio of 1:10 and 1:100. After 5
days, cells were harvested, and CD3 positive cells were analysed for their CFSE staining

intensity.

The T cell proliferation was quantified based on dilution of CFSE with which the cells are
prelabelled as described previously (Mannering SI, 2003). In brief, 10 x10° autologous CD 14
T cells/ml in R10 were stained with SuUM CFSE (5 and 6 carboxyfluorescein diacetate

succinimidyl ester) in DMSO for 8 minutes at 37° C with occasional stirring. Stained cells
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were cultured for 5 days in the presence of infected DC. CFSE labelled cultured cells were
incubated (30 min, 4 ° C) with 20ul PE-labelled anti CD3 monoclonal antibodies and washed
in FACS buffer and analyzed by flow cytometry. Similarly negative controls (immature
dendritic cells cultured with media only) and positive control (dendritic cells cultured with

LPS) were assessed for their ability to stimulate autologous T cells.

The number of cells that had proliferated was determined by gating on the lineage positive
CFSE®™ subset. The cell division index (CDI) was calculated based on a fixed number

(usually 5000) of CESE™€" CD3" cells, with the following formula:

CDI Number of CD3" CFSE"™ cells with antigen

Number of CD3* CFSE"™ cells without antigen

A CDI of greater than 2 was considered to represent a positive response. A CDI of 2.0 means

that there are twice as many divided cells with antigen than without (Mannering et al., 2003).

2.7 Ethical Consideration

The project has obtained ethical clearance from the Medical Faculty Research and Publication
committee, AHRIJALERT Ethical Review Committee and the National Ethical Review

Committee before commencement of the study.

2.8 Data Analysis

The mean fluorescence intensity data were analysed using a non-parametric Wilcoxon signed
rank test, and results were considered significant if p < 0.05 and for the proliferation test CDI

values greater than 2 was taken as a positive result (Mannering et al., 2003).
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3 RESULTS AND DISCUSSION

3.1 Results

3.1.1 Magnetic Cell Sorting of CD14" Monocytes

PBMC were used as a starting material for generating immature DC from positively selected
CD14" monocytes (Fig. 9). CD14" cells were isolated from PBMC by magnetic cell sorting
using microbead conjugated to anti-CD14 antibodies and magnetic cell separation columns.
After MACS, the purity of the CD14" cells was found to be 94 to 98% (Mean of 96%) based
on the flow cytometric analysis (Fig. 10). Typical yields of CD14" cells ranged from 9 to 18%
of the original PBMC numbers (Table 2). Flow cytometric analysis of CD14" depleted cells
show that there were 3.5% of contaminant CD14" cells (Fig. 11) among the CD14" cells.
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Figure 9: Dot-Plot flow cytometric analysis of total peripheral blood mononuclear cells: (A)
forward scatter and side scatter (B) anti CD14 FITC and anti CD3 PE. The upper left corner
represent CD3 cells and the lower right corner represents CD14 cells. This is a representative

plot set from 17 independent experiments.
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Figure 10: Dot-Plot flow cytometric analysis of positively selected CD14" cell fraction: (A)
forward scatter and side scatter (B) anti-CD14 FITC and anti- CD3 PE. Numbers in dot plot
panels represent the percentage of CD14" cells. This is a representative plot from 17

independent experiments.
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Figure 11: Dot-Plot flow cytometric analysis of CD14 depleted cell fraction: (A) forward
scatter and side scatter (B) anti CD14 FITC and anti CD3 PE. Numbers in dot plot panels
represent the percentage of CD14" and CD3" cells. These are a set of representative plots from

17 independent experiments.
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Table 2: Proportion and purity of CD14 * cells from total PBMC isolated in each experiment

