SMGre&up

Regulation of Innate and Adaptive Immune
Response to Mycobacterium tuberculosis by
Interferons Type I, II and III

Maja Travar'*
!Department of Microbiology, University Hospital Clinical Center of Republic of Srpska, Bos-
nia & Herzegovina

*Corresponding author: Maja Travar, Department of Microbiology, University Hospital
Clinical Center of Republic of Srpska, Bosnia & Herzegovina, Email: maja.travar@kc-bl.com

Published Date: January 30, 2016

ABSTRACT

Tuberculosis (TB) is one of the most common infections worldwide, and in 2012 around 8.6
million people developed TB and 1.3 million died from the disease.

The aim of this chapter is to present the previously known and new findings about the role
of interferons type I and I, and recently discovered type Il in regulation of innate and adaptive
immune response to Mycobacterium tuberculosis (M. tuberculosis).

Infection of various cell types with M. tuberculosis induce both IFN-a and I[FN-f3 synthesis. The
majority of the studies support the findings that IFN type I actually promote infection with M.
tuberculosis. It has been well establish that IFN-y has protective function against M. tuberculosis
and the other mycobacteria and that the primary source of this cytokine are CD4+ and CD8+
T cells. Recently it has been shown that also the innate lymphocytes, y§ T cells, Natural Killer
(NK) T cells and NK cells can also be the source of IFN-y in response to mycobacterial infection.

Tuberculosis | www.smgebooks.com 1
Copyright © Travar M.This book chapter is open access distributed under the Creative Commons Attribution 4.0
International License, which allows users to download, copy and build upon published articles even for commercial
purposes, as long as the author and publisher are properly credited.



Several studies have shown that CD4+ T cells protect mice against M. tuberculosis independently
of IFN-y. The balance between IFN-y and different cytokines such as IL-10 and other Th2 cell
cytokines is likely to influence disease outcome. Type I [FN appears to be detrimental through
at least 3 separate, but overlapping, type I IFN-mediated mechanisms: induction of excessive
apoptosis, specific suppression of Th1l and IFN-y responses, and dampening of the immune
response by strong IL-10 induction. Recently it has been found that M. tuberculosis infection in
A549 lung epithelial cells stimulate up-regulation of IFN-A genes in vitro. IFN-As also have a role
in modulation of Th1/Th2 response. IFN-As are not essential for M. tuberculosis infection control,

but can give some contribution in immune response to this pathogen.

Keywords: Interferon; Interferon lambda; Mycobacterium tuberculosis
INTRODUCTION

The causative agent of human tuberculosis is bacilli belonging to Mycobacterium tuberculosis
(M. tuberculosis) complex, refers to group of species: M. tuberculosis, M. canettii, M. africanum,
M. microti, M. bovis, M. caprae and M. pinnipedi that are genetically very similar. Among them,
the most common cause of human tuberculosis is M. tuberculosis. Tuberculosis remains a major
public health problem predominantly affecting low- and middle-income countries. Tuberculosis
(TB) is one of the most common infections worldwide, and in 2012 around 8.6 million people
developed TB and 1.3 million died from the disease [1]. The current tuberculosis epidemic is
being sustained by two important factors: the Human Immunodeficiency Virus (HIV) infection
and its association with development of the active tuberculosis and increasing resistance of M.
tuberculosis strains to the first line anti-tuberculosis drugs [1].

Although human immune system can control the infection caused by M. tuberculosis, control
does not invariably lead to sterilization. Similar as other intracellular bacteria, M. tuberculosis
is able to avoid most of the antibacterial effects by living and growing inside macrophages.
Although progression to symptomatic disease can sometimes be attributed to acquired immune
deficiency (for example, AIDS, administration of TNF antagonists, corticosteroids) in many cases
immunocompetent individuals also develops active tuberculosis, which indicates failure of their
immune system to control the infection [2].

It has been widely accepted that interferons type I and II are important for host resistance to
mycobacterial infection [2,3]. During the past ten years several studies that support the findings
that IFN production by the innate immune system is an important component of the immune
response to M. tuberculosis have been published. In a recently published study, it has been
shown that IFN-inducible genes are highly expressed in the leukocytes of active, but not latent
tuberculosis patients, strongly arguing for a contributing role of type I IFN in development of
the disease [4]. Several studies have shown that the induction of the type I IFN genes in human
macrophages is possible only with the live virulent mycobacteria and is not triggered either by
BCG or RD1 deficient strains of M. tuberculosis [4,5].
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Interferons (IFNs) are cytokines released by host cells in response to the presence of pathogens
or tumor cells. The classification of human IFNs has been done on basis of the cognate receptors
through which they signal gene sequence similarity and chromosomal location [6]. IFN type I
include 17 subtypes (13 subtypes of IFN-q, and IFNs 3/¢/x/w). They bind to a receptor complex
composed of two chains, IFNAR1 and [FNAR2 [7]. IFN type II has only one member, IFN-y, which
signals through the receptor complex composed of the IFNyYR1 and IFN-yR2 subunits [6].

