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Abstract

Human monocytes can differentiate into dendritic cells (DCs) according to the
nature of environmental signals. We tested here whether the infection with the live
tuberculosis vaccine Bacillus Camette-Guerin (BCG), that is known to be limited in
preventing pulmonary tuberculosis, modulate monocytes and DCs differentiation. We
found that monocytes infected with BCG differentiate into CD1a DCs (BCG-DCs) in
the presence of GM-CSF and IL-4 and acquired a mature phenotype in the absence of
maturation stimuli. In addition, BCG-DCs produced pro-inflammatory cytokines (TNF-
a, IL-1B3, and IL-6) and IL-10 but not IL-12. BCG-DCs were able to stimulate
allogeneic T lymphocytes to a similar degree as DCs generated in the absence of
infection. However, BCG-DCs induced IL-4 production when co-cultured with human
cord-blood mononuclear cells.

Since environmental mycobacteria can interfere with BCG efficacy in
preventing tuberculosis in some tropical areas, we verify whether this capacity to
interfere with DCs functions was a feature common to environmental mycobacteria. To
this am, we infected DCs precursors with Mycobacterium smegmatis (Msm) to
generate DCs. We found that Msmrinfected monocytes differentiate into DCs with the
same phenotype of BCG-DCs but some differences in the capacity to produce
immunoregulatory cytokines and polarize naive CD4" T cells.

The induction of IL-4 production by DCs generated from BCG-infected
monocytes could explain one of the mechanisms for the failure of the BCG vaccine to

prevent pulmonary tuberculosis.



1. Introduction

I mmunology of Mycobacterium tuberculosisinfection

Tuberculosis is a global emergency. One third of the world's population is
infected, and although only about 5-10 % develops active disease during the first few
years following exposure *, this still results in a massive case load, with eight million
new cases each year, and three million deaths. Moreover, the percentage that progresses
to disease is increasing. Tuberculosis is one of the first secondary infections to be
activated in human immunodeficiency virus (H1V)-positive individuals 2. Moreover, the
stresses of poverty, malnutrition and war, increase the rate of reactivation for reasons
discussed later. Even in the developed countries, the disease distribution parallels the
distribution of poverty *. Meanwhile, the breakdown of healthcare systems is leading to
incomplete case and contact tracing, incomplete treatment, and the increase in drug
resistance. In some parts of the world, many of the available drugs are fake or out of
date *. In many areas, existing treatment is probably doing more harm than good, as
incomplete treatment regimen select for drug resistance. Multidrug resistant
tuberculosis is spreading at an alarming rate, and invading Western Europe from
Eastern block countries such as Estonia. There were more cases of tuberculosisin 1999
than ever before in the history of humanity.

An important reason for the current failure to control tuberculosis is the fact that
even the best available treastment must be continued for at least 6 months. This trestment
regimen is not a realistic proposition in most developing countries, or even in the inner
cities of rich ones, because the patients feel well after a few weeks and stop taking the

drugs. The world health organization (WHO) now admits that directly observed therapy



short-course (DOTS), in which the patient is supervised while taking every dose of
therapy helps but does not solve the problem °.

There are two correlated reasons for the requirement for 6-month regimen. The first
is obvious and often discussed. The chemotherapy kills the vast mgority of the bacteria
within a few days, but there are subpopulations of persisters °. It is not clear whether
these organisms are in true stationary phase ’ or merely replicating extremely slow. Nor
is it clear where they are located. Most authors assume that they are in old lesions or
sites of fibrosis or calcification, where oxygen availability may be low. However, in a
forgotten paper published in 1927, Opie and Aronson reported that 80% of tuberculosis
lesions were already sterile 5 years after the primary infection, whereas live bacilli
could be found in macroscopically normal lung tissue . The fact that metronidazole, a
drug that should be active in a model of latent infection in mice, implies that live
organisms aso persist in well-oxygenated sites in this species °. Not only do persister
organisms cause problems for the treatment, but they also constitute an important source
of infection. They can persist for the rest of the life of the individual, and, at least in
countries with low or moderate tuberculosis endemicity, many cases of tuberculosis
result from reactivation of latent infection *°.

The other reason for the need for prolonged treatment is usually overlooked. Most
tuberculosis patients have a necrotizing pattern of response to Mycobacterium
tuberculosis, analogous to the phenomenon first noted by Koch ** in guinea pigs. There
is overwhelming evidence that the Koch phenomenon does not correlate with optimal
protective immunity to tuberculosis. Indeed pre-immunization of animals so that they
have a Koch phenomenon before they are challenged with virulent Mycobacterium
tuberculosis results in a clear and reproducible increase in susceptibility to the disease,

compared to non-immunized controls *%. Its relevant point is that this inappropriate



pattern of response may not correct itself rapidly during treatment. Therefore if
chemotherapy is stopped at 3 months, relapse rates are high even when chemotherapy
was an optimal rifampicin-containing one that achieved sputum negativity well before 3
months, and in spite of the fact that there are very few live organism in the patients
tissues at this time 2. We therefore need to understand the differences between
protective immunity and the Koch phenomenon, and the factors that determine which
response pattern is present. The ultimate objective is to learn to replace the pathological

response with the protective one very large treatment.

Mycobacterium tuberculosis (M TB) is an intracellular pathogen with the capacity to
persist in the early phagosoma compartment ** in professional phagocytes. It arrests
phagosome maturation at an early stage and strongly inhibits phagolysosome fusion .
Based on Lurie's studies in rabbits *°, four stages of pulmonary tuberculosis have been
distinguished . Initially, there is the inhalation of tubercle bacilli (first stage).
Alveolar macrophages ingest bacilli and often destroy them. At this stage, the
destruction of mycobacteria depends on the intrinsic microbicidal capacity of host
phagocytes and virulence factors of the ingested bacteria. Mycobacteria, which escape
the initial intracellular destruction, will multiply, and this will lead to disruption of the
macrophages. When this happens, blood monocytes and other inflammatory cells are
attracted to the lung (second stage). These monocytes will differentiate into
macrophages or dendritic cells, which again readily ingest but do not destroy the
mycobacteria. In this symbiotic stage, mycobacteria grow logarithmically, and blood-
derived macrophages accumulate, but little tissue damage occurs. Two to three weeks
after infection, T cell immunity develops, with antigen-specific T lymphocytes that

arrive, proliferate within the early lesions or tubercles, and then activate macrophages to
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kill the intracellular mycobacteria. Subsequent to this phase, the early logarithmic
bacillary growth stops (third stage). Central solid necrosis in these primary lesions
inhibits extracellular growth of mycobacteria. As a result, infection may become
stationary or dormant. Disease may progress, and haematogenous dissemination may
take place after primary infection (fourth stage), as well as months or years after wards
(post primary tuberculosis), under conditions of failing immune surveillance.
Liquefied caseous foci provide excellent conditions for extracellular growth of MTB.
Cavity formation may lead to rupture of nearby bronchi, allowing the bacilli to spread
through the airways to other parts of the lung and outside environment. In summary,
after entry in the human lung, MTB has a series of encounters with different host
mechanisms. The outcome of infection with MTB depends on the balance between (i)
outgrowth and killing of MTB and (ii) the extent tissue necrosis, fibrosis and

regeneration.

The ability to manipulate the immune system of mice with neutralizing antibodies or
gene knockout (KO) has provided strong evidence that in this species, immunity to
tuberculosis correlates with a Type 1 response. In vivo T-helper (Th) 1 or Th2 cells act
in concert with CD8" T cells, and with numerous other cell types including
macrophages, B cells and some stroma cells. Collectively these give rise to two
patterns of cytokine release known as Type 1 (dominated by interleukin-2 (IL-2), IL-
12, and Interferon-y (IFN-y)) and Type 2 (dominated by IL-4, IL-5 and IL-13) ***,
The term “Type 17 is used preferentially to Thl referring to the overall pattern of
cytokine release by all cell types in the infected site. Disruption of the Mgor
Hystocompatibility Complex (MHC) class |1 genes or of the gene for the b chain of the

a/B T cell receptor % resulting in a deficiency of CD4" T cells, render mice susceptible
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even to the avirulent Bacillus Calmette-Guerin (BCG). Disruption of the gene for the
IFN-y makes mice very susceptible to MTB (death within 3 weeks), and such mice
may even die after many weeks from the challenge with BCG ** % %, |L-18 KO mice
are also more susceptible, perhaps because 1L-18 contributes to the induction of IFN-y
expression . A major inducer of Thl pathway is IL-12. The exact role of IL-12
depends on the mouse strain 2, but IL-12 KO mice are not resistant to tubercul osis .
These data emphasize the crucid role of the Thl immune response in tuberculosis
immune response. In agreement with this, other data indicate that the Th2 immune
response is not only unable to protect mice, but can seriously undermine the efficacy of
the Thl immunity. If a weak Th2 response to the shared mycobacterial antigens is
deliberately induced before challenge, mice are found to be strikingly more susceptible
to tuberculosis than non-immunized control animals %’. Similarly, in the Balb/c mouse
model of pulmonary tuberculosis, the appearance of IL-4 in the lung lesions coincides
temporally and spatially with the appearance of areas of pneumonia and necrosis,
leading to rapid clinical deterioration and death ?°. These observations are not
contradicted by the claim that, in IL-4 gene disrupted mice; there is no evidence of
increased resistance to the infection #°. First, such mice are not devoid of Th2 cytokine
activity because IL-13 can substitute for many functions of the KO mice. Secondly, the
detrimental role of the Th2 response is most apparent in the late progressive phase of
the disease, particularly after 60 days ?" %,
Some confirmation of the need for Thl responses in man as in mice emerged from
comparisons of patients and healthy contacts. For instance, patients produce relatively
more antibody, whereas normal contacts produce relatively stronger T cell response to

the 30 kDa antigens of MTB. Moreover, the cells from patients release less IFN-y and

more IL-10 in the presence of the antigen *°. Similarly, T cells from BCG-immunized
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subjects respond more to the 16 kDa apha-crystallin protein of MTB than do T cells
from tuberculosis patients, who in contrast, have higher levels of antibody to it 3%
Findings of this type suggest that Thl responses are protective in men, as in mice. The

study of serum concentrations of cytokinesis uninformative in tuberculosis *.