Yield of Yield of  Yield of iDC

Blood PBMCIMI ~ cD14+ cells  per 106
Volume PBMC CD 14f Cells Immatgre DC  CD14+ cells of blood (10°) per 106 CD14* cells
" collected obtained obtalm‘ad obtained Purity obtained BN (109 (109
(mi) (10°) (10°) (109) (%)
DCO1 50 72 10.1 41 97 1.4 0.14 0.41
DC02 45 62 5.7 1.4 96 1.4 0.09 0.25
DC03 45 42.6 41 1.8 94 0.9 0.10 0.44
DC04 40 49 8.7 3.1 95 1.2 0.18 0.36
DCO5 50 63.4 11.4 4.56 98 1.3 0.18 0.39
DCO6 50 61 10 5.4 97 1.2 0.16 0.54
DCO07 50 71 8.2 3.9 96 1.4 0.12 0.48
DC08 50 67.2 11 6.2 95 1.3 0.16 0.56
DC09 50 63 7.7 4.3 98 1.3 0.12 0.56
DC10 50 54 5.6 2.3 96 1.1 0.10 0.41
DC11 50 74.2 8.7 3.8 95 1.5 0.12 0.44
DC12 50 46 4.8 3.5 98 0.9 0.10 0.73
DC13 50 74.6 7.8 4.8 96 1.5 0.10 0.62
DC14 45 56 6.2 4.5 97 1.2 0.11 0.73
DC15 40 42.6 4.6 2.1 94 1.1 0.11 0.46
DC16 45 51 5.3 3.6 98 1.1 0.10 0.68
DC17 40 62.4 7.6 3.8 98 1.6 0.12 0.50
Mean 47 60 8 4 96 1.26 0.13 0.50
SEM  0.97 2.58 0.56 0.34 0.05 0.03 0.01 0.31

39



3.1.2 Generation of Immature Dendritic cells

Immature monocyte derived DC were generated in vitro after culturing positively selected
CD14" monocytes in R10 with 50uM 2-mercaptoethanol, 50ng/ml GM-CSF and 50ng/ml IL4.
Examination of cultures using conventional phase contrast light microscopy revealed that
immature DC exhibited a dendritic morphology featuring a prominent cytoplasmic processes
or ruffled membranes (Fig. 12) and 69-78% (74%) of immature DC displayed CD 14" and
CD 54 * phenotype on cell surface (Fig.13).

(C)
Figure 12: Micrograph of DC by phase contrast microscopy (40x): (a) CD14" cells at day 1,

(b) Immature dendritic cells at day 7 (c) mature dendritic cells. The CD14 * cells are round

whereas the immature and mature DC are exhibited prominent cytoplasmic process.
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Figure 13: Dot-Plot flow cytometric analysis of analysis of immature DC stained with anti
CD14 FITC and anti CD54PE. Monocytes lose their surface marker and become CD14" and

CD54" on day 7. This is a representative plot from 17 independent experiments.
3.1.3 Viability of Dendritic Cells Following Infection with H37Rv

Immature dendritic cells were infected with H37Rv at different multiplicity of infection
(MOI). Twelve experiments were done to determine the optimum MOI that we should be used
in subsequent experiments. The percentage of the cells infected at the various MOIs at the
time of collection varied from 26 to 89 % (Fig 14). Forty-eight hours after infection cells were
collected and viability was determined by staining with 7-AAD. Infected cells were stained for
the presence of intracellular acid-fast bacteria (fig. 15). At the lowest MOI of 3, only 31.6 +
2.6% of the cells stained positive for intracellular bacteria and 5.6% were positive for 7-AAD.
At MOI of 5, the percentage of cells staining positive for intracellular bacteria increased to 60
+ 4.6% and the percentage of cells positive for 7-AAD was 11.1 + 4.5 %, whereas at an MOI
of 10, 84.4 + 4.5 % of cells stained positive for intracellular bacteria. At the highest MOI of
10, although the percentage of cells positive for intracellular bacteria was higher, significant
proportions (18.2 %) of the DC were not viable because of lysis by the M. tuberculosis. The
mean percentage of viable immature DC was 97.7 % (96.8-98.6%) in the case of uninfected

cells. On the basis of these data, a MOI of 5 was chosen as optimal for further experiments.
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Figure 14: Viability of DC following M. tuberculosis infection from the FACScan analysis of
DC: (A) Uninfected, (B) infected with MOI of 3, (C) infected with MOI of 5 and, (D) infected
with MOI of 10. The 7AAD dull are live cells and the 7AAD bright cells are necrotic cells and
numbers in the left upper quadrant represent the percentage of 7AAD bright cells. Quadrants
set arbitrarily to separate dull and bright cells depending on the intensity of the fluorochrome.