Interferons are part of the large family of class Il cytokines thatincludes also 6 cytokines related
to IL-10 (IL-19, IL-20, IL-22, IL-24 and IL-26) [8,9,10]. IFNs and the IL-10 related cytokines can
be grouped into the same family because they all signal through the receptors that share common

motifs in their extracellular domains [10].

During 2003, new cytokine family classified as type III interferon has been discovered [8,9].
In humans there are three members of this family; designated as IFN-A1 (IL-29), IFN-A2 (IL-28A)
and [FN-A3 (IL-28B). Recently, a new member of this family has been described, [FN-A4 [11]. IFN
type 1l represent an evolutionary link between type I interferon and IL-10 family. I[FN-A2 and
IFN-A3 are virtually identical, sharing 96% amino acid identity, since IFN-A1 has 81% homology
to IFN-A2/3 [9]. IFN-A4 has similar structure as [FN-A3 [11].

The aim of this review is to present the former and recent findings about the role of interferons
type I and II, and recently discovered type Il in Mycobacterium tuberculosis (M. tuberculosis)

infection control.

For the understanding of this topic, it is necessary to describe the basic mechanism of the
innate and the adaptive immune response to M. tuberculosis infection.

INNATEAND ADAPTIVE IMMUNE RESPONSE TO M. TUBERCULOSIS

The main sources of the infection are active disease patients with sputum smear positive
pulmonary tuberculosis. Primary infection leads to clinical disease in less than 10% infected
persons. In the remaining cases, the strong immune response arrests further growth of bacteria
[2,12].

M. tuberculosis is exquisitely adapted obligate human pathogen that has the ability to survive
and replicate inside a modified phagosomal compartment of the host macrophages. In this
environment, M. tuberculosis is able to persist for decades [13]. A strong cell-mediated immune
response effectively inhibits bacterial replication in approximately 90% of otherwise healthy
individuals (latently infected individuals) [12]. In minority of cases, some bacilli escape killing
by modifying the different mechanisms of immune cells (such as phagosome-lysosome fusion,
antigen presentation by MHC class I, class Il and CD1 molecules, nitric oxide and other nitrogen
intermediates production) and remain in non-replicating (dormant or latent) state in old lesions
[14,15]. The impairment of the immune response results in progressive bacterial replication,

necrosis of infected lung tissue and spreading of infection. Similar as other pathogens that cause
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chronic infections, the long term survival of M. tuberculosis, depends of the delicate balance
between bacterial virulence and the host immunity [2,16]. M. tuberculosis is an intracellular
pathogen that survives primarily in macrophage phagosomes. Infection with M. tuberculosis
starts with phagocitosis of the bacilli by phagocitic antigen presenting cells in the lung including
alveolar macrophages and Dendritic Cells (DC) [17]. Initial recognition is mediated by Pattern
Recognition Receptors (PRR), which include Toll-Like Receptors (TLRs) and Nucleotide Binding
Oligomerization Domain (NOD) -Like Receptors (NLRs) [18]. These receptors recognize
conserved microbial structures, known as Pathogen Associated Molecular Patterns (PAMPs)
[19]. The initial recognition elicits both the innate and adaptive responses of the host [20].

The control of the infection with M. tuberculosis depends on the development of efficient
innate and adaptive responses [20]. T cells (CD4+, CD8+ and y&T cells) play the important role
in the protection [2,3]. The main sources of immune mediators are CD4+ T cells that produce
mainly IFN-y, IL-2 and lymphotoxin-a [12,18]. CD8+ T cells and yST cells are important source of
granzymes and perforins that have a direct effect on mycobacteria and infected cells through Fas
ligand- dependent and independent mechanisms [12,15].

It has been well known that DCs are crucial for the priming of T cells because they efficiently
pick up antigen in the periphery and traffic to the lymph nodes, where T cell priming occurs. In
the draining lymph nodes, thousands of naive T cells transiently interact with the DC. If a naive
T cell’s TCR recognizes a peptide antigen presented by the DC, a high affinity and longer lasting
interaction occurs [21]. During such a cognate interaction, the accessory and co-stimulatory
molecules expressed by the DC bind their counter-receptors on the T cell forming an immune
synapse. The end result of this interaction is activation of the naive T cell. Once primed, activated
CD8+ T cells proliferate; exit the lymph node and home to sites of inflammation [22].

Significant progress has been made in elucidating the events leading to priming of CD8+ T
cells specific for M. tuberculosis. There were suggested two possible mechanisms leading to the
presentation of mycobacterial antigens to naive CD8+ T cells. In the first possibility, infected
DC in the lung traffic to the lymph nodes where they directly prime CD8+ T cells. The second
possibility is that uninfected DC acquire mycobacterial antigens from dying cells and then migrate
to the lymph node where they cross-present the antigens to CD8+ T cells. In both cases, the
mycobacterial antigens still need to be transferred from the phagosomal compartment into the
cytosolic compartment, which is sampled by the class | MHC pathway [22].