In humans, the elimination of MTB infection manly depends on the success of the
interaction between infected antigen presenting cells (APCs) and T lymphocytes.
Primary as well as acquired immunodeficiencies, especially human immunodeficiency
virus (H1V) infection, have dramatically shown the importance of cellular immunity in
tuberculosis. CD4" T cells exert a protective effect by the production of cytokines
primarily IFN-y, after stimulation with mycobacterial antigens. The T cell response is
mostly antigen specific, and attention has focused on the identification of
immunodominant antigens, which may be used for the development of effective vaccine
%, The acquired T cell response develops in the context of MHC complex and the
polymorphism of MHC may contribute to differences in disease susceptibility of
outcome 3+ %%,

Functional diversity of T lymphocytes may also be relevant. In addition to
conventional CD4" T cells, several other T cell types are also involved in the response
to mycobacteria and represented in the figure below. Experiments, involving adoptive
transfer, in vitro cell depletion and gene KO, have illustrated the importance of CD8" T

37,38 Protection of mice vaccinated with

lymphocytes in the control of tuberculosis
mycobacterial heat shock proteins 65 deoxyribonucleic acid (DNA) appears to be
mediated mainly by CD8" T cells *. In an in vitro system, this ability to activate CD8"
T cells seemed to involve causing leakiness of the phagosome so that antigens reach the

cytoplasm and hence join the conventional pathway for presentation on MHC class | *°
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“ though another novel pathway may also be involved “*. A haemolysin-like molecule
is in fact expressed by both MTB and BCG *}, and a BCG strain expressing the
haemolysin from Listeria monocytogenes has been developed in the belief that this will
increase the CD8" T cell response “. These CD8" T cells have been shown to be
cytotoxic, though the mechanism of this cell killing has been controversial. It has been
thought that most cytotoxic T cells act to lyse infected cells and alow the released
mycobacteria to be taken up by activated, uninfected macrophages that may kill them.
However, it now appears that some CTLs directly kill MTB via granule-associated
protein, granulysin acting with perforin *°. On the other hand, lysis by CD4" cytotoxic T
cells does not reduce the viability of the contained bacteria *°. Progression of
tuberculosis in mice deficient in perforin is not different from progression in the wild
type *" *®. The mgjor role of murine CD8" T cells at this stage may be the secretion of
IFN-y *°. Recently, tuberculosis-specific CD8* T cells have been identified in humans
0 but their role in this species is equally uncertain. There are CD8" T cells that will
recognize tuberculosis-infected cells and secrete IFN-y in blood from individuals with
the disease **, but these did not appear to contribute to control of intracellular

proliferation of MTB in an in vitro system using human cells *2.



14

4----..--- o hd
- -""- - -




15

Most tuberculosis-specific CD8" T cells recognize their antigens in association with
MHC class |, however some are now known restricted by other molecules such as CD1
system 3. The relatively non-polymorphic CD1 family of molecules are MHC class |
like, and possess cleft that binds lipid and glycolipid molecules ** and allows their
presentation to a variety of CD1-restricted cells, including a3 T lymphocytes negative
for both CD4 and CD8 molecules (double-negative T cells), yd T cells and certain
CD4", CD8" and NK lymphocytes >> *°. The exact role of CD1 and CD1 restricted cells,
in either protection or pathology of tuberculosis, have proven difficult to evauate,
because mice possess a homologue of CD1d but no homologues of human CD1a, b or c.
Indeed, mice deficient in CD1d have not been found to differ in the control of
tuberculosis *’, though there is one claim that neutralization of CD1 resulted in
exacerbation of the infection in mice at very early time points. The relevance of these
findings to human disease is doubtful. Human CD1d has not been shown to present
mycobacterial antigens, unlike classical CD1a, b and c¢ that may present mycolic acid,
lipoarabinomannan and other cell wall components *. Double negative lymphocytes
can recognize mycobacterial lipids in the context of CD1. Their predominant effector

mechanism appears the secretion of IFN-y and CD95/CD95L interactions **

, and only
rarely do they cause significant mycobacterial death. This has prompted suggestions
that their role is the down regulation of loca inflammatory responses by the removal of
antigen-loaded antigen presenting cells. Many of the other types of human CD1-
restricted cells aso produce significant amounts of IFN-y, but appear able to lyse
infected cells and directly kill intracellular mycobacteria ®*. It appears that MTB may be

able to down-regulate CD1 expression on human antigen presenting cells, thereby

potentially evading this component of the immune response .
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Th-2 immune response in human tuberculosis: detrimental role and its implication
for vaccine design

The susceptibility of children with defective receptors for IFN-y or IL-12 provides
definitive evidence of the importance of Thl cytokines, suggesting a close parallel with
the mouse models. Recently, the negative role of Th2 cytokines in human tuberculosis,
again paraleing the murine models, has been established ®. Expression of IL-4,
whether measured by flow-cytometry, or by sensitive quantitative RT-PCR on un-
stimulated peripheral blood T cells, isincreased and correlates with severity of diseases
and with cavitation . The IL-4 mRNA copy number also correlates with total
immunoglobuline E (IgE). Thus athough it is true that actual cytokine levels and
MRNA copy numbers are higher for Thl than Th2 cytokines in tuberculosis, the major
change in cytokine expression compared to healthy donors is not as previously stated,
the small decrease in expression of Thl cytokines, but rather a massive increase in
expression of Th2 cytokines. This has resolved a long-running controversy, which
deserves explanation. That there is a Th2 component in the response of human
tuberculosis patients to MTB ought to have been accepted 10 years ago, because thereis
no other known explanation for the presence of specific IgE antibody . Interestingly,
the other largely Type 2-cytokine dependent antibody, Immunoglobulin-G4 is aso
reported to be increased in patients . Similarly, immunochemistry reveas IL-4
expressing cells in the lymphoid organs of tuberculosis patients ®’. Why then, has the
matter been controversial? First, IL-4 is biological active at much lower concentrations
than IFN-y, and has a correspondingly lower mRNA copy number, so methods that
reliably pick up IFN—-y or its mRNA fail to detect biologically significant levels of IL-4.
Secondly, attempts to increase cytokine expression by stimulation of the cells in vitro

do not yield an accurate reflection of the cytokine balance present in vivo, and rapid
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early production of IFN-y can suppress Th2 cytokine release. Finally, previous studies
failed to take into account the presence of the IL-4 splice-variant. This variant of IL-4
may be an inhibitor of IL-4 activity, and is always co-expressed with IL-4, at about the
same level ®. In lung cells, it may be expressed at higher levels than IL-4 itself.
However, aimost every study of IL-4 mRNA levels used primers that would amplify
MRNA for both IL-4 and the splice variant. It is possible that some of the relative
deficit in IFN-y expression and lymphoproliferation in the peripheral blood of
tuberculosis patients is due to the sequestration of the antigen presenting cells in the
lymphonodes ® or site of disease . However, this cannot fully explain the massive rise
in expression of Th2 cytokines. What then, are the likely causes of this shift in cytokine
profile? Increasing antigen load is likely to be one factor, since ThL/Th2 balance is
strikingly linked to dose when immunizing with particulate antigens such as
mycobacteria "* or Leishmania "2 In some populations, excessive or inappropriate
contact with environmental mycobacteria may have primed a Type 2 response to the
crucia antigens. This mechanism is clearly demonstrable in mice, in which it can
massively increase the susceptibility, and has been suggested, but not conclusively
proven in man ". During active tuberculosis, selective apoptosis of Thl like T cells may
be afactor, as may prostaglandin release and increased secretion of transforming growth
factor-B (TGF-B) and IL-10 ™. However, the latter may be a consequence of the shift
towards a Th2 immune response. Findly, there are now strong reasons for suggesting

that endocrine interactions with the immune system are important.
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BCG and tuberculosis: controversies about an old vaccine

Ever since its introduction in infant immunization, Bacillus Calmette-Guerin or BCG
vaccine has attracted more controversies than any other vaccine. A vaccinein general is
adjudged on two important parameters. a) ability to protect individual from the
particular disease and b) control of the disease at community level and possibly
eliminate and eradicate the same.