This is a representative set of dot plots from 12 independent experiments.
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Figure 15: M. tuberculosis H37Rv wild type strain infected DC stained with Ziehl-Neelsen.
DCs were cultured with live H37Rv for 48 hrs. DC were then allowed to adhere to glass slides
and stained for acid-fast bacilli by the Ziehl-Neelsen method.

3.1.4 Maturation of Dendritic Cells

Functional activities of DC were determined by surface expression of adhesion and co-
stimulatory molecules. To investigate the effect of M. tuberculosis H37Rv strain infection on
the DC phenotype, the expression of the intracellular adhesion molecule (ICAM 1 and CD54),
co-stimulatory surface molecules (B7-1 (CD80), B7-2 (CD86) and CD40) and MHC II by
immature, H37Rv infected and LPS stimulated DC were assessed by flow cytometry. The
cells were infected with H37Rv at a multiplicity of infection of 5 or stimulated with LPS at a
concentration of 1pg/ml or immature DC treated with media alone and analyzed 48hr post
treatment for the expression of the above-mentioned surface molecules. Significant (P < 0.05)
upregulation in cell surface expression of co-stimulatory molecules, (CD40, CD80, CD86 and
CD83), adhesion molecule (CD54), and MHC class II were observed both in LPS stimulated
(Fig. 17) and H37Rv infected (Fig. 18) in comparison to negative control DC with media

alone without any stimulation/infection (Fig. 16).
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Figurel6: Histogram Flow cytometric analysis of cell surface phenotype of immature
dendritic cells (CD40 and CD80 when exposed to (A, B) media alone, (C, D) LPS and (E, F)
M. tuberculosis. Expression of the indicated marker is shown by solid histogram whereas cells
stained with relevant isotype monoclonal antibody indicated by the open histogram. Indicated
markers were set to exclude 95% of events recorded with the appropriate isotype control
antibody. Numbers in histograms panels indicate the mean fluorescence intensity (MFI).

These histograms are representative histograms of one of the 17 independent experiments.
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Figure 17: Histogram from flow cytometric analysis of cell surface phenotype of immature
dendritic cells (HLA DR and CD54) when exposed to (A, B) media alone, (C, D) LPS and (E,
F) M. tuberculosis. Expression of the indicated marker is shown by solid histogram whereas
cells stained with relevant isotype monoclonal antibody indicated by the open histogram.
Indicated markers were set to exclude 95% of events recorded with the appropriate isotype
control antibody. Numbers in histograms panels indicate the mean fluorescence intensity
(MFI). These histograms are representative histograms of one of the 17 independent

experiments.
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Figure 18: Histogram from flow cytometric analysis of cell surface phenotype of immature
dendritic cells (CD83 and CD86) when exposed to (A, B) media alone, (C, D) LPS and (E, F)
M. tuberculosis. Expression of the indicated marker is shown by solid histogram whereas cells
stained with relevant isotype monoclonal antibody indicated by the open histogram. Indicated
markers were set to exclude 95% of events recorded with the appropriate isotype control
antibody. Numbers in histograms panels indicate the mean fluorescence intensity (MFI).
These histograms are representative histograms of one of the 17 independent experiments.
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Figure 19: Effect of M. tuberculosis infection on surface phenotype of dendritic cells.
Dendritic cell surface expression of multiple maturation markers was measured by flow
cytometry 2 days after infection. Data are the Mean + SEM of the mean fluorescence intensity

of maturation marker expression from 17 independent experiments.
3.1.5 Mixed Leukocyte Reaction

The ability of bacterium infected DC to stimulate autologous T cells was assessed using a
mixed DC -autologous T cell reaction. The T cell proliferation was quantified by CFSE
dilution techniques described in the methodology part. The results were expressed as the mean

Cell Division Index (CDI) from each experiment.

