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Protection versus pathology in tuberculosis: Recent insights
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Summary

Recent studies have revisited the roles of prime players in the immune response to tuberculosis
(TB) and have highlighted novel functions of players. Specifically, immunoregulatory
mechanisms mediated by IFN+y have been delineated as well as a novel role for neutrophils in
promoting antigen presentation. New insights into the interaction between the bacterium and
phagocyte indicate that the bacterium actively promotes phagocyte necrosis rather than apoptosis
and that this impacts generation of the acquired response. There are also many new examples of
how the phagocyte responds to the bacteria and how it mediates control. The phenotype of
protective T cells is also being re-examined. These developments provide promise for improved
vaccine design and highlight the complexity of this disease.

Introduction

Mycobacterium tuberculosis(Mtb) enters the lung via aerosol droplets that can penetrate to
the alveolar tissue. This tissue is delicate and resists damage by elaborating several levels of
anti-inflammatory mechanisms. Despite this regulated environment, inflammation occurs in
response to infection with Mtb and it appears that virulent Mtb are very well equipped to
manipulate the cellular immune response to promote accumulation of phagocytic cells while
delaying activation of the acquired response. Once initiated, the antigen-specific cellular
response is strong but as the cells accumulate within the infected tissue their ability to
respond is limited. By this sequence of events, Mtb creates and resides within an
immunologically privileged area while driving a strong immune response that generates the
tissue damage required for transmission. Recent publications discussed below contribute
new details to this model.

T cell activation

Upon arrival of Mtb in the lung there is very little stimulation of the acquired response,
indeed it takes 7-9 days for bacteria to be delivered to the draining lymph node (DLN) and
for antigen-specific T cells to respond (reviewed in [1]). While T cell responses can be
initiated in the absence of DLN [2,3] the naive lung is a poor inducer of naive T cells and
thus bacteria must traffic to the DLN. In addressing the role of DC’s in the dissemination of
bacteria we identified a novel role for an alternatively spliced variant of the IL-12Rp1.
Specifically, the splice variant is induced in CD11c* cells at the same time as the bacteria
traffic to the DLN and its presence improves efficiency of DC migration and T cell
activation [4]*. The issue of how the bacteria get into the motile DCs has been of interest
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and it appears that Mtb inhibits apoptosis of neutrophils thereby limiting the uptake
apoptotic bodies containing Mth by DCs [5]*. Depletion of neutrophils increases the number
of directly infected DCs in the lung, however these cells are not responsive to lymph node
homing chemokines whereas DC’s that have ingested apoptotic neutrophils remain
responsive and are therefore better able to prime T cells in the DLN [6]*. In addition, by
inhibiting PGE2, Mtb promotes necrosis in host cells which limits cross presentation of its
antigens by DC and delays initiation of the T cell response [7]*. Other factors have been
demonstrated to delay the initiation of the acquired cellular response including the induction
of regulatory T cells at the same time as effector T cells [8]. Importantly, regulatory T cells
in TB are dependent upon the Th1 transcription factor T-bet and IFNy for their persistence
[91**. In a link to the increased susceptibility of individuals with diabetes to TB, it has been
shown that induction of acquired immunity is delayed in diabetic mice and that this is
associated with reduced innate responses in the lung following infection [10].