BCG is now being used routinely in over 100 countries in their National
Immunization Programme. The main objectives are to prevent disseminated and other
manifestations of MTB. However, BCG does not prevent infection of MTB. Because of
genetic changes in the bacteria strains that have occurred over many years, various
BCG vaccines used throughout the world differ . However, identification of complete
BCG genome in 1998 has facilitated further research in development of more effective
vaccine aternatives °. From the earlier observation of to 80 % efficacy, recent meta
anaysis have shown greater efficacy of > 80% against meningeal and miliary
tuberculosis in children and in one meta analysis >50% efficacy was recorded even
against pulmonary tuberculosis . In short, endemicity of the disease, heavy bacillary
load, constant contact with open tuberculosis case, concomitant HIV disease €etc... are
some of the factors which might affect the efficacy of BCG vaccine. In India, BCG
vaccine is produced from Danish Strain 1331, based on the Copenhagen technology and
standards. However, in the National Immunization Programme BCG vaccine produced
from other strains are also supplied sometimes. Ever since the introduction of Universal
Immunization programme in 1985, BCG vaccine, coverage has been uniformly stepped
up to >85%. Sentinel centers under UIP have been constantly reporting low/nil
incidence in meningeal tuberculosis, miliary tuberculosis and disseminated tuberculosis,

which denote the field efficacy of BCG vaccine in controlling the haematogenous
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spread of childhood tuberculosis. The identification of complete genome sequenced of
MTB in 1998 has opened new vistas in developing newer anti-tubercular vaccines.
Currently this research is mainly directed toward purification and synthesis of protein
peptide and non-peptide antigens of MTB, creation of rationally attenuated mutant
antigens from MTB, development of DNA vaccine based on published genome
sequence, development of suitable vehicle for these potential subset vaccines using
living vaccine carriers strain.

BCG is named after French scientists Calmette and Guerin who in 1908 isolated
Mycobacterium bovis from a cow with tuberculosis mastitis. They cultured this isolate
in a glycerinated, beef/bile/potato medium, subculturing every 3 weeks, until 13 years
and 230 subcultures later, the bacillus had lost evidence of virulence ”’. After this
acceptance, as a vaccine for tuberculosis in humans, the BCG Pasteur Lille was widely
distributed throughout the world to other institutions. As a result, many daughter
substrains come into being, and recent molecular analysis has revealed numerous
changes, gene deletions, as well as a suspicion that continued passage has attenuated
BCG to almost complete avirulence .

BCG vaccination is remarkably safe, unfortunately, although BCG has been effective
in certain controlled clinical trias, in other, it has been disastrous, with no effect at all.
An appreciation of this depends on a “glass half empty” or “haf full”. Certain a
percentage of scientists falls into the haf-empty group, believing that BCG is
essentially worthless and needs to be completely replaced. Conversaly, the half-full
membership points to the fact that in some of the trials, BCG did work well indeed,
whereas in other did not. So one question, still unanswered, is what is BCG doing when

it does have positive effect?
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In fact, the stark reality is that this question has never been adequately answered. If
the working hypothesis is believed, that BCG induces memory immunity, but this
immunity is gradually lost, then the literature shows that recent, serious studies of these
parameters in models are counted on two hands. BCG can switch on a variety of
mechanisms, as summarized in the figure below. Central to these is a potent, memory T
cell response ”. In areas in which BCG is not effective, one possible explanation is that
this T cell memory pool is consumed or gradually influenced leading to a loss of
efficacy. This may the result of non-specific stimulation of memory T cell turnover and
division, which may force a percentage of the pool into apoptosis, thus eventually
reducing the pool size to a frequency whereby it is no longer effective. However, al
available evidence suggests that the BCG is insufficient. The exact reasons for this
unsuccessful are not completely understood. Theories proposed include natural cross
presentation or suppression resulting from exposure to environmental mycobacteria in
tropical and temperate climates that may mask or impair the protective effect of BCG,
co-infection with other pathogens such as helminths, as well as the genetic variability of
vaccines ®. Regardless of the explanation, it is generally agreed that a novel, more
effective vaccine is required. Indeed, using mathematically modelling based on current
global predictions; a new vaccine with only 50% efficacy could prevent 9 million deaths
from tuberculosis by the year 2030. Of course, this level of protection would need to be
achieved in many different populations, and not as a mere average of divergent groups.
Therefore, it is critical that information concerning the host response to MTB and BCG
is briefly reviewed when considering new potential vaccine candidates.

In particular, the primary habitats of mycobacteria are the macrophages and dendritic
cells and all problems concerning the trigger of the effective immune response by these

APCswill help to design anovel anti-mycobacterial vaccine.
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I nfluence of environmental mycobacteria on BCG vaccination in tropical areas

The reason of BCG failure in some populations has been subject of debate since the
1950s, and many different hypotheses have been suggested to explain the observed
variation. Some investigators have suggested that difference in the strain of BCG, the
age of vaccination, or methodological differences are important factors for the variation
reported. The most widely accepted hypothesis relates the efficacy of BCG to
geographic location, with low to non-detectable levels of protection against tuberculosis

seen in tropical regions such as Africa and India, where exposure to nontuberculous
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mycobacteria is common . One exception from this general role is the consistent high
efficacy when BCG is used to vaccinate newborn. Neonatal vaccination with BCG
imparts protection against childhood manifestations of tuberculosis (in particular
meningitis) %, but the efficacy wanes over a period of 10 to 15 years, and therefore it
does not prevent pulmonary tuberculosis in the adult population in the third world.
There is convincing evidence that exposure of laboratory animals to environmental
mycobacteria can provide some protection against infection of MTB 3. The prior
sensitization with environmental mycobacteria can inhibit BCG multiplication and
thereby prevent the induction of an efficient BCG-mediated immune response and
protection against tuberculosis ® ®. This can be explained through the particular
sensitivity of BCG to the influence of pre-existing immune response to antigens shared
between environmental mycobacteria and BCG. The multiplication of BCG is a
precondition for the induction of immunity by BCG and killing of BCG by
chemotherapy after administration has been demonstrated to abrogate subsequent
immunity completely. This inhibitory effect provides an important argument in the
ongoing discussion of live attenuated vaccines versus nonviable subunit vaccines

against tuberculosis.
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Role of Dendritic Cellsin tuberculosisinfection and BCG vaccination

It iswell established that Dendritic cells (DCs) are APCs speciaized for naive T cell
activation ®. Immature DCs are bone marrow-derived cells present in most non-
lymphoid tissues, where they act as sentinel cells against incoming pathogens. DCs are
characterized by a high capability for antigen capture and processing, but low T cell
stimulatory activity. Inflammatory factors or microbial component, promote DCs
maturation and migration out of the non-lymphoid tissues into the blood or afferent
lymph. Maturing DCs then will rich lymphoid organs, where they hometo T cell areas.
At this stage, DCs have undergone a dramatic change in their properties, having lost the
ability to capture antigens but having acquired an increased capacity to prime T cells %

8 The summary of the dendritic cell-life s shown in the figure below.
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This unique capacity of DCs to sample antigens at the site of infection, respond to
microbial signals and activate naive T cells suggests that they play a critical role in the

initiation of antimicrobial immunity. Although DCs are efficient APC, it is dso
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apparent that they act as key modulators of immune response. The innate response of
DCs to microbial antigens may preferentially drive CD4" T cells to mature into Thl or
Th2 cell types, therefore controlling the generation of Th1l or Th2 immune responses to
the pathogens 8. This immune activity has been clearly demonstrated in experiments
involving the intravenous injection of mice with an extract of Toxoplasma gondii *.
After 3 hours, IL-12 production was detected in the spleen of animals. The IL-12
producing cells were identified as DCs localized in the T cell areas of the spleen. This
IL-12 production was independent on T cell signals, thus demonstrating that DCs were
the initial source of IL-12 in response to microbia stimulus. This IL-12 producing
feature of DCs is of particular relevance in mycobacterial infections, since the
production of IL-12 in response to MTB is a key event of protective immunity. The
function of 1L-12 is to activate naive T cells and NK cells, as well as directing CD4™ T
cells down the IFN-y secreting pathway. In this way, IL-12 serves as a bridge between
innate resistance and adaptive immune response against intracellular pathogens. The
stimulation of IL-12 production by DCs in response to mycobacterial antigens may lead
to accelerated Thl-oriented immunity and therefore to a better control of the disease.
Research into the impact of mycobacteria infection on DCs has been facilitated by the
development of culture conditions in which immature DCs of murine or human origin

% 91 DCs can

van be grown from precursors in the presence of growth factors
internalize mycobacteria, either heat-killed or aive, with equal efficacy. Such
phagosytosis may be enhanced by specific interactions between the bacilli and DCs
surface molecules. Interaction of DCs with live MTB or BCG results in a direct cell
maturation documented in DCs phenotype and in cytokine production and chemokines
expression. Mycobacteria-infected DCs have a decreased endocytic activity, as shown

by their low capacity to internalize latex beads or dextran after the infection *.
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Similarly to other bacterial products, such as LPS, mycobacterial stimuli up-regulate the
DCs expression of co-stimulatory molecules such as CD80, CD86, the intercellular
adhesion molecules (ICAM-1) and the signalling molecules CD40 . MTB or BCG
infection of DCs also up-regulate the expression of MHC molecules, suggesting that
infected DCs have an increased capacity to stimulate T cells against mycobacterial
antigens. Accordingly, BCG-infected DCs are more efficient than un-infected DCs at

eliciting specific cellular responsesin vivo .