It has been known that M. tuberculosis efficiently infects murine and human DC in vitro [23].
How antigen is transferred from the phagosomal compartment to the class I MHC pathway in M.
tuberculosis infected DC is unknown; however, two mechanisms have recently been described.
First, there are the evidence that M. tuberculosis translocates from the phagosome to the cytosol
in both human macrophages and DC [24]. In this case, the class | MHC pathway could directly
sample bacterial products. An argument against this process is the late kinetics of translocation

(days) compared to presentation of antigens (hours) [25].
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Todayithasbeenknownthattranslocationisdependentonthebacterial ESX-1type VIIsecretion
system; however, priming of M. tuberculosis specific CD8+ T cells can occur independently of ESX-
1[26]. Itis possible, that ESX-1 or related proteins, damages the phagosomal membrane allowing
bacterial proteins to leak into the cytosol of the infected macrophage. Both of these mechanisms
would be consistent with the experimental finding that proteins secreted by M. tuberculosis are
over-represented as antigens recognized by CD8+ T cells [27].

Whether M. tuberculosis infects DC in vivo is less clear. However, in contrast to macrophages,
DC infected with M. tuberculosis express co-stimulatory molecules, a sign of activation and an
indication that they are competent to prime T cells [22].

M. tuberculosis, as a successful pathogen, has developed many ways to evade, or inhibit,
immunity. Given the important role of DC in T cell priming and transporting M. tuberculosis from
the lung to the lymph node, it is not surprising that M. tuberculosis interrupts this process by
impairing activation of DC and their subsequent trafficking to the lymph nodes [28].

Samstein and contributors from the Pamers’ group have found that M. tuberculosis transport
from the lung to the draining lymph node following monocyte depletion 7-11 days after the
infection. That might delay priming of M. tuberculosis specific CD4 T cells. Their research was
made on the mice model and suggests that the dissemination of M. tuberculosis to the draining
lymph nodes for initiating of T cell immunity requires M. tuberculosis infected monocytes but not
DC [29].

Published studies have been shown that the development of T cell effectors responses requires
the dissemination of live mycobacteria or mycobacterial antigens presented by DC [3,15]. After
the presentation, several chemokine molecules are upregulated, mostly CCR7. This induction
leads to migration of the infected cells into the draining lymph nodes [30,31]. The proliferation
of naive T cells specific for the M. tuberculosis occurs first in the draining lymph node in response
to this dissemination [32]. The role of CD4+ and CD8+ T cells in immunity against M. tuberculosis
has been well established, but there is growing evidence that also y8T cells play a significant role
in the cellular immunity against M. tuberculosis [12,18]. The exact mechanisms are not completely
understood, but recently it has been shown that y8 T cells are significant source of IL-17 and IFN-y.
They are the important cytokines in the proinflamatory responses and chemokine regulation [15].

Interestingly, a large fraction of the transcriptional response to M. tuberculosis, which includes
chemokines RANTES and IP-10, along with the inducible nitric oxide syntase enzyme NOS2, is
induced independently of TLR2 and TLR4 and adapter proteins MyD88, MAL and TRIF. These
responses rely on autocrine or paracrine signaling via type I interferons (IFN-a and IFN-f3), which
are induced through mostly yet unidentified pathways [33].

M. tuberculosis possesses a specific secretion system ESX1, which has been suggested to play
a key role in mycobacterial virulence by facilitating the releasing of M. tuberculosis products into
the macrophage cytoplasm [34]. It is interesting that ESX1 has been implicated in type I IFN
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induction and in activation of the inflamasome. The signalizing pathways for the IL-1 and IFN
type I play opposite roles in immune response to M. tuberculosis. In contrast to IL-1f3, type I [IFN
seems to promote infection with M. tuberculosis in mice. It has been shown that virulent strains of
M. tuberculosis induce high levels of IFN type I in vivo both in humans and mice [5].

The cytokines TNF, GM-CSF and IL-1p and vitamins C and D are all implicated as mediators
that activate macrophages to control the growth of M. tuberculosis. The widespread use of
TNF blockers in therapy of autoimmune disease, such as rheumatoid arthritis, has resulted in

increasing number of reactivated latent tuberculosis cases [35].

Neutrophils have an early protective role against M. tuberculosis in the lungs by producing IL-
1B, TNF, defensins, cathelicidins, lipocalin, NADPH oxidase and superoxides [36].

In a study in mice model it has been shown that dominant locus Iprl is preferentially
expressed by macrophages and alters their death modality toward apoptosis or necrosis [37].
This is an interesting insight, since some people might develop active tuberculosis because their
macrophages are unable to control intracellular growth of M. tuberculosis, rather than because
they have dysfunctional T cells.

Althoughthereareno generalrules,itisnow clearthatapoptosisisaninnate defense mechanism
that the host uses to limit the infection. In contrary, virulent M. tuberculosis strains subverts host
pathways to inhibit apoptosis and instead induce necrosis, which allows the bacterium to evade
immune response and to infect other cells. The regulation of the death modality is complex and
now is clear that in a wild type host infected with virulent M. tuberculosis, both process of cell
death occurs, depending on the microenvironment of the infected cell [22].