The DC stimulated with LPS and infected with H37Rv augments T cells proliferation both at
1:10 (Mean CDI=34.2 and 15) and 1:100 (Mean CDI=15.6 and 10.6) DC: T cell ratio
respectively (Fig 20).
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Figure 20: Autologous T cell proliferation at 1:10 and 1:100 of DC: T cell ratio by CFSE
dilution technique. The cells were stained with antiCD3 PE and analysed with flow cytometry.
In all cases 5000 CD3" CFSE bright events collected (Right Hand Box); the Number of CD3"
CFSE “™ events (Left Hand Box) was then determined. The cell division index (CDI) was
calculated as described in methodology. These are a set of representative figures from 15

independent experiments.
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3.2 Discussion

TB is responsible for the largest number of infections and is only second to HIV in the number
of deaths per year from a single infectious agent. These high numbers of deaths occur despite
effective chemotherapeutic regimens of DOTS, widespread immunisation with BCG, which is
ineffective in adult TB, and the host’s ability to mount a protective immune response.
Individuals following recovery from TB disease are not protected from reinfection with M.
tuberculosis. Hence it is crucial to understand the pathogenesis and protective immunity in

efforts to develop improved interventions against this most resilient pathogen.

Numerous studies in humans and animal models over the years have shown that cell-mediated
immunity is essential for protection against M. tuberculosis infection. The cellular factors of
the immunological response, in particular antigen specific IFN-y producing CD4" T cells and
cytotoxic CD8" T cells producing perforin and granulysin, have been attributed as essential
components of the protective immune response against M. tuberculosis. Antigens have to be
effectively processed and presented by APCs in the context of MHC I or MHC II molecules.
DC are unique among all APCs in the adult immune system in many critical ways as potent
antigen presenting cells and play critical roles in many infections including eliciting T cell
responses to air way pathogens. Dendritic cells can secrete cytokines, which favour a type 1 T

cell response necessary for the control of M. tuberculosis infection.

DC based immunotherapies have been shown to mediate protection against a wide spectrum of
infectious diseases caused by viral, bacterial, parasitic and fungal pathogens (Moll, 2003).
Therapeutic vaccination with DC pulsed with inactivated simian immunodeficiency virus
(SIV) and human immunodeficiency virus (HIV) elicits effective cellular and humoral
immune responses against SIV and HIV respectively, allowing the control of SIV and HIV
replication and the reduction of viral DNA and RNA levels in SIV infected macaques and HIV
infected humans respectively (Lu et al., 2004; Lu et al., 2003).

In two different studies, mice immunised with BCG or M. tuberculosis stimulated DC were
shown to generate protective immune response and reduce the bacterial burden after challenge
with wild type M. tuberculosis (Damangel et al., 1999; Tascon etal., 2000). Mycobacteria-
infected DCs have an enhanced capacity to release pro-inflammatory cytokines and

chemokines and are potent inducers of interferon-gamma-producing cells in vivo. Therefore,
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DC manipulation for maximal antigen presentation and Th1l cytokine production may form the
basis of a new generation of immunotherapeutic and/or vaccines, with improved efficacy

against mycobacterial infections (Demangel and Brittol, 2000).

In humans, DC can be generated either from rare, proliferating CD34" precursors by using
GM-CSF and TNFa as key differentiating cytokines or from more frequent, but non-
proliferating CD14" precursor monocytes in PBMC under the influence of GM-CSF and IL-4.
The latter approach has been used widely for experimental purposes since its introduction in
1994 (Romani et al., 1994) including for immunotherapy. First, the CD14" precursors are
abundant so that pretreatment of patients with cytokines such as G-CSF used to increase
CD34" cells and more committed precursors in peripheral blood is unnecessary in most cases
(Romani et al., 1996). Secondly, the DC generated by this approach appears homogenous and
fully differentiated and can be matured on stimulation with antigen(s). Therefore, we used

CD14" mononuclear cells as a source of DC in our study.