In addition to the classical MHC system, DCs can present non-protein antigensto T
cells by CD1 molecules. The impact of mycobacterial infection on CD1 expression is
not clear, since MTB infection has no effect on CD1a, b, ¢ expression on human PBL
derived DCs . The presence of CD1* DCs in human leprosy lesions correlates directly
with effective immunity, suggest that CD1 presentation of antigens may play arolein
augmenting host defence against mycobacterial infection *. Indeed, the major
mycobacteria cell wall component lipoarabinomannan (LAM) is presented by CD1b.
similarly CD1a and CD1c have been found to present mycobacterial lipids to human T
cells *°. Because CD1 expression is down regulated in MTB infected macrophages, it is
tempting to postulate that MTB may have developed evasion mechanisms to escape
mycobacteria antigens presentation through CD1 molecules ®?. Mycobacterial infection
of DCs results in the up-regulation of the regulatory cytokines such as IL-12 and TNF-
a. These molecules play a mgjor role in protective immunity against MTB infection,
because they contribute to the acquired specific resistance and to the development of
delayed-type hypersensitivity (DTH) %. The IL-12 production induced by

mycobacteria infections potentiates the development of T cells that produce IFN-y and

TNF-a, both potent activators of bacterial killing by infected macrophages ¥’. The
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generation of IL-1f3, IL-6 and TNF-a contribute to the development of the inflammatory
process, through the recruitment of leukocytes leading the granuloma formation and the

containment of bacterial dissemination %,

Interestingly, these pro-inflammatory
molecules are secreted in greater quantities from DCs cultured with live bacilli than
with killed bacteria %. This feature may explain the lack of efficacy of killed BCG
compared to live BCG as a vaccine against MTB infection **. DCs infection with MTB
aso induces the early production of 1L-10 %. Because IL-10 is a potent suppressor of
macrophages effector functions, this interaction between lung DCs and mycobacteria
may result in loca inhibition of the resident macrophages activation and ater the
ensuing bacteria clearance. It has been demonstrated that IL-10 may inhibit the
development of cellular responses to mycobacteria suppressing the release of 1L-12 by
DC . IL-12 production by BCG-infected DCs is significantly higher in IL-10 deficient
cells and this effect is reinforced on CD40 ligation. This alows that IL-10 exerts an
inhibitory effect on both mycobacteria and CD40 induced IL-12 production by DCs.
These data are in accordance with previous studies showing that the addition of
exogenous IL-10 to LPS-activated monocytes and LPS or CD40-activated DCs blocks
their IL-12 synthesis. This blocking effect is likely to have a marked effect on the
generation of protective immunity in vivo, because it would inhibit both innate and
adaptive IL-12 responses of DCs to mycobacteria and may account for the increased
antimycobacterial immunity of 1L-10 deficient mice in response to BCG infection *®.
The generation of proinflammatory cytokines is an essential component of resistance
against tuberculosis infection. The production of chemokines at the site if infection is
also an important element of the immune response to mycobacteria, because it controls
the further recruitment of DCs precursors and the influx of cells participating to the

inflammation process *. These cells include monocytes that are the direct precursors of
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DCs and activated lymphocytes, which contribute to granulomas formation.
Summarizing these observations, mycobacterial infection of DCs induces cell
maturation and up-regulation of the production of inflammatory cytokines and
chemokines that are essential for the resolution of mycobacterial infections.
Importantly, mycobacteria-infected DCs express high levels of 1L-12 and the production
is enhanced by CD40 stimulation, a fact that may contribute to the generation of the
Th1l immune response. In this context, it is important also the contribution of IL-10
developed early in infection that can be a mechanism for mycobacteria to escape
immunity down modulating the pre-existent Th1l immune response. In the figure below,

the representative panel of the DCs function in mycobacteria infection is shown.

MHC Class IT |
restricted |

MHC Chass I
restricted

| €Dl
| resiricted

"'I".,-‘,I .""--"-

Chernakines Chemokines




28

Aims of this study

Peripheral blood monocytes can differentiate into dendritic cells or macrophages
depending on environmental factors encountered during their migration from blood to
peripheral tissues 1% %, Transendothelia trafficking and culture in the presence of
serum from systemic lupus erythematous induce monocyte differentiation into immature
DCs '®. Upon contact with IL-4 plus GM-CSF (cytokines that could be produced by
tissue mast cells), monocytes also differentiate into immature DCs. Addition of TGF-[3
or exposition of monocytes to GM-CSF plus IL-15 lead to DCs features of Langherans
cells. In contrast, M-CSF is a potent macrophage differentiation factor. IL-6 also shifts
monocyte differentiation from DCs to macrophages. Tumor cells produce IL-6 and M-
CSF that shift the differentiation of CD34" progenitors from DCs to macrophages . In
addition, cytokines such as IFNy produced by NK cells or activated T cells can modify
the pattern of differentiation of DCs.

At the sites of inflammation, cytokines and chemokines promote the activation of
resident DCs and the recruitment of DCs precursors. Dendritic cell precursors may
permeste peripheral tissues including the skin, where they receive stimuli from local
infection or inflammation '®. Different signals of infection, inflammatory cytokines
such as TNF-a or phagocytosis have been demonstrated to interfere with DCs
differentiation *°" %, Many pathogens have evolved mechanisms to exploit DC biology
in their dissemination within the body, and/or interfere with DC functions to block or
delay their elimination by the host. Several pathogens or their components can interact
with either imDCs or their precursors influencing DC generation *** *°. It has been
demonstrated that MTB, is able to subvert the differentiation of infected monocytes into
DCs, generating a subset of DCs population unable to induce an effective immune

response and suggesting an escape mechanism which contribute to mycobacteria
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intracellular persistence . Severa properties of MTB are retained by BCG and other
mycobacteria that can explain one of the mechanisms of the failure of vaccination and
the influence of the habitat in the immune response to MTB. Indeed, the unsuccessful of
tuberculosis vaccination may be at least partialy explained by the induction of poor or
inappropriate host responses induced by APCs.

Because of the role of DCs in the induction of immune response to M. tuberculosis
and the contribution to the generation of protective cellular immunity against
mycobacteria during the vaccination with BCG, we hypothesized that BCG can retain
the capacity to influence DCs functions. In this work, we investigated the effects of
BCG comparing to that of environmental mycobacteria on the differentiation of
monocytes into imDCs and mDCs to obtain findings explaining some mechanisms

underling the failure of the BCG vaccine to prevent pulmonary tuberculosis.
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2. Experimental procedures

Mycobacteria

In al experiments, Bacillus Calmette Guerin or BCG vaccine from Aventis Pasteur
(Paris, France) has been used. Lyophilized BCG was resuspended in physiologic
solution at approximately 1 x 10° Colony Forming Units (CFU) per 100 pl.

Mycobacterium smegmatis (Msm) MC? 155 strain has been used. Mycobacteria
were grown in Middlebrook 7H9 medium for 3-4 days and frozen stocks were stored at
-80 °C in medium and glycerol 15%. In some experiments, mycobacteria were
inactivated by incubating them for 60 minutes at 80°C. The viability of bacteria was

assessed by Colony Forming Units (CFU) analysis.

Monocytes purification, infection and DCs generation

Peripheral Blood Mononuclear Cells (PBM Cs) were isolated from buffy-coats of
healthy donors by density gradient centrifugation using Lympholyte-H (Cederlane,
Canada). Monocytes were positively separated by anti-CD14 magnetic beads (MACS,
Milteny Biothec, Germany) according to the manufacturer’ sinstructions. The cells were
then resuspended in RPMI 1640 (Euroclone, UK) supplemented with 10% FCS
(Biowittaker, Belgium), L-glutamine (2mM), Hepes buffer (10mM), sodium piruvate
(0.1 M), non-essential amminoacids (0.1 M) (Euroclone, UK) and gentamycin
(10pg/ml) (Sigma-Aldrich, Germany). Monocytes were infected for three hours with
single cell suspensions of BCG at a multiplicity of infection (MOI) of 1, or stimulated
with LPS (from E. coli, 1pg/ml) (Sigma-Aldrich, Germany). The infection was carried
out in the absence of antibiotics. After the treatment, monocytes were washed and

cultured with fresh complete medium for 5 days in the presence of granulocytes-
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macrophages colony-stimulating factor (GM-CSF) (200 U/ml) and interleukin-4 (1L-4)
(20ng/ml) (Euroclone, UK) to generate imDCs. To induce final maturation of imDCs,
LPS (200ng/ml) was added at the fifth day of culture for further two days. Viability of

infected cells was determined by trypan-blue exclusion.

Fluorochrome-Activated Cell Sorter (FACS) analysis

The following FITC- or PE-conjugated antibodies: anti-HLA class |, HLA DR,
CD1a, CD11c, CD14, CD40, CD64, CD80, CD83, CD86, CCR7 (Becton Dickinson
Bioscience Mountain View, CA, USA), were used for direct immunofluorescence
staining to characterize the phenotype of DCs generated in different conditions. Briefly,
the cells were washed twice in PBS, 1% BSA and 0.1% sodium azide and stained with
the mAbs for 15 min at 4°C. The cells were then washed and acquired using a

FACScalibur instrument running Cellquest Software (Becton Dickinson).