In peripheral blood of patients with active pulmonary tuberculosis, type I and type Il interferon
inducible genes are upregulated. Surprisingly, this gene signature is mostly accounted for by
changes in neutrophil gene expression [38].

Although the epithelium can become infected, macrophages in the alveoli are the primary
target for M. tuberculosis once it enters the lung. The interaction between M. tuberculosis and
these cells actually defines the progression of infection [39].

Virulent Mycobacterium tuberculosis inhibits apoptosis and triggers necrosis of host
macrophages and cause delay in the initiation of adaptive immunity. Necrosis is a mechanism
used by bacteria to exit macrophage, evade the host defenses, and disseminate. In contrary
apoptosis is associated with diminished pathogen viability. The balance between PGE2 and LXA4
determines whether macrophages infected with M. tuberculosis undergo apoptosis or necrosis
and this balance determines the outcome of infection [40].
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IFN TYPE 1IN M. TUBERCULOSIS INFECTION CONTROL
Initiation of IFN Type I Production

Type I interferons expression is not detectable under steady state conditions in vivo using
classical methods such as gene expression analysis by RT-PCR or protein titration by ELISA or
bioassays. However, extremely small or localized but functionally relevant quantities of IFN-I are
produced under steady state conditions [41]. Steady state IFN-I responses are promoted by gut

commensals [42].

Pattern Recognition Receptors (PRRs) are important in the innate immune detection of
pathogenic infection by recognizing different molecular motifs termed “Pathogen Associated
Molecular Patterns” (PAMPs) [19]. After this initiation, PRR activate production of many cytokines
and chemokines for supporting immune response. Type I IFNs are responsible for inducing
transcription of a large group of genes that play a role in host resistance in viral infections [4].
This transcription activate the key components of the innate and adaptive immune response
including Antigen Presentation Cells (APC) maturation as well releasing the cytokines involved

in T cell activation [43].

It is important to note that type [ INFs are transcriptionally regulated and are induced
after recognition of typical PAMPs during infection [41]. There is a classical positive feedback-
production loop for IFN-f. The transcription is firstly activated by signals that induce cooperative
binding of the transcription factors c-Jun/ATF-2, NF-kB and interferon regulatory factor (IRF3) to
the IFN-f promoter. IRF3 is expressed constitutively in all cells and is present in the cytoplasm of
unstimulated cells [41]. Upon induction, IRF3 becomes phosphorylated by the serine-threonine
kinases TANK-binding kinase-1 (TBK1/T2K/NAK) or the inducible IxB kinase [44,45]. IRF3 in
this process forms the dimmers, translocates in the nucleus and combines with the co-activator
molecule CBP/P300 to activate IFN-3 [46]. After that, IFN-f initiates a positive feedback loop
by the binding to IFNAR which activates AJK protein tyrosine kinases (JAK1 and Tyk2). These
kinases phosphorylate STAT1 andSTAT2 [46]. The complex STAT1 and STAT2 together with IRF9
form a transcription factor complex named IFN-Stimulated Gene Factor 3 (ISGF3) [41]. Then
ISGF3 translocates in the nucleus and binds I[FN-Stimulated Response Elements (ISRE) in order
to induce expression of a large number of “IFN-inducible” genes, like IRF7 [41]. This mechanism
of action is shown in Figure 1. IRF7 molecule can be expressed primary in lymphoid cells and it is
transcriptionally induced in different cell type upon a type I IFN signaling [46].

The Production of Type I IFN Mediated by TLR

Toll-Like Receptors (TLRs) are a family of PRRs consisting of 12 members in mammals [19].
These molecules are expressed in the surface of the cell membrane or on the endocytic vesicles
membrane of many type immune cells including macrophages and Dendritic Cells (DC). In the
past decade it has been shown that TLRs recognize PAMPs from a broad array of pathogens and
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that play a key role in activation of the innate and adaptive immune responses [47]. Characteristic
feature of TLR is to contain extracellular Leucine-Rich Repeat (LRR) domains which participate
in ligand recognition and intracellular TIR (Toll-interleukin IL-1 receptor) domains. Together
they transmit downstream signals through the interactions with TIR-domain-containing adaptor
molecules including myeloid differentiation factor 88 (MyD88), TIR-Associated Protein (TIRAP/
MAL) and few other adaptor molecules [48].

It has been found that several members of TLR family activate production of type I IFN
following ligand stimulation in various cell types [48]. TLR3 and TLR4, which recognize viral
dsRNA and Gram negative bacterial lipopolysaccharide, can induce certain signaling pathways,
including type I IFN production [49]. MyD88 plays an important role in the initiation of the innate
immune response to M. tuberculosis. On reception to this molecule, TLR4 can induce intracellular
signals through a pathway which is mediated by the adaptor molecule Toll/IL-1R (TIR) domain-
containing adapter inducing IFN- (TRIF). TLR4 induced autophagy has an important role in the
phagosome-lysosome fusion, a process impaired by M. tuberculosis [50].