We show here that positively selected CD14" monocytes can be induced in vitro to acquire
typical DC characteristics in the absence of any detectable signs of proliferation. The cytokine
combination used for the in vitro generation of DC from purified CD14" peripheral blood
monocytes (GM-CSF plus IL-4) is the cytokine combination used by Romani et al. (1996) for
the in vitro development of DC from monocyte enriched mononuclear cell fractions. We used
highly purified CD14" peripheral blood monocyte preparations as the starting material to
avoid “contaminating” subsets of DC progenitors known to be present in PBMC preparations.
Other workers (Pickl et al. 1996) also showed that a highly purified CD14" cell population
represented a homogeneous population of equally sized, round cells which can be induced in

vitro to acquire typical DC characteristics after culturing for 7 days in the presence of GM-

CSF and IL-4.

Immature DC are specialized in capturing and processing antigens into peptides for effective
presentation in the context of MHC for recognition by TCR. Microbial products or
inflammatory cytokines can trigger DC maturation. Upon maturation, these cells function as
initiators and modulators of the immune system. The DC activation process that results in a
mature phenotype appears to be a crucial step in generating a specific immune response. It is

therefore important to understand how DC are affected when they encounter pathogens. For
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example, it has been shown that the pathogens Plasmodium falciparum (Urban, et al., 1999),
Trypanosoma cruzi (Van Overtvelt, et al., 1999), Herpes Simplex virus (Salio, et al., 1999)
and Mycobacterium leprae (Hashimoto, et al., 2002) prevent DC maturation i.e.
downregulation of CD1a, CD40, CD54, CD80, CD86, HLA-A, HLA-B, HLA-C and HLA-DR
and that Helicobater pylori (Kranzer et al., 2004), Salmonella enterica serovar typhimurium
(Svensson, et al., 2000) and Chlamydia psitacci (Ojcius, et al., 1998) induce activation or
maturation of DC i.e., upregulated maturation marker molecules such as CD80, CD83, CD86
and HLA-DR. In the present study we investigated the effect of M. tuberculosis infection on

maturation or activation of DC.

We used the virulent M. tuberculosis H37Rv strain to infect DC. A percentage of infected DC
was proportional to the MOL. In our study, we used a MOI of 5 which resulted in 60 +1.3%
level of infection. Previous work (Henderson, et al., 1997) reported a 50-70% infection rate of
monocyte derived dendritic cells at a MOI of 5 ~ 10. It was also reported that human derived
DC infected with M. tuberculosis at a MOI of 2.5 and 12.5 resulted in 63% and 93% of the
cells being infected respectively. Higher MOI of 12.5 caused a large amount of necrosis
(Fortsch et al., 2000). In our study we have found 5.6%, 11.1% and 18.2% of cell death at a
MOI of 3, 5 and 10 respectively, which was comparable with the above-mentioned previous

studies.

So far, no single molecule has been identified to explain the efficacy of DC in T cell binding
and activation, and the special effects of DC seem solely to relate to quantitative aspects and
their regulation. For example, MHC products and MHC peptide complexes are 10-100 times
higher on DC than on other APCs like B cells and monocytes. Mature DC resist the
suppression by IL-10 but synthesize high levels of IL-12 that enhance both innate and
acquired immunity (Banchereau and Steinman, 1998). DC also express many accessory
molecules that interact with receptors on T cells to enhance adhesion and signalling (co-
stimulation), for example ICAM-1 (CD54), B7-1/CD80, B7-2/CD86. All these surface
expression (surface display of MHC molecules and MHC-peptide complexes available to bind
TCR, expression of IL-12 and the expression of co- stimulatory molecules) are upregulated
within a day of exposure to danger signals including microbial products. Inadequate

stimulation, either through a poor fit of the T cell receptor (TCR) for the DC MHC/peptide
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complex or lack of co-stimulation as a result of a low level of DC co stimulatory molecules or

both, would lead to T cell anergy or programmed cell death (Banchereau and Steinman, 1998).

In this study we have shown that the exposure of monocyte-derived immature DC to H37Rv
M. tuberculosis strain leads to activation or maturation of DC. Significant increases in cell
surface expression of accessory molecules, CD40, CD80, CD86 and CD83, CD54), and MHC
class II maturation marker (p<0.05) observed (Fig 21).