Confocal Laser-Scanning Microscopy (CLSM) analyses

For CLSM analyses, 5x10° DCs were added per well in a U-bottom microtiter plate
and washed once with PBS containing 0.2 mM NaN; and 1% BSA. Cells were
incubated (30 min., +4°C) with appropriate dilution of anti-CD1a-FITC or anti-actin-PE
mAbs. After extensive washes, the cells were fixed with 3% paraformal dehyde, washed
once and mounted on the microscope slide with the Prolong antifade reagent (Molecular
Probes). The control samples were treated in the same way. For intracellular staining,
the cells were fixed and permeabilized with cold methanol (-20°C, 10 min.) and then
incubated with the antibody for 30 min. at 37°C.

CLSM observations were done using a Leica TCS 4D apparatus, equipped with an

Argon-Krypton laser, dichroic splitter (488 nm), 520-nm long-pass filter for
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observations with FITC-conjugated antibody. Image acquisition and processing were
conducted by using the Scanware (Leica Lasertechnik GmbH, Heidelberg, Germany)

and Adobe Photoshop software programs.

Transwell experiments

In transwell experiments, the infected and uninfected monocytes were separated by a
membrane (6.5 mm of diameter, 0.4 um pore size) in 24-well plates (Corning-Costar,
Cambridge, MA). The lower compartment of the wells contained untreated monocytes
(1 x 10° cells). The upper compartments contained either untreated cells, BCG-infected
or LPS-treated monocytes (1 x 10° cells). The cells were cultured in the presence of
GM-CSF and IL-4 in 2 ml of culture medium. After five days, the cells were harvested
from the lower and upper compartments, stained with the anti-CD1a mAb and analyzed

for the CD1a expression by FACS.

Cytokine assay

Supernatants of DCs derived from treated or untreated precursors were collected at
the fifth day of culture or after stimulation with LPS (200ng/ml) for 48 hours and stored
a — 80°C. The levels of IL-10, IL-12, TNF-a, IL-13 and IL-6 were determined by
ELISA kits (Pierce, Endogen, USA), according to the manufacturer’s instructions.
Supernatants of CBMCs and purified CD4"CD45RA™ T cells co-cultured with DCs
generated from untreated, BCG-infected or LPS-treated monocytes were tested for I1L-4
and IFN-y using commercialy available ELISA kits (Pierce, Endogen, USA). Results
are expressed as pg/ml. In some experiments, supernatanants of DCs co-cultured with

naive T cells from cord-blood were tested for IL-2, IL-4, IFN-y, TNF-a using
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commercidly available Cytokines Beads Assay (CBA) kit (Becton Dickinson

Bioscience, Mountain View, CA, USA). Results are expressed as pg/ml.

T lymphocyte proliferation and functional polarization

DCs derived from untreated, BCG- or Msminfected monocytes (0 to 1 x 10
cells) were added to 5 x 10* alogeneic PBMCs in 96 well U-bottom microplates
(Corning-Costar, Cambridge, MA). The proliferative response was measured after 5
days of culture and 16 hours of incubation with {*H}thymidine (Amercharm, Little
Chafont, GB) (1uCi/well). Incorporated radioactivity was then assessed by a 1450
MicroBeta Trilux (Wallac, Turku, Finland). Results are expressed as means + SD of
triplicate wells. T lymphocyte polarization was evaluated incubating DCs with Cord-
Blood Mononuclear Cells (CBMCs) and purified CD4"CD45RA™ T cells at ratio of 1:5
for 8 days. CD4'CD45RA™ T cells were purified by incubating CBMCs with anti-
CD45RA magnetic beads (MACS Milteny Biothec, Germany). According to the
manufacturer’s instruction, after O/N incubation to allow beads degradation, CD4" T
cells were further purified. Supernatants were collected and analyzed for cytokine

accumulation.

Statistical analysis
Statistical analysis was determined using a Student’s t test. Vaues of p<0.05 were

considered statistically significant.



3. Results
Phenotypic characterization of DCs derived from BCG-infected precursors

In order to investigate the effect of BCG in DCs differentiation from peripheral
monocyte precursors, we purified human monocytes from buffy-coats of healthy donors
and infected with BCG a MOI of 1 for three hours. On attempt to evauate the
efficiency of BCG infection of human monocytes at MOI of 1 after 3 hours of
incubation, we labelled BCG with FITC (1ug/ml) by incubating the bacteriafor 30 min
at 4° C and then washed extensively. Labeled bacteria were used for the infection and
after 3 hours of incubation, monocytes were washed 3 times with fresh medium and
analyzed by FACS. More than 90 % of the cells were FITC positive, suggesting the

percentage of infected cells. (Figure 1)
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Figure 1. Purified monocytes (98%) were infected with BCG FITC labelled at MOI of 1 for three hours. After
the infection, monocytes were washed 3 timesin PBS and analyzed by FACS. Dot plots show the per centage of
positive cells

We cultured infected monocytes in complete medium containing GM-CSF and IL-4

for five days. Human monocytes developed into imDCs characterized by the acquisition
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of CDla and the loss of CD14 and CD64 molecules. IMDCs can be induced to
maturation by several stimuli, including LPS. The maturation process is associated with
the expression of CD83 and CCR7 and a strong up-regulation of CD40, CD80, CD86
and MHC class | and Il molecules. In contrast, imDCs generated from BCG-infected

monocytes (BCG-DCs) did not express CD1aon their surfaces (Figure 2).
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Figure 2. BCG-infected monocytes differentiate into mature DCswith a failure of CD1a expression. Histogram
plots show the phenctype of DCs derived from BCG-infected (BCG-DCs) or untreated monocytes (imDCs) at
the fifth day of culture (filled histogram) and after 48 hours of L PS stimulation (empty histogram). The cells
were stained for the various markers and acquired by FACScalibur. Numbers indicate mean fluorescence
intensity values at fifth day of culture (bold) and after L PS stimulation (normal). One representative result of
ten independent experimentsis shown.
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However, BCG-DCs were CD14" and CD64 (data not shown), suggesting that they
were not blocked at the monocyte/macrophage stage. Furthermore, BCG-DCs at the
fifth day of culture, expressed higher levels of MHC class I, class || and CD80, CD86
co-stimulatory molecules than imDCs in the absence of maturation stimuli.
Interestingly, BCG-DCs acquired the phenotype of mDCs at the fifth day of culture, as
shown by the expression of the maturation markers such as CD83 and CCR7 (Figure
3). The presence of CCR7 suggests that the infection is sufficient to induce migratory
receptor expression required by mDCs to reach lymphoid organs. Following stimulation
with LPS (200ng/ml) for 48 hours, BCG-DCs did not further up-regulate their
maturation markers. Moreover, imDCs after stimulation with LPS acquired a mature
phenotype, showing the increase of MHC class |, class II, CD80 and CD86 and the
induction of CD83 and CCRY.

Together with these data we wondered whether the acquisition of early mature
phenotype by DCs was due to simply stimulation of monocytes with bacterial products.
We used LPS to stimulate monocytes before culturing them for five days in the
presence of GM-CSF and IL-4. After five days we compared the DCs generated by LPS
treated monocytes (L PS-DCs) and DCs generated by BCG infection. In contrast to
BCG-DCs, the phenotype of LPS-DCs was similar to that of imDCs except for the
expression of MHC class Il which was up-regulated and the CD1la expression that
shows the dlight reduction (Figure 3). After the stimulation for further 48 hours with
LPS, LPS-DCs acquired the mature phenotype, showing the increase of MHC class I,

class |1, CD80 and CD86 and the new acquisition of CD83 and CCRY7.
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Figure 3. LPS-stimulated monocytes differentiate into DCs with a similar phenotype of imDCs derived from
untreated monocytes, except for MHC classl|.
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All these effects were observed using monocytes isolated from different donors and

each experiment was reproducible (Figure 4).
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Figure 4. Histograms show the mean of MFI (Mean Fluorescence Intensity) of ten independent experiments.
Black barsindicate the MFI at fifth day of culture and white bars indicate the MFI after further 48 hours of
LPS stimulation.