Of the particularly importance is a MyD88 dependent pathway activated by TLR7, TLR8 and
TLR 9 leading to type I IFN production. This induction seems to occur in certain dendritic cell
subtypes, for instance plasmacytiod dendritic cells, also known as interferon-producing cells [51].

After the interaction of specific mycobacterial components with TLRs, signaling pathways
involving MyD88 are triggered [52]. After this initiation, IL-1 Receptor-Associated Kinases
(IRAK), TNF Receptor-Associated Factor (TRAF) 6, TGF-[3-Activated Protein Kinase 1 (TAK1) and
Mitogen-Activated Protein (MAP) kinase, activate signal cascade leading to activation and nuclear
translocation of NF-kB [53]. The activation of NF-kB leads to transcription of genes involved in the
activation of the in innate immune response, and to the production of proinflammatory cytokines
like TNF, IL-18, IL-12 and nitric oxide [54].

In the activation of the innate immune response to M. tuberculosis important role have TLR2,
TLR4 and TLR9 and possibly TLR8 [17,55]. In vitro studies showed that IL-12 release induced by
M. tuberculosis components in dendritic cells was TLR9 dependent [12].

Recently it was confirmed that IFN type I contribute to protection in many bacterial infections
[56], but there is growing evidence that it can impair the protection against some intracellular
bacteria. In previously published study it has been shown that addition of exogenous IFN type I or
its induction through TLR3 agonist polyl:C lead to decreasing of bacterial infection control and to
increasing susceptibility to disease [57].

IFN Type I in Immune Response to M. tuberculosis

Infection of various cell types with M. tuberculosis has been shown to induce both IFN-a and
IFN-f synthesis [15]. It has been found that infection with hyper virulent strain of M. tuberculosis

induces higher level of IFN-a than normal strain and kills infected mice more faster [57]. Although
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the production of Th1 cytokines was lower in mice infected with the hyper virulent strain,
the simultaneous administration of IFN-y in infected animals had no effects on survival. The
administration of type I IFNs further enhanced death caused by the M. tuberculosis [57].

Ithas been observed that early death of infected mice induced by virulent M. tuberculosis strain
may be partially due to the failure to induce a proper Th1 response, but it can be also partially due
to production of type I IFNs [57].

Till today there is a lack of consensus if the interferons type [ have any antimicrobial activity
against M. tuberculosis. The majority of the studies support the findings that IFN type I actually
promote infection with M. tuberculosis [58,59]. Antonelli and contributors have shown that type
[ IFN receptor deficient mice chronically infected with various different M. tuberculosis strains
displayed reduced bacterial loads when compared with infected animals without this impairment
[60].

Despite the ability of TLR4 to trigger transcription of the genes for type I IFN, existing evidence
indicates that this response requires the recognition of bacterial products in the cytosol [18].
During the M. tuberculosis infection, the bacilli must disrupt the phagosomal membrane and to
escape into the cytosol in order to trigger the type I IFN response in resting macrophages [19]. The
induction of the IFN type I after infection with M. tuberculosis virulent strains has been evaluated
inlotof studies [61,62]. The comparison of the gene expression profiles in the mouse macrophages
infected with the virulent strains of M. tuberculosis with the infection with a virulent strain (with
the inactive ESX-1 secretion system), revealed the selective induction of type I associated genes
and IFN-$ by the virulent strain [34]. This induction was not observed in infection with the a
virulent strain. This response of IFN type I upon infection with virulent strains was independent
of the TLR adaptor TRIF and RIP2, the adaptor for NOD1 and NOD2 signaling, but it seems to
need TBK (a kinase necessary for type I IFN induction in viral infections and infections with
Listeria monocytogenes) [34]. The findings of another study were different in arguing that NOD1,
NOD2 and RIP2 are actually required for type I IFN induction by M. tuberculosis virulent strains
[33]. Recently published study has suggested that type I IFN induction is an important factor
that determines the outcome of M. tuberculosis infection in humans [4]. In this study the gene
expression in whole blood samples collected from the patients with active tuberculosis and from
the latently infected individuals has been investigated. They found that the majority of the patients
with the active tuberculosis displayed an expression signature dominated by IFN-induced genes
in neutrophil granulocyte. The similar profile was present in less than 10% of persons who were
latently infected with M. tuberculosis, suggesting that these persons are at the highest risk for
the development of active form of the disease. The findings of the previously published studies
implicate that type I IFN is a down regulator of protective immune response in both mouse and
human M. tuberculosis infection [33,61].

Later, it has been found that successful treatment of active tuberculosis leads to the

disappearance of type I IFN signature, and these data confirm that IFN type I correlate with
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lacking of M. tuberculosis infection control [63]. Since it is well known that IFN-y driven Th1
responses are crucial for the immune response in M. tuberculosis infection, one of the suggested
mechanisms for type [ IFN mediated loss of M. tuberculosis infection control is the blockade of Th1
responses [57]. Recently it was shown that type I IFNs induce the immunosuppressive cytokine
IL-10 and therefore reduced immune response due to type I IFN-induced IL-10 contribute to loss
of M. tuberculosis infection control [58].