The increase in the expression of CD40 may result in an increased capacity of DC to trigger
proliferative responses and IFN-y production by T cells against M. tuberculosis infection since
ligation of CD40 with CD40L triggers the production of extremely high levels of bioactive IL-
12. In addition, CD40-CD40L interaction is the most potent stimulus in upregulating the
expression of CD54, CD80, and CD86 molecules on DC (Fontana, et al., 2003).

The increase in expression of the CD80 and CD86 molecules on DC upon infection with M.
tuberculosis would lead to activation of T cells since these co stimulatory molecules are
important in delivering signals to the T cells that induce the expression of anti-apoptotic
proteins, stimulate production of cytokines and promote T cell proliferation and
differentiation. Moreover, the increment of expression of CD54 would help to increase the
strength of adhesion between T cells and DC, thus allowing the TCR to be engaged by antigen
to transduce the necessary signals since it is known that the affinity of TCR for peptide MHC

complex is quite low and the off rate of this interaction is also rapid.

Although the precise function of CD83 is still unknown, several pathogens such as HSV-1
(Kruse, et al., 2000) and Measles virus (Fugier-Vivier, et al., 1997) have been shown to
interfere with CD83-expression in infected DC, which then consequently also interfered with
DC-mediated T-cell stimulation. Furthermore, in experiments where the CD83 mRNA
transport from the nucleus into the cytoplasm was specifically inhibited, and thus CD83
expression was blocked, the T-cell stimulatory capacity of these DC was also inhibited (Kruse,
et al., 2000). All these reports clearly suggested an important role for CD83 during the
induction of immune responses. The upregulation of HLA DR molecules on the surface of DC
may also ensures that T cells will have the chance to recognize and respond to MHC

associated peptides. In general, upregulation of these cell surface markers that are important in
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antigen presentation and T cell stimulation indicates that the dendritic cell are maturing and

preparing for the presentation of antigen to T lymphocytes.

Our study is in agreement with previous work (Henderson et al.,, 1997) which indicated that
DC generated from human peripheral blood by short term culture in medium containing GM-
CSF plus IL-4 were capable of phagocytosing M. tuberculosis. Also, infection of DC with M.
tuberculosis (however in that study Erdmann strain was used whereas we used H37Rv strain)
resulted in increased surface expression of the co stimulatory molecules (CD54, CD40 and
CD80 as well as MHC class I molecules). In addition, we didn’t extend our studies to observe
the level of cytokines reported in the other study demonstrating secretion of elevated levels of
inflammatory cytokines, including TNFa, IL-1 and IL-12 by the infected DC (Henderson et
al., 1997).

53



] J = =

Unstimulated

Stimulated

o ol 10 e 1
CDANFITE
=4 1
'u-- I‘|..||‘ E
7 | =
P M
] =5
] 3
] =
= =
=
L . L = ¢
1w ol e 0® q0d w09 10! 10® 0% 19
Anbi-HLA-DR FITC cDS4 PE
2 -
= i
2 3
ni= E-:
= i
3% ES1
o ,
= =
= LI
= =3
= s & = . ;
w? 10! e e® e e
CDE3 FITS w? 10l 1?10 0d

ChEG PE

Figure 21: Overlay histogram of unstimulated and H37Rv stimulated dendritic Cells
(p< 0.05).

Other workers also reported that DC readily internalized M. tuberculosis bacilli and
subsequently displayed phenotypic changes including upregulation of various cell surface
molecules important in initiating immune responses and downregulation of phagocytic
activity, as well as producing inflammatory cytokines. In mouse model, these DC are superior

to macrophages in stimulating antigen-specific cytokine production by both CD4" and CD8" T
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cells (Serbina and Flynn, 1999 ; Tascon, ef al., 2000). In the mouse model, M. tuberculosis
infected DC and macrophages have recently been suggested to differentially polarize naive T
cells. M. tuberculosis- infected DC biased a type 1 (IFN-y producing) response (Th1) whereas
macrophages did not (Hickman, et al., 2002) . In order to develop a protective immune
response to M. tuberculosis, type 1 T cell response must be initiated; therefore our data is in
agreement with the previous studies suggesting that the DC activation observed in our in vitro

experiment favours Th; polarization.