Furthermore, the incubation of monocytes that had phagocytosed heat killed BCG
developed into DC (hkBCG-DCs) displaying a phenotype resembling that of BCG-DCs
showing a strong up-regulation of CD86. However, CDla expression was nhot
completely negative and other markers such as MHC class I, class || and CD80 were
less up-regulated indicating a low degree of maturation in comparison to BCG-DCs

(Figureb).
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Figure 5. Histogram plots of a representative experiment of monocytes infected with heat killed BCG and
cultured with GM-CSF and IL-4 for five days. Numbersindicate the MFlI

Finally, the peculiar phenotype of BCG-DCs is dependent of mutiplicity of infection
and the maximum effect was observed at MOI of 1. Higher multiplicity of infections
resulted in a high mortality of monocytes and in no further variation of surviving cells

(data not shown)
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Distribution of CD1a moleculesin BCG-DCs

It has been described that DCs with the CD1a phenotype generated in different
experimental conditions, have the capacity to produce IL-10 and to polarize T cells
towards a Th2 response * '3 On the other hand, it has been reported that
mycobacteria infections interfere with the surface expression of CD1 molecules and
that mycobacterial antigens interact with different members of CD1 family %, To
investigate whether BCG-DCs are a subset derived from distinct precursors giving rise
to CD1a DCs population, or whether the down modulation of CD1a is induced by the
infection, we analyzed the distribution of CD1a by confocal microscopy. The cells were
analyzed by dual immunofluorescence staining using confocal laser-scanning
microscopy analyses at the fifth day of culture. Immature DCs and BCG-DCs were
fixed with cold methanol and labeled with anti-CD1a-FITC-conjugated and anti-actin-
PE-conjugated mADbs for the intracellular staining. As demonstrated by merging the
CD1laand Actin staining, BCG-DCs did not express the CD1a molecules on the surface,
but CDl1la molecules were present in intracellular compartment (Figure 6). This
suggests that BCG induces a down modulation of CD1la, interfering with the
differentiation of monocytes into DCs and not inducing the selection of a distinct DCs

subset.
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Figure 6. Confocal laser-scanning microscopy (CLSM) analyses of localization of CDla molecules in DCs
derived from untreated (imDCs) or BCG-infected (BCG-DCs) monocytes. BCG-DCs and imDCs were fixed
and per meabilized with cold methanol (-20°C, 10 min.) and then incubated with the appropriate dilution of the
anti-CD1a-FITC (green) and anti-actin-PE (red) mAbs for 30 min at 37°C. image acquisition and processing

wer e conducted by using the Scanwar e and Adobe Photoshop softwar e programs.



42

Environmental Mycobacterium smegmatis affects DCs differentiation

In order to investigate whether the infection of monocytes with a different
mycobacterium had the same influence on DCs differentiation, we infected monocytes
with an environmental non pathogenic Mycobacterium smegmatis at the same MOI of
infection for three hours and we evaluated the capacity to differentiate into competent
DCs. DCs generated in the presence of live Msm (Msm-DCs) did not express CD1a on
their surface (figure 7) and were CD14 and CD64 negative, suggesting that
environmental mycobacteria have the same capacity of BCG to interfere with DCs
differentiation phenotype. Moreover, their viability was not affected by the infection
(data not shown). On the other hand CDZ1a molecules on the Msm-DCs derived from
heat-killed Msm-infected monocytes (hkMsm-DCs) was not completely down-
modulated. Msm-DCs derived from live or dead Msm-infected monocytes both up-
regulate MHC class I, class || and CD80, CD86, compared to imDCs after five days of
culture. They differentiated directly into mature DCs expressing CD83, CD25 and
CCR7 acquiring the mature phenotype in the absence of maturation stimuli. Upon 48
hours stimulation with LPS, also Msm-DCs did not further up-regulate the expression of

maturation molecules, suggesting that they acquired directly a fully mature phenotype.
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Figure 7. Msm-infected monocytes differentiate dir ectly into mature DCs. Histogram plots show the phenotype
of DCsderived from untreated (imDCs), live (Msm-DCs) or heat killed (hkMsm-DCs) Msm-infected monocytes
at fifth day of culture with GM-CSF and IL-4. Histogram plots of DCs derived from untreated monocytes and
stimulated for further 48 hourswith LPS are shown (mDCs). Cellular phenotype was analyzed by FACS and
the numbers indicate mean fluorescence intensity values. One representative of seven independent
experimentsis shown.

The acquisition of mature phenotypeisindependent on TNF-a

It has been described that TNF-a treated monocytes differentiate into partialy
mature DCs '%’. Since mycobacteria infected monocytes induce the production of TNF-
o and avirulent mycobacteria induce higher amounts of TNF-a than virulent
mycobacteria **, we tested whether the TNF-a produced following infection of
monocytes was related to the acquisition of mature phenotype of DCs. The cells were
infected with Msm at MOI of 1, washed and cultured for 5 hours in the presence of

brefeldin A to block the exocytosis and the production of TNF-a was evauated by
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intracellular staining. We found that about 49% of infected monocytes produced high
levels of TNF-a (Figure 8, A). To investigate whether the high amount of TNF-a
produced by Msmrinfected monocytes was involved in the induction of early mature
phenotype observed in Msm-DCs, we performed experiments in the presence of
neutralizing anti-TNF-a mAbs. We found that the phenotype of Msm-DCs
differentiated in the presence of neutralizing anti-TNF—a mAbs was comparable to that
of Msm-DCs (Figure 8, B), suggesting that additional factors than TNF-a are involved

in the induction of early mature phenotype of DCs generated from Msminfected
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Figure 8. The induction of mature phenotype of Msm-DCs is independent on TNF-a. A) Purified human
monocytes wer e infected with Msm at MOI of 1 for three hours and then washed extensively. Then they were
cultured for 5 hours in the presence of Brefeldin A to block the exocytosis and stained with anti-CD14 and
anti-TNF-a . The percentage of TNF-a positive cells is shown. B) purified human monocytes were cultured in
the presence or absence of blocking monoclonal anti TNF-a for 5 daysand in the presence of GM-CSF and IL-
4 to generate DCs. One representative of three independent experimentsis shown.
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The induction of early mature phenotype requires mycobacteria-monocytes
interaction

To investigate whether the generation of BCG-DC or Msm-DCs was due to the
interaction of mycobacteria with monocytes or to soluble factors produced upon
mycobacteria infection, we performed a set of transwell experiments. The untreated
monocytes were cultured in the lower chambers and either untreated, Msm- or BCG-
infected monocytes were placed into the upper chambers in the presence of GM-CSF
and IL-4 for five days. The expression CD1a, CD83 and CCR7 of the resulting DCs
populations both in the lower and upper chambers was analyzed by FACS. DCs derived
from monocytes cultured in the lower chamber were CD1a’ in all culture conditions,
and showed the phenotype of imDCs, they were CD83 and CCR7 negative (Figure 9,
panel A) whereas BCG-DCs and Msm-DCs did not express CD1a and acquire CD83
and CCRY as above described. In the panel B, the result regarding the CD1a expression
(MFI) as mean + SD of 3 independent experiments is shown. This result suggests that

the CD1a phenotype of BCG-DCs and Msm-DCs requires the interaction of monocytes

with mycobacteria and is not due to a soluble factor produced by infected cells.
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Figure 9. Mycobacteria-monocyte interaction is necessary to gener ate Msm-DCs and BCG-DCs. Mycobacteria-
infected and uninfected monocytes were separated by a membrane (6.5 mm of diameter, 0.4 Om pore size) in
24-well plates (Costar, Cambridge, MA). The lower compartments of the wells contained untreated monocytes
(1 x 10° cells). The upper chambers contained either untreated or Mycobacteria--infected monocytes (1 x 10°
cells). The cellswere cultured in the presence of GM-CSF and IL-4 in 2 ml of culture medium. After five days,
imDCs were harvested from the lower chamber and analyzed by FACS staining for the CD1a, CD83 and
CCR7 expression. One representative of three independent experiments is shown (panel A.). The result
regarding the CD1la expression (MFIl) asmean + SD of 3 independent experimentsis shown in the panel B.
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T cell stimulation by BCG-DCs

To test whether the differentiation of infected precursors into BCG-DCs induces an
dteration of their antigen presenting capacities, imDCs, DCs derived from BCG
infected or LPS treated precursors were co-cultured with allogeneic PBMCs isolated
from healthy donors at various DC: T cell ratios either before or after induction of
maturation in the presence of LPS (Figure 10). Although BCG-DCs showed at the fifth
day of culture the up-regulation of MHC class I, class I, CD80 and CD86 molecules,
they were not more efficient to stimulate allogeneic PBMCs comparing to imDCs and
LPS-DCs. However, upon further maturation stimuli, BCG-DCs increased their antigen
presenting capacity as well as imDCs and LPS-DCs, suggesting that they are able to

acquire the functions of fully mature DCs.
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Figure 10. Antigen presenting capacity of DCs derived from untreated (imDCs), BCG-infected (BCG-DCs) or
LPS-treated (LPS-DCs) monocytes. The cells cultured in the presence of GM-CSF and IL-4 for five days
(empty symbols) or induced to maturate in the presence of LPS (filled symbols), were co-cultured with
allogeneic peripheral blood T lymphocytes. After 5 days, T cell proliferation was assessed by the addition of
tritiated thymidine for 16 h. Results of 2 experiments are expressed as mean counts per minute (CPM) of
triplicate cultures.