Novikov and coworkers recently have shown that IL-1f3, induced by virulent M. tuberculosis, is
negatively regulated by type [ IFN. In this study, it has been demonstrated that there is a functional
intersection between type I IFN and IL-1f signaling [5].

IL-1 is useful in the protection against M. tuberculosis and it can be suppressed by type I IFNs
[5,64]. Recently it has been demonstrated that there is a reciprocal control of type I IFNs by IL-
1B through a prostaglandin E2 mediated mechanism and that treatment with prostaglandin E2

reduce type I IFN levels and increases the protection in infection with M. tuberculosis [65].

In conclusion, in several bacterial infections requiring strong IFN-y responses for protection,
type I IFN appears to be detrimental through 3 separate, but overlapping, type I IFN-mediated
mechanisms. These mechanisms are: induction of excessive apoptosis, specific suppression of

Th1 and IFN-y responses, and dampening of the immune response by strong IL-10 induction [66].
IFN TYPE 11 IN M.TUBERCULOSIS INFECTION CONTROL

IFN-vy is classified as a Th1 type cytokine that stimulates cell-mediated immune responses that
are critical for the developmentofhostprotection against pathogenicintracellular microorganisms
such as M. tuberculosis [67]. It is important to note that type [ and type I IFNs often work together
to activate the mechanisms of innate and adaptive immune responses that result in the induction

of effective immunity [6].

It has well established that IFN-y has protective function against M. tuberculosis and the other
mycobacteria and that the primary source of this cytokine are CD4+ and CD8+ T cells. Recently
it has been shown that also the innate lymphocytes, y6 T cells, Natural Killer (NK) T cells and
NK cells that possess restricted or invariant receptor repertoires, can also be the source of IFN-y
in response to M. tuberculosis infection. These cells can be the secondary sources of IFN-y that
prevent the adaptive immune system from being overwhelmed due to heavy or the exposure with
the hyper virulent M. tubersulosis strains [2]. There is a possibility that these innate sources have
the important protective role in humans, particularly in the case of T cell immunodeficiency as

seen in individuals infected with HIV who were infected with M. tuberculosis [15].

It has been hypothesized that defects in multiple TLRs plays a role in M. tuberculosis infection
control [17]. For instance, TLR2 and TLR9 double knockout mice display greater defects of IL-
12 and IFN-y production in comparison with single TLR knockout mice. That leads to earlier

manifestation of the infection even with the low inoculums of M. tuberculosis [68].
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It is well known that IFN-y promotes cellular proliferation, cell adhesion and apoptosis.
IFN-y in the infected macrophages induces respiratory burst contributing to the production of
RNI and ROIs [69]. After this induction, activated macrophages produce immunomodulatory
and chemotactic molecules that promote up regulation of receptors for TNF-a and NRAMP-1
molecules. One of the most important effects of IFN-y in M. tuberculosis infection control is the
production of large amounts of ROIs and NO by the cells of innate immune response [69]. In the
mice model of infection with M. tuberculosis, it has been shown that NO is essential in the killing
of bacilli by mononuclear phagocytes [70]. The marked defects in the IFN-y-signaling pathways
in the IFN-y deficient mice lead to high susceptibility to mycobacterial infection. These animals
also fail to develop granulomas following inhalation of M. tuberculosis, with significant defects of
macrophages activation [70].

Today it is known that the innate lymphocytes, y6 T cells, natural killer T cells and NK cells
that possess restricted or invariant receptor repertoires can also produce IFN-y in response to
mycobacterial stimulation and display protective effects against M. tuberculosis both in vitro and
in vivo [15].

Till today is still unclear if these cells contribute to the IFN-y dependent control of infection
when an adaptive immune response occurred. Feng and coworkers demonstrated that NK
cells producing IFN-y are responsible for partial resistance of rag-/- mice to infection with M.
tuberculosis, but similar depletion of NK cells in T cell sufficient WT mice seems to have no
influence on control of infection [71].

Interestingly, a recently published study provided evidence that CD4+ cells can induce M.
tuberculosis growth arrest without to secrete IFN-y, TNF or both cytokines [72]. In that study
it has been shown that the growth arrest over the first 21 days after aerosol challenge occurred
even when T cells were unable to express Th1 promoting transcription factor or to secrete IFN-y,
TNF or both cytokines [72]. They found that there was no need for host IFN-y, TNF, the Inducible
Nitric Oxide Syntase (iINOS) gene, or superoxide-generating machinery to mediate this control.

In another study it has been published that Th2 differentiated cells could not induce the
growth arrest of M .tuberculosis as efficiently as Th1l or even Th17 differentiated cells [3].
However, recently published data have shown that in vitro generated memory CD4+ T cell
enhance protection by induction of multiple innate cytokines and chemokines in the lung in a
antigen-dependent, but IFN-y and TNF independent manner [73]. Itis important to note that the
regulatory T cell are induced very early and can regulate the effectors function in the aerosol M.

tuberculosis infection [74].