Other studies also clearly indicated that alveolar macrophages have also been shown to be
poor APCs and even demonstrated to be suppressive to T cells whereas DCs in the lungs were
shown to be efficient APCs. There are also data suggesting that mice in which the alveolar
macrophages were depleted are protected during pulmonary TB (Leemans, et al., 2001)

probably indicating that DC can compensate well for the alveolar Mos.

In a study where DC and alveolar macrophages were injected intratracheally into rats, the DC
could migrate to the lymph nodes whereas the alveolar macrophages appeared to be unable to
pass through the epithelium (Havenith, 1993). Others workers have also shown that pulmonary
DC traffic from the lungs to the draining lymph nodes to present inhaled antigens to T cells
after bacterial infection (Xia, ef al., 1995). In response to M. tuberculosis infection DC shift to
an antigen presenting phenotype and can stimulate T cells from the spleens and lungs of
infected mice in vitro (Bodnar, et al., 2001). M. tuberculosis infected DCs have been observed

in-vivo in infected mice (Gonzalez-Juarrero, 2001).

Moreover, in their recent work using nonhuman primate experiments and mathematical model
of draining lymph node dynamics, Marino et al. (2004) have indicated that DC are necessary
in establishing protective immunity and in containing infection. A delay either in DC
migration to the draining lymph node or T cell trafficking to the site of infection could alter
the out come of M. tuberculosis infection or define a progression from latency to active TB or
a possible reactivation scenario. A fast DC turnover at the site of infection, as well as strong
activation of DCs leading to maximal antigen presentation and production of key cytokines

induce the most protective T cell responses.

In contrast to our findings, other workers reported that M. tuberculosis targets DC-specific C-

type lectin intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) both to infect
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DC and to down-regulate maturation of human monocyte-derived dendritic cells.
M. tuberculosis induced minimal upregulation of the chemokine receptor CCR7, the co
stimulatory molecules CD40, CD80, and CD86 and the antigen presenting molecules MHC
class I and MHC class II (Hanekom et al., 2003; (Geijtenbeek, 2003).

The discrepancy in the previous works with this study may arise from two points: multiplicity
of infection and the positive Control that they chose to use. The MOI that they used was 3
with an infection of approximately 25%. This indicates a very low proportion of infection and
with a possibility of very few bacilli per cell, which consequently could lead to a false
negative or low maturation of DC. The other point is that they compared the state of
maturation or MFI of M. tuberculosis infected DC with DC stimulated with maturation
cocktail and this optimal positive control would give a higher MFI as compared to
M. tuberculosis. However, we used a MOI of 5 that would give relatively high number of
bacilli per cell and we used a bacterial cell wall component (LPS) as a positive control, which

would give us a picture comparable to natural pathogens.

On the other hand, a recent study by Gagliardi,et al.(2005) have demonstrated that DC-SIGN
(-ve) DC cultured in GM-CSF and IFNa are able to phagocytose BCG and to undergo a
maturation program as well as DC-SIGN (+ve) DC cultured in IL-4 and GM-CSF. The
capacity to stimulate a mixed reaction of naive T lymphocytes was not altered by the treatment
of both DC populations with BCG. Therefore, their findings suggested that DC-SIGN couldn’t

be considered as the unique DC receptor for internalisation of mycobacteria.

We also examined the ability of M. tuberculosis infected DC to induce T cell proliferation.
Maturation doesn’t necessarily mean that the cell is capable of presenting antigen to T cells.
The ability to measure autologous T cell proliferation in response to antigen was assessed by
CFSE dilution technique. Both at 1:10 and 1:100 of DC: T cell ratio, infected DC induced
positive T cell proliferation (CDI > 2), although T cell proliferation was stronger in a 1:10

than 1:100 DC: T cell ratio, which could in fact be due to the higher number of dendritic cells.

In agreement with our work, studies indicated that DCs are the most potent antigen-presenting

cells and one dendritic cell stimulates 100 to 3000 T cells (Banchereau et al., 2000).
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3.3 Conclusion and Recommendation

Numerous studies in humans and animal models over the years have shown that cell-mediated
immunity is key to protection against M. tuberculosis infection. In cell-mediated immunity,
antigens should be presented by APCs in context with MHC Class I or II molecules should
present antigens to T cells for generation of an effective immune response. DC are unique
among all APCs in the adult immune system as potent antigen presenting cells and play
critical roles in many infections. Dendritic cells can secrete cytokines, which favours a type 1

T cell response necessary for the control of M. tuberculosis infection.