T cell stimulation by Msm-DCs

In the same manner, we tested whether the acquisition of mature phenotype by Msm-
DCs resulted in an increased capacity of Msm-DC to stimulate T cell response, imDCs,
mDCs (imDCs + LPS), and DCs derived from Msm-infected-precursors, were co-
cultured with PBMCs isolated from healthy donors at various DC:T cell ratios and 3H-
thymidine incorporation was measured. Consisting with the early mature phenotype
acquired from DCs generated from Msm+infected monocytes, we found that Msm-DCs

showed higher capacities to stimulate allogeneic T cells compared to mDCs and even

more compared to imDCs (Figure 11).
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Figure 11. Msm-DCs induce a strong proliferation of allogeneic PBMC. ImDCs, Msm-DCs or DCs stimulated
for 48 hours with LPS (mDCs) were used to stimulate allogeneic PBMC. After 6 days of culture T cell
proliferation was assessed by the addition of tritiated thymidine for 16 h. Results are expressed as mean counts
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Pro-inflammatory cytokines production by BCG-DCs

The secretion of pro-inflammatory cytokines by DCs, such as TNF-a, IL-1f3, and IL-
6 in imDCs, BCG-DCs and LPS-DCs was evaluated at the fifth day of culture by
ELISA. Uninfected DCs were not able to produce TNF-a and IL-1(3 cytokines but only
low amounts of IL-6 in the absence of maturation stimuli (Figure 12). Similar results
were obtained by DCs generated from LPS-treated monocytes, although they secreted
high levels of IL-6. In contrast, BCG-DCs produced high levels of TNF-a, IL-1 and

IL-6, showing that they have acquired an activated phenotype.
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Figure 12. Pro-inflammatory cytokines secretion by DCs derived from untreated (imDCs), LPS treated
monocytes and BCG-infected (BCG-DCs) monocytes. Cell supernatants were collected at the fifth day of
culture and tested for TNF-a, IL-1p and IL-6 by EL1SA. Results are expressed as means (+SD) of six different
experiments and statistical analysis was determined by non parametric t test. The significant levels between
BCG-DCsand compar ed to imDCswer e p<0.05.
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I mmunor egulatory cytokines production by BCG-DCsand Msm-DCs

Furthermore, the accumulation of IL-10 and IL-12, which are important factors
involved in directing immune response, was measured either at the fifth day of culture
or after LPS stimulation in BCG-DCs and LPS-DCs cultures. In the absence of
maturation stimuli, imDCs did not produce IL-12 or IL-10 and after LPS stimulation the
production of IL-12 was induced as previously reported % (Figure 13). On the other
hand, DCs generated from LPS-treated monocytes secreted high amounts of IL-12 and
low levels of IL-10 at the fifth day of culture and after maturation stimuli. In contrast,
BCG-DCs produced high levels of IL-10 and were not able to produce IL-12 either
before or after LPS stimulation. These data indicate that BCG-infected monocytes are
able to differentiate into DCs that produce pro-inflammatory cytokines and IL-10 either

at five days of culture or upon maturation stimuli.



51

A
1400 1 *
1200 1
1000 1
E ]
£ 800
= o0 A
400 1
200
1 .-
D T T
imDCs BCG-DCs LF3.DCs
B
1400 7 *
1200 7
'E:' ]
£ 1000
e g0
600 |
400 1
200 1
0 -
mDCs BCG-DCs LPS-DCs

i1z OIL-n

Martino A. et al. Journal of Leukocyte Biology, 190:1167-1176, 2004

Figure 13. DCs derived from BCG-infected monocytes (BCG-DCs) produce high levels of I1L-10.
Céll culture super natants wer e collected from untreated DCs (imDCs), BCG-DCs and DCs derived
from LPS-treated monocytes (LPS-DCs), either at thefifth day (A) or after further 48 hoursof LPS
stimulation (B). IL-10 and IL-12 were tested by EL|SA. Data are expressed as means (+ SD) of six
different experiments and satistical analysis was determined by non parametric t test. The
significant levels (*) between BCG-DCs compared to imDCs wer e p<0.05.

The production of immunoregulatory cytokines IL-12 and IL-10 was vauated in
Msm-DCs to test if non pathogenic environmental mycobacteria are able to modify the
cytokine pattern of DCs. In different experiments, we collected culture supernatants
before and after LPS stimulation. In the absence of maturation stimuli, Msm-DCs did not
produce IL-12 and the production of IL-10 was dlightly induced (Figure 14). However,
upon LPS stimulation the imDCs produced high levels of IL-12 (p70) and low IL-10 as
expected, and the DCs generated from Msm-infected, produced high levels of IL-10 and

retained also the capacity to produce significantly high amounts of IL-12. These data



52

indicate that Msm+infected monocytes are able to differentiate into DCs producing both

IL-12 and IL-10, which balance could play arolein the T cell immune response.
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Figure 14. I1L-12 (p70) and IL-10 production by Msm-DCs. The supernatants of imDCs and Msm-DCs were
collected at fifth day of culture and after 48 hoursin the presence of LPS (imDCs+LPS and Msm-DCs+L PS).
Data are expressed as means (+SD) of six different experiments and statistical analysis was deter mined by
Student’t test. The significant levels of both IL-12 and IL-10 between imDCs+LPS and Msm-DCs+LPS,
compared to imDC(*) wer e p<0.05.

BCG-DCs induce Th2-like immune response in CBMCs and impair the immune

responsein naive CD4"CD45RA™ T cells

Dendritic cells have the ability to stimulate naive T lymphocytes and drive them into

distinct classes of effector cells. Because of the particular pattern of cytokines produced

by BCG-DCs, we speculated that this population of DCs could differ in its capacity to

support T cell differentiation. ImDCs, LPS-DCs and BCG-DCs were cultured in the
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presence of human naive cord-blood mononuclear cells (CBMCs). CBMCs cultured
with LPS-DCs produced high levels of IFN-yand significantly less IL-4_ Figure 15,
panel A). In contrast, CBMCs cultured with BCG-DCs produced high levels of IL-4 and
low amount of IFN-y. Since the particular pattern of immunoregulatory cytokines of
BCG-DCs, we blocked the IL-10 produced by BCG-DCs using a neutralizing
monoclonal antibody anti-I1L-10, to verify the role of I1L-10 in Th1/Th2 induced profile.
Neutralizing monoclonal anti 1L-10 antibody was able to prevent only partialy IL-4

production in CBMCs.
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In order to investigate if the production of IL-4 was due to the naive CD4
polarization, we cultured BCG-DCs with CD4'CD45RA™ T cells for 8 days.

CD4'CD45RA™ T cells co-cultured with BCG-DCs are not able to produce neither 1FN-
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y nor IL-4 compared to CD4'CD45RA™ T cdls stimulated with LPS-DCs which
produced IFN-y as expected (Figure 15, panel B). These data show that BCG-infected
monocytes differentiate into DCs inducing Th2-like response and unable to induce the
production of IFN-y, that is necessary to elicit a protective immune response against
mycobacteria.
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Figure 15 Polarization by DCs derived from untreated imDCs, LPS-DCs and BCG-infected (BCG-DCs)
monocytes. ImMDCs, LPS-DCs and BCG-DCs were co-cultured with cord blood mononuclear cells (CBMCs)
(panel A) or purified CD4" CD45RA" cdlls (panel B), and after 8 days of culture, the supernatants were
collected and tested for IFN-y and IL-4 by ELISA. Data are expressed as means (+SD) of six different
experiments and statistical analysiswas deter mined by non parametrict test. The significant levels (*) between
IFN-y and IL-4 induced by BCG-DCs and LPS-DCs (panel A and B) were p<0.05 and IFN-y and IL-4 induced
by BCG-DCs+ alL-10in comparison with BCG-DCs wer e p<0.05.
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Msm-DCsdirect naive T lymphocytes towards a mixed Th1/Th2 immuneresponse

We aso analyzed the polarization capacity of the DCs population derived from
Msmrinfected monocytes. DCs were cultured in the presence of human CD4"CD45RA "
T lymphocytes, purified from cord-blood donors, for 8 days. The production of different
cytokines by T Ilymphocytes co-cultured with imDCs, mDCs and Msm-DCs, was
assessed by Cytokines Beads Assay (CBA) kits. Msm-DCs skewed the differentiation of
T cells towards a mixed Thl/Th2 profile, since high levels of both IL-4 and IFN-[
(Figure 16). Other cytokines, such as IL-2 or TNF-[_were induced in mDCs compared
to imDCs, whereas the levels of IL-2 and TNF-a were reduced in naive T cells cultured
with Msm-DCs. On the other hand, naive T cells cultured with DCs maturated in the
presence of LPS produced significantly less IL-4 and higher levels of IFN-y and TNF-a.
These data suggest that the early-matured Msm-DCs are able to prime naive T cells

towards amixed Th1/Th2 response.
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Figure 16. Cytokine accumulation in CD4'CD45RA™* T lymphocytes co-cultured with allogeneic DCs derived
from Msm-infected monocytes or untreated monocytes. CD4*CD45RA* T lymphocytes were purified from
cord bloods of healthy donors, and cultured for 8 days with DCs derived from untreated monocytes (imDCs),
from imDCsor DCsderived from Msm-infected monocytes and treated with L PSfor 48 hours (MmDCs or Msm-
DCs). IL-2, IL-4, IFN-yand TNF-a { were evaluated by CBA (Cytokines beads Assay) test in the super natants
of cultures. Data are expressed as means (+SD) of six different experiments and statistical analysis was
determined by Student’t test. The significant levels of IFNyinduced by mDCs or IL-4 and IFNyinduced by
Msm-DCs compar ed to those of theimDCs (*) were p<0.05.
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4. Discussion

110, 111 103, 105 115

Microorganisms , cytokines , tumor supernatants **>, gangliosides *** and
PPARy ° activators can interfere in the early step of DCs differentiation from
monocyte precursors generating “semi professional” APCs characterized by a less
stimulatory mode. In this work we describe the generation of a phenotypically and
functionally monocyte-derived DCs population that lacks IL-12 production, secretes
increased levels of IL-10 and directs differentiation of T cell precursors towards the
ThO/Th2-like phenotype. These cells were generated from human periphera blood
monocytes infected with tuberculosis vaccine BCG and cultured in the presence of GM-
CSF and IL-4. These cytokines are released during inflammatory processes and
sensitization procedures, including the vaccination with BCG, activating sequential
production of Thl and Th2 cytokines **'.