Recently it has been shown that [FN-y production in the activated CD4+ T cells is suboptimal
in the lungs of the infected animals and that contributes to the inability of the host to eliminate
M. tuberculosis. The low frequency of activated T cells in infected animals enables persistence of
M. tuberculosis in vivo [75]. In this study it has been shown that the frequency of activated CD4+ T
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cells that secrete IFN-y in infected animals is low even the peak of the response and it decreases
during the chronic phase [75]. This findings support previous work that suggested this pattern
[76].

Regarding the induction of immune response it has been shown that the frequency of IFN-y
producing cells correlates with the availability of cognate antigen. Also it has been noted that the
delivery of the antigen peptide results in significantly increased frequency of cytokine expression
[75]. In this study, it has been found that inside the granuloma there was small number of cells
expressing INF-y [75]. These findings were supported in another study, where it has been shown
that the delivery of exogenous peptide antigen was failed to signal both migration arrest and
cytokine production by the effectors cells [77]. An important observation of this study was that
the cells that exhibit migration arrest could produce the cytokines to a closely adjacent infected
cell. This finding suggests that inside the granuloma, T cell derived IFN-y mediation of infected
phagocyte activation is an important protective mechanism [77].

In an interesting study published in 2011, biomarkers distinguish active tuberculosis from
latent infection by gene expression profile of peripheral blood mononuclear cells have been
investigated. It has been found that IFN-y, CXCL10, IL-2 and CXCL11 exhibit statistically significant
difference in the comparison with latent and healthy group [78]. In another study by Berry etal., a
neutrophil-driven IFN (both IFN-y and type I IFNs)-inducible gene profile was identified to have
a specific signature upon M. tuberculosis infection [4].

In a study taken from Harari and contributors, the cytokine profile (IFN-y, TNF-a and IL-2)
for M. tuberculosis specific CD4+ T cell responses in subjects with latent M. tuberculosis infection
and active tuberculosis disease have been investigated. The measurement of the M. tuberculosis
specific T cells was made by polychromatic flow cytometry. The results of this study have showed
substantial increase in the proportion of single-positive TNF-« (+) specific CD4+ T cells in subjects
with active disease, and this parameter was the strongest predictor of diagnosis of active disease
versus latent infection [79].

The cytokine profile of M. tuberculosis specific CD4+ T cells showed that persons with latent
tuberculosis infection had a higher frequency of double-positive IFN-y (+) IL-2(+) CD4+ T cells
and triple-positive IFN-y(+) IL-2(+) TNF(+) CD4+ T cells compared to those without latent
infection. [t seems that patients with and withoutlatent tuberculosis are characterized by different
intracellular cytokine profiles [80].

The data shown in study published by Lu and coworkers indicate that signaling pathway of
IFN-y displayed significant difference in the comparison between active tuberculosis and latent
tuberculosis group, implicating its key role in immune response to M. tuberculosis [78].

In an interesting opinion article published by Behar’ group, the central dogma of the immunity
to M. tuberculosis was reassessed. Previously it was widely accepted that the production of IFN-y
by CD4+ T cells is the major driver of immunity to M. tuberculosis [81].
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These findings were based mostly on the studies on knockout mice (lacking IFN-y) and the
findings that patients infected with HIV, when develop AIDS, often develop infection caused by
mycobacteria.

Acentralrole of IFN-y,acytokine thatisinvolvedintheresponseagainstvirusesandintracellular
bacteria, in antimycobacterial immunity is based on the extreme susceptibility of mice that lack
IFN-y [56]. Also, it has been found that some families are more susceptible to mycobacterial
infections due to impairment of STAT 1 signaling [82]. Current studies of association between
genetic polymorphisms in the innate immune system and the risk of M. tuberculosis infection have
actually shown that there is a wide variety of innate mechanisms that have protective roles in
early infection [39].

However, inreassessing the central dogma, itis worth to note that the risk of active tuberculosis
significantly increases during the first year after HIV infection, despite normal CD4+ T cell counts
[83]. Also, the progression to AIDS, which is characterized by a substantial loss of CD4+ T cells,
does not correlate with the development of active tuberculosis [84]. It is possible that alterations
in CD4+ T cell function secondary to HIV infection increase susceptibility to tuberculosis even
before CD4+ T cell numbers decrease. It is interesting that most people who develop active
tuberculosis have no obvious defects in their T cell compartment and generate specific IFN-y
response to M. tuberculosis.

Today is known that T cells producing IFN-y are not sufficient to prevent active disease. In fact,
it has been shown that patients whose T cells produce greater amounts of I[FN-y are more likely
develop progress to active disease than patients with weaker responses [85].

Several studies have shown that CD4+ T cells protect mice against M. tuberculosisindependently
of IFN-y [72]. The most important is that the balance between IFN-y and different cytokines such
as IL-10 and other Th2 cell cytokines actually influence disease outcome [86].

Although IFN-vy is a proinflamatory cytokine, it can also limits inflammation, at least in part
by the direct and indirect inhibition of neutrophils. IFN-y can have antiproliferative effects on T
cells and modulate their function, including inhibition of IL-17 production. IL-17 is a cytokine that
drives inflammation caused by neutrophils [15].