However, whether the interaction between human dendritic cells and M. tuberculosis
represents a defence mechanism by the host, or a smoke screen, masking the presence of an
invader has not been clearly elucidated. In this study, we have clearly demonstrated that M.
tuberculosis infection resulted in a phenotype consistent with activation of the dendritic cells,
suggesting that infected dendritic cells produce cytokines that lead to maturation and possibly
to migration and effective antigen processing and presentation. Moreover, we have
demonstrated that M. tuberculosis-infected dendritic cells are capable of inducing T cells
proliferation. In general, dendritic cells could be the basis for the initiation and modulation of
the immune response leading to protection in the majority of M. tuberculosis-infected people.

However, this needs further investigation.

DC-based immunotherapeutic protocols have been shown to mediate protection against a wide
spectrum of infectious diseases caused by viral, bacterial, parasitic and fungal pathogens as
well as in cancer. It is speculated that targeting DC in vivo could be an additional tool for drug
and vaccine development against M. tuberculosis infection in the future. DC-based
immunotherapy could be potential intervention strategies for complicated TB such as multi

drug resistant tuberculosis (MDR-TB).
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Appendix A. Mean fluorescence intensity of different surface markers of dendritic cells

No Unstimulated LPS Stimulated H37Rv infected

CD CD HLA CD CD CD CD CD HLA CD54 CD83 (D86 CD CD HLA  CD54 CD83  CD86

40 80 DR 54 83 86 40 80 DR 40 80 DR
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Appendix B. Viability and proportion of DCs after infection with H37Rv

LPS Stimulated

H37Rv infected

DC: T cell ratio

DC: T cell ratio

Uninfected
DC: T cell ratio
1:10 1:100
41 32
51 21
38 24
32 24
82 32
38 22
47 36
38 42
71 28
78 49
34 26
29 23
39 27
43 38
42 36

1:10

1521
1335
1640
1324
1548
1484
1522
1469
1544
1534
1298
1367
1570
1654
1278

CDI | 1:100
37.1 667
26.2 569
43.2 414
41.4 465
18.9 186
39 508
324 391
38.6 357
21.7 455
19.7 475
38.2 342
47.1 412
40.2 511
38.5 435
30.4 523
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CDI

20.8
27.1
17.2
19.4
5.8
23.1
10.8
8.5
16.2
9.7
13.1
17.9
18.9
114
14.5

1:10

726
687
515
667
526
557
549
514
826
622
742
679
766
546
612

CDI | 1:100
17.7 297
13.5 248
13.5 353
20.8 389
6.4 168
14.6 370
11.7 347
13.5 265
11.6 392
7.8 368
21.8 324
234 297
19.6 187
12.7 237
14.6 313

CDI

9.3
11.2
14.7
16.2
52
16.8
9.6
6.3
14
75
12.5
12.9
6.9
6.2
8.7




Appendix C. Cell division index values

Cell infection (%) 7AAD Expression (%)
Multiplicity of Infection (MOI)

3X 5X 10X Uninfected 3X 5X 10X
1 32.2 64 87.7 2 5 11.4 18
2 31.6 61.2 89.3 1.7 52 10.8 17.9
3 28.4 63.8 86.4 23 4.8 12.3 18.5
4 32.7 52.4 87.4 1.3 6.2 12.1 16.8
5 29.3 62.4 76 3 5.8 11 16.9
6 33.7 62.3 87.2 2.2 5.1 10.6 17.7
7 31.2 50 83.4 33 4.6 11.5 21.2
8 354 63.7 88.5 2 7.1 10.1 19.2
9 27 61.4 87.4 2.6 7.4 9.8 18.5
10 34.5 57.3 83.6 1.5 5.6 11.5 18.3
11 33.6 60.4 78.4 2.8 4.4 11.3 20.1
12 29.2 60.5 71.7 3.1 6.2 10.3 15.3
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