In the pathology of tuberculosis, the early interaction between DCs, present as a
dense network in the airway mucosa, and M. tuberculosis is likely to be critical for

18 However, M.

mounting a protective anti-mycobacterial immune response
tuberculosis infection remains much of the time in the lifetime of the host. The unique
function of DCs in dliciting and directing the cellular immune response may be
modulated by mycobacteria ** . Recently, it has been demonstrated that M.
tuberculosis is able to subvert DCs differentiation of infected monocytes to escape
immune response ',

The benefits of the only available tuberculosis vaccine, BCG in the protection
against M. tuberculosis have been debated since early in its use, including safety

aspects, loss of sensitivity to tuberculin as a diagnostic reagent, and in particular the

failure of BCG in a number of trials in the third world. There have been many
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hypotheses to explain the inadequate protective effect of BCG against tuberculosis as
the lack of an effective stimulation of T cell populations. However, in order to develop a
novel vaccine strategy superior to BCG, fundamental immunological mechanisms
responsible for protection, as well as reasons explaining the failure of BCG, still need to
be fully resolved 1%,

We investigated whether the infection of monocytes with BCG could interfere with
their differentiation into DCs and analyzed the capacity of BCG-DCs to direct T cell
immune response. We found that BCG-infected monocytes differentiate into cells with
an acquired mature phenotype, since they loss CD14, they express CD83 and up-
regulate CD80, CD86, MHC class | and class II molecules in the absence of maturation
stimuli. In addition, DCs generated from BCG-infected monocytes, express the CCR7
on their surface. The expression of this chemokine receptor in BCG-DCs is particularly
relevant, since it allows homing to secondary lymphoid organs, where DCs can present
antigens to specific T lymphocytes. It is known that during the differentiation of
precursors into DCs, the cells acquire CD1a molecules on their surface, allowing them
to present lipid and glycolipid antigens to T lymphocytes. However, BCG-DCs do not
express CD1a molecules on their surface. In contrast, we found by confocal analyses
that CD1a molecules are sequestrated in intracellular compartments. This finding is in
accordance to previous investigations revealing that CD1 expression can be down-
regulated by mycobacteria in infected DCs ®2. On the other hand, we wondered if the
interference in DCs differentiation can be due to the ssimply stimulation of monocytes
with a bacterial product such as LPS. We found that LPS-treated monocytes
differentiate into imDCs showing a phenotype similar to the untreated cells except for
the MHC class Il up-regulation, suggesting that the treatment of monocytes with

inflammatory stimuli do not completely account for the generation of DCs, presenting
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an early mature phenotype. Although BCG-DCs show a mature phenotype at the fifth
day of culture, they are not more efficient in stimulating T cells comparing to imDCs
and LPS-DCs. However, upon further maturation stimuli their antigen presenting
capacity isincreased, showing that they are able to acquire the capacity of fully mDCs.

It has been suggested that the exposure to environmental mycobacteriainterfere with
the immune responses to tuberculosis and with the protective efficacy of BCG
vaccination against pulmonary tuberculosis ®°. Environmental mycobacterial exposure
might induce an impaired immune response towards common antigens shared by
pathogenic and non pathogenic mycobacteria, which could interfere with the immune
response to BCG vaccination. In this regard, a highly immunodominant antigen from
Msm and other mycobacterial species has been identified '2*. Moreover, very little is
known about the signaling events initiated in the monocytes following attachment of
mycobacteria, neither pathogenic nor non-pathogenic species. We investigated whether
the priming of monocytes with environmental, non pathogenic mycobacterium such as
Msm, could have any effect on DCs differentiation and on the polarization of T cell
immune response. We found that DCs differentiated from Msmrinfected monocytes
were CD1a- compared to control culture and other markers of DCs maturation were up-
regulated. These findings demonstrate that the capacity to interfere with DCs phenotype
during the differentiation of infected monocytes is common to different mycobacteria

In particular, it iswell known that group | CD1 molecules present glycolipids of the
cell wall of mycobacterial species to a distinct group of T cells that secrete IFN-y and
are capable to kill infected target cells. The faillure of CD1 expression by BCG-DCs
could reduce the presentation of non peptide microbia antigens to CD1-restricted T
cells, thus adversely affecting the anti-mycobacterial response that an effective

vaccination against tuberculosis would require.
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Regarding the functionality of DCs derived from BCG-infected monocytes, BCG-
DCs acquire an activated phenotype at the fifth day since they produce pro-
inflammatory cytokines such as TNF-a, IL-1f3 and IL-6, showing that they are able to
eicit an inflammatory immune response. It has been reported, that the production of
pro-inflammatory cytokines by APCs promotes the recruitment and activation of
additional leukocytes playing a central role to limit the growth of intracellular
pathogens .

Moreover, dendritic cells are known for their capacity to produce immunoregulatory
cytokines such as IL-12 or IL-10 upon maturation stimuli. Therefore, the balance of the
production of these cytokines plays a pivotal role by orchestrating both innate and
acquired immune response and determining the polarization of T cell precursors.
Interestingly, we found that BCG-DCs either before or after maturation stimuli produce
high levels of IL-10 and are not able to produce IL-12 levels comparable with imDCs.
In contrast, DCs derived from Msm-infected monocytes, produced high levels of IL-10
but they retained the capacity to produce IL-12. This difference can be correlated to the
incapacity of Msm to persist in professional phagocytes. The profile of cytokines
produced by these DCs defines an important difference in the interference on DCs
functions between BCG and Msm.

The apparent disagreement of our findings with earlier studies which showed that
BCG is atrigger of 1L-12 production and maturation of DCs can be reconciled on the
grounds that cytokine production are differentially modulated, depending on the timing
and the maturation stage of target cells. Indeed, in our model we infected human
monocytes and not differentiated DCs asit was in other experimental studies *** % The

secretion of 1L-10 and the inhibition of 1L-12 synthesis, can account for the inability of
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BCG-DCs to induce the expansion of effector Thl lymphocytes. Indeed, BCG-DCs
induce a Th2-like immune response when cultured with cord blood mononuclear cells
as shown by high levels of IL-4 and low amounts of IFN-y production. However, the
production of IL-10 by BCG-DCs can not completely takes account for the IL-4
production, since neutralizing anti-IL-10 antibodies did not reverse completely the
cytokine profile. Furthermore, purified CD4'CD45RA™ T cells co-cultured with BCG-
DCs were not able to produce neither IL-4 nor IFN-y. These results could be explained
by the presence of multiple cell types in CBMCs able to produce IL-4 such as CD8" T
cells. The loss of IFN-y-producing T cells could be associated with a non protective
immune response and an ineffective role in the killing of intracellular bacteria by
macrophages. Severa studies indicate that the IFN-y is the key cytokine in the control
of M. tuberculosis infection, triggering the anti-mycobacterial mechanism of
macrophages in synergism with TNF-a 2% The difference of immunoregulatory
cytokines produced by DCs derived from BCG and Msm infected monocytes, correlates
also with the polarization capacity of these DCs populations. Indeed, Msm-DCs induce
amixed Th1/Th2 immune response when co-cultured with naive CD4" T cells purified
from cord-blood mononuclear cells, as shown by high levels of IL-4 together with high
levels of IFN-y production. These data show that the infection of monocytes with Msm
is able to modulate the immune response modifying the production of immune
regulatory cytokines. The infection of circulating monocytes by the exposure to
environmental mycobacteria, could lead to the generation of DCs able to support the
differentiation of Thl and Th2 cells specific for antigens shared by pathogenic and non-
pathogenic mycobacteria. The induction of mycobacteria-specific IFN-y producing T

cells by DCs generated from infected precursors could be associated with the inhibition
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of BCG growth and thereby with a prevention of an efficient BCG-mediated immune
response and protection against tuberculosis. On the other hand, mycobacteria-specific
IL-4 producing T cells could be associated with a switch of the immune response in the
control of inflammatory process during a secondary exposure to pathogenic
mycobacterial infection.

Our hypothesis suggests that BCG, during vaccination, induces two different types of
DCs populations. In the first step, BCG induce the maturation of resident DCs that
produce IL-12 and able to expand Thl T cells. The following multiplication of BCG
implicates the exposure of BCG to recruited precursors. We hypothesize that in this step
of exposure; BCG can infect recruited DCs precursors and induce them to differentiate
into DCs with a mature phenotype producing pro-inflammatory cytokines that are
responsible to amplify the response by promoting the recruitment of additional
leukocytes. Dendritic cells derived from BCG-infected monocytes migrate to secondary
lymphoid organs and produce high levels of IL-10 inducing a Th2-like immune

response. Our hypothesisis represented in the figure below.
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The figure shows the representation of what can occurs during the BCG vaccination. In the first
step, BCG induces the maturation of resident DCs and infects precur sors recruited by chemokines
produced in the microenvironment. These cells differentiate into DCs population (BCG-DCs) able
to expand Th2-like cells (black cells).

These results could account for the inflammatory response induced by BCG
vaccination and could explain one of mechanisms underling the failure of BCG vaccine
to prevent pulmonary tuberculosis and the influence of non pathogenic environmental

mycobacteriain the immune response.
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