T cells have the role in influencing the balance of pro- and anti- inflammatory signals. IFN-y
functions as a key negative regulator of innate immunity, including neutrophils and IL-1f3, both of
which might be beneficial in early stages of infection, but have detrimental effects if they persistin
chronic phase. The anti-inflammatory effect of T cells may prevent extensive protective response
that causes harmful effect and tissue damage during chronic infection [38].

THE POTENTIAL ROLE OF IFN TYPE IIl IN M. TUBERCULOSIS
INFECTION

Type III IFNs are cytokines exhibiting antiviral and anti-proliferative capacity together with
other immunological responses. They display structural features analogous to IL-10-related

Tuberculosis | www.smgebooks.com 13
Copyright © Travar M.This book chapter is open access distributed under the Creative Commons Attribution 4.0
International License, which allows users to download, copy and build upon published articles even for commercial
purposes, as long as the author and publisher are properly credited.



cytokines. The role of IFN-As in viral infection has been demonstrated in lot of publications,
especially considering HCV infection [87,88].

Today it is known that type I and type Il IFNs have different biological properties from the
type Il IFN. IFN-a/3 and IFN-A appear to have potent antiviral and antitumor activities, whereas
IFN-y has antibacterial, antiparasitic and antifungal properties, along with the very important

role in immune mediation [6,89].

In the last decade, it has been shown that receptor for IFN-As is heterodimeric and it consists
from a specific ligand-binding IFN-AR1 (IL-28Ra) chain and the accessory receptor chain, IL-
10R2, which is also part of the receptors for IL-10, IL-22 and IL-26 [8,9,90].

Binding of the IFN-A ligand to its receptor initiates signaling path similar to the type I IFNs.
Ligation of STATZ2 leads to phosphorylation, activation of ISGF3 and induction of OAS and MxA [8].
Later, it has been observed that IFN-A ligands also induce the phosphorylation of STAT1, STAT3,
STATS5 and STAT4 [91]. These findings suggests more complex properties for the IFN-A family,
since STAT 3 is the signaling mechanism used by members of the IL-10 family (IL-10, IL-19, IL-
20) [91], whereas STATS5 is used by IL-2, IL-3 and Granulocyte-Macrophage Colony Stimulating
Factor (GM-CSF) [92].

Lot of studies has shown that type III IFN has similar biological properties as IFN type I,
such as antiviral and antitumor activities [93,94,95]. However, their physiological action can be
diverse due to the distribution of their receptor in tissues [96,97]. It has been noted that, unlike
for ubiquitously distributed IFNAR, IFN-A receptor is primary expressed on epithelial cells and
specific subsets of immune cells, acting predominately on the mucosa surface [97,98]. Similar as
the activation process of the type [ IFN, the IFN-As receptor activation induce JAK/STAT signaling
pathway, leading to transcriptional activation of similar sets of I[FN-responsive genes [98], but
with different kinetics [99].

Today it is known that IFN genes are expressed following recognition of Microbial Associated
Molecular Patterns (MAMP) by PRR, acting as sensors for microbial products at the cell surface

and endosomal and cystosolic compartments [100,101].

Bacterial infection, including M. tuberculosis infection, trigger the expression of interferon I
and II genes, but till today little is known about their effect on IFN III genes, whose products
plays an important role in epithelial immunity [102]. IFN III genes are activated in Monocyte-
Derived Dendritic Cells (MDDC), following stimulation with bacterial components, such is
lipopolysaccharide and other TLR4 and TLR9 agonists [90,103,104]. Recently it has been found
that M. tuberculosis infection in A549 lung epithelial cells stimulate up-regulation of IFN-A genes
in vitro [102]. In that study 120% fold increasing of IFN-A2 gene induction, after M. tuberculosis

infection was shown.

In a recent study taken from our research group, IFN-A2 levels in sputum of the patients with
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pulmonary tuberculosis were measured. In this study, statistically important difference between
IFN-A2 levels in sputum of patients with M. tuberculosis active pulmonary infection comparing

levels in sputum of healthy persons and persons with latent tuberculosis have been observed.

Also the significant correlation between Bartlett score and IFN-A2 level has been observed
only in the group of patients with active tuberculosis, suggesting that only the cells that have
been stimulated by M. tuberculosis components can be source of IFN-A2 [105]. The findings of this
study suggest that only live bacteria can lead to stimulation of the PRR and to cause induction of
IFN-A2 synthesis.

Regarding the potential mechanisms in M. tuberculosis infection control, it is interesting
to note that type III IFNs has recently been described as modulator of the Th2 response, with
inhibitory effect on Th2 mediated inflammation [106]. IFN-A also can have a role in modulation
of Th1/Th2 response [107]. Recently it has been described that IL-29 inhibits Th2 cytokine
production, especially IL-13 in human cell culture systems [108]. Previously it has been shown
that IL-28A increase the induction of Th1 response [109]. These mechanisms are not essential
for M. tuberculosis infection control, but can give some contribution in immune response to this
pathogen.
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