Innate/acquired bridge

While the acquired responses is required to stop Mtb growth, less classical lymphocytes are
also capable of recognizing mycobacterial antigens and the role of these cells is being
determined. Recent studies with CD1b tetramers demonstrate that CD4 T cells are the
dominant CD1b binding cell in the blood of TB patients, indicating a larger pool of cells
responding to these lipid than once thought [11]*. In examining the responsiveness of these
cells in patients upon diagnosis it appears that mycolic acid can induce IL-2 and IFNy in T
cells in a CD1b dependent manner, these cells were found at sites of infection contracted
upon treatment and were not detected in BCG vaccinees [12]*. CD1b can also present other
molecules and lipomannan from M. smegmatis is recognized by CD1b-restricted cells
whereas the larger more neutral lipomannan from Mtb is less stimulatory [13]. y8 T cells
are also implicated in TB. In co-culture experiments y& T cells (V-y9V82) and Mtb-infected
DCs were found to mutually activate but Mtb-infected DCs drove only proliferation of the
¥8T cells without effector induction; addition of IL-15 restored differentiation of the y& T
cells and killing of the bacteria [14]. Finally a new cell type, the mucosal-associated
invariant T cells (MAIT) has been implicated in antimycobacterial immunity. These cells
have an invariant TCR alpha chain (Va7.2), are restricted to the MHC related protein 1
(MR1) and are activated by cells infected with bacteria or yeast but not virus [15]*. These
cells are lost from the blood of patients [15,16], appear in the lung during TB, respond to
Mtb-infected lung epithelial cells [16]** and protect mice against M. abscessus [15].

Different type of T cells induced

The function of T cells in TB is to regulate the inflammatory environment by activating
phagocytes to kill bacteria and by regulating the innate response and limiting pathologic
damage. The achieve these goals the T cells need to get into the inflamed site and see
antigen in order to be stimulated to act. It has recently become clear that antigen-specific T
cells exhibit only minor antigen-induced T cell arrest and polarized secretion of cytokine
within granulomata suggesting limited availability or recognition of antigen [17**,18*].
This observation is surprising given the ability of mycobacteria to not only initiate strong
immune responses but also by the fact that mycobacterially-infected phagocytes actively
generate microvesicles and exosomes which contain antigen and can apparently stimulate T
cells [19]. In addition, it has been shown that DC’s can migrate out of established
granulomata and systemically activate T cells [20]*. Taken together with the observation
that human T cell epitopes are highly conserved [21], it is clear that Mtb actively induces
systemic T cell responsiveness while promoting a granulomatous environment that limits the
efficacy of the T cells to respond.
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In light of the ability of Mtb to manipulate the vertebrate immune response it is critical to
define the type of T cells induced during TB while at the same time determine which T cell
type may be best suited to mediating protection. In this regard a recent study that sorted CD4
T cells from Mtb-infected mice based on surface phenotype and returned them to
congenically marked infected mice demonstrated that cells that were less polarized were
better able to persist in the inflamed environment [22]**. In another study, the development
of memory CD8 T cells in the TB lung was found to depend upon the ability of T cells to
express the chemokine receptor CXCR3 [23]*. In its absence T cells had limited migration
into the inflamed site, less access to antigen and differentiated less allowing greater
development of memory cells [23]. In other studies, it was found that antigen-specific T
cells that are expanded but remain plastic in their cytokine producing capacity are able to
protect mice against Mtb but lose this ability if polarized to a Th17 phenotype [24,25].
Despite these studies, polarization remains an important aspect of the T cell response. In
support of this, mycobacterial infection results in down regulation of the microRNA miR-29
that limits persistence of IFN-y mRNA in many lymphocytes [26]. Mice that express a
“sponge” for miR-29 express increased IFNy and an increased ability to combat a high dose
challenge with Mtb [26]*. Finally, in humans multiparameter flow cytometry has allowed
the phenotypes of responsive cells to be examined and multifunctional effector cells are
associated with active disease, with triple cytokine producers being seen in a majority of
those with disease and rarely in those with latent disease wherein double or single producers
were evident [27,28].

While the initiation and expansion of antigen-specific T cells appears critical for immunity,
it is not these cells that express the anti-bacterial function. Control of bacterial growth is
mediated by the infected phagocyte and the critical components of this response are being
elucidated. Recent work has identified a critical role for the IFNy-inducible 65-kD
guanylate-binding proteins (Gbp) which represent 20% of IFN-y-inducible genes. In
particular, Gbpl, Gbp6, Gbp7 and Gbp10 confer cell autonomous anti-bacterial activity in
macrophages and the absence of Gbp1 results in profound susceptibility of mice to BCG
[29]**. Detailed studies support a role for these proteins in promoting the oxidative burst,
the process of autophagy and the action of anti-microbial peptides and autophagy effectors
to kill intracellular bacteria [29]. In complementary studies, the genes regulated by
Interferon Regulatory Factor 8 (IRF8), which is induced in Mtb-infected lungs, include
multiple components of MHC class | and 1 antigen presentation machinery as well as the
previously implicated immunity related GTPases (IRG) [30] and the newly implicated Gbps
[31].

Recent studies with human phagocytes have highlighted the complexity of the phagocyte
response. Autophagy is a normal cellular process however the autophagy-targeting molecule
p62 in the autosome promotes anti-mycobacterial activity by delivering specific ribosomal
and bulk ubiquinated proteins which become antibacterial peptides [32]*. An immunity
related GTPase IRGM in humans has been related to autophagic defense against
mycobacteria by promoting mitochondrial fission [33]*. Further, it was found that low
vitamin D in peripheral blood cultures resulted in a blunted IFN-y-induced autophagic
response as well as reduced phagosomal maturation and reduced production of anti-
microbial peptides; delivery of vitamin D restored these responses and restored
antimicrobial activity [34]*. It further appears that the miRNA, hsa-mir-21, directly down
regulates TLR2/1-induced CYP27B1 (which generates the active form of vitamin D3) and
/L 1B as well as the vitamin-D dependent anti-microbial peptides CAMP and DEFB4A,;
knock down of this miRNA restored these anti-bacterial functions [35]*. Induction of
miRNA seems to be a trait of Mtb as TNF biosynthesis is regulated at the level of RNA
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stability by differential induction of the destabilizing miRNA miR-125b relative to the
stabilizing miR-155 [36]. The role of superoxide generation in human susceptibility was also
recently clarified as newly identified mutations in CYBB (gp91(phox)) results in monocyte-
derived macrophage specific defects in NADH oxidase assembly and this is associated with
Medelian susceptibility to mycobacterial disease [37]. External forces can also limit
phagocyte activation. Air pollution is associated with increased risk of TB and diesel
exhaust particles reduce the human primary cell response to Mtb in terms of TNF, IL-1, IL-6
and IFNap production [38]. Co-infection can also have an impact as concomitant helminth
infection results in increased IL-4R-dependent M2 profile for lesional phagocytes [39]*.

Inflammation

For a long time it has been appreciated that neutrophil accumulation is associated with poor
outcome in TB and one of the most exciting developments in recent years is the definition of
mechanisms whereby the host promotes mononuclear as opposed to granulocytic responses.
Granulocytic inflammation can be induced by repeated antigen delivery and this is
dependent upon IL-17 and 1L-23 [40]. The absence of IFNy receptor ligation on
radioresistant cells results in the accumulation of IL-17-producing cells and thereby
neutrophil recruitment [41]*. It appears that IFNy production is the primary anti-
inflammatory function of memory CD4 T cells as IFN-y-deficient memory cells can limit
bacterial growth but cannot limit IL-17 production and concomitant neutrophil recruitment
[25,42*]. Importantly, IFN+y also acts directly on neutrophils to limit survival suggesting
that appearance of neutrophils indicates loss of IFNy signaling [42]. The importance of
neutrophils in human disease was identified in a comprehensive but unbiased analysis of
transcripts from TB patients and controls. In these studies, a specific signature that reflected
increased neutrophil-driven type 1 and 11 IFN signaling at both the cellular and gene
transcription level was associated with active disease and this signature was lost upon
treatment [43]**.

The ability of the innate response to limit damaging inflammation was recently suggested by
the fact that the absence of CARD9, which integrates signals from multiple pattern
recognition receptors, results in increased bacterial growth, pyogranulomatous pneumonia
and increased inflammation. Importantly, neutralization of G-CSF and neutrophil depletion
in this model prolonged survival [44]. It was also shown that mice with a natural mutation of
the leptin receptor on non-hematopoietic cells have disorganized granulomata with
neutrophilia [45]. Finally, circulating neutrophils from active TB patients have been shown
to have high levels of the programmed cell death ligand-1 (PDL-1) which is implicated in
immune regulation [46]. Upon infection, program cell death (PD-1) deficient mice develop
focal necrotic areas in the lung with neutrophil infiltrates and excess proinflammatory
cytokine expression [47]. It appears however that it is the absence of PD-1 on CD4 T cells
that promotes this damage, as removal of CD4 T cells in PD-1 deficient mice alleviates the
pathology [48].

Another area of recent interest is in the role of tissue proteases in mediating damage. One
particular protease, matrix metalloproteinase (MMP)-1, is expressed by lung fibroblasts in
an IL-1p and TNF dependent manner [49] and in microglia during CNS TB [50]. Key to the
action of MMP-1 is that its regulators are down-regulated by Mtb [49,50] thus high levels of
MMP-1 and low levels of inhibitors are found in the BAL of TB patients. Further, mice
transgenically expressing MMP-1 develop more severe alveolar destruction and collagen
breakdown during Mtb infection [51]**. It seems therefore that MMP-1 is a principal
mediator of the lung damage required to promote dissemination of disease.

Some clarity regarding the role of IL-1 in TB has been achieved recently. IL-1f production
is critical to control Mtb in the mouse model [52]*. Further, IL-1a and IL-1p are produced
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by macrophages and DCs and IFN a/p limits production from both cell types; IFN-y from
CDA T cells selectively blocks I1L-1 from monocyte-macrophages [53]**. It has also been
shown that the negative regulatory molecule TIM3 is expressed by Th1 cells, binds
galectin-9 on Mth-infected macrophages and limits bacterial growth by inducing IL-1
secretion [54]. Both Mtb and BCG induce IL-1pmRNA in human macrophages but only
Mtb induces the inflammasome resulting in active IL-1p production. Mtb also limits I1L-1p
by inducing type I IFN which limits IL-18 mRNA stability, and also limits the
inflammasome. These two pathways are not activated by RD1 deficient bacteria as these
lack the ability to impact cytosolic pathways [55]*. Using a case-population study,
polymorphisms significantly associated with increased TB were found in a region
surrounding a negative regulator of TLR/IL-1R signaling; determining the extent to which
these polymorphisms affect I1L-1 signaling will be important to understanding TB [56].

In the search for vaccines it is necessary not only to define all potential epitopes but also to
determine when they are available. In support of this, a sub unit vaccine containing early and
latent (Rv2660c) antigens was effective prior to infection, protected against reactivation and
lowered bacterial burden in mice already infected [57]**. Novel vaccine targets were
detected by probing the response of latently infected people to DosR-regulon encoded
antigens; effector memory phenotypes were detected supporting the potential of these
antigens as targets for vaccine against latency [58]. In contrast, an unbiased bioinformatic
approach for class I epitopes in humans was performed, 70 new Mtb epitopes were
identified and the immunogenicity of 18 of them assessed with tetramers. There was broad
IFN, IL-2 and TNF responsiveness to these antigens in cured TB patients suggesting that
there is a much broader CD8 response than previously appreciated [59]. While the ESAT-6
and CFP-10 antigens (secreted via the secretion system esx-1) are immunodominant
antigens, a related protein, esx-1 substrate protein C (Rv3615c), also appears to promote
strong T cell responses in Mtb-exposed but not BCG vaccinated individuals [60]. Together
these data suggest that there are many more epitopes available to be probed as vaccine
targets. As a caution however, although specific epitope recognition can be induced by
vaccination this responsiveness can be overridden by infection. Specifically, for CD8 T
cells, immunodominance in Mtb is defined not by the epitope but by the availability of the
epitope [61]. This is further complicated by the observation that the delivery vector can
substantially alter the epitope recognition patterns as a result of targeting different Lamp
positive compartments within the APC [62].

A large number of vaccine studies have been initiated in recent years and the there is
increased understanding of the outcomes of vaccination. By comparing the whole blood
response of infants from Malawi and the United Kingdom to BCG vaccination, it was found
that the Malawians had a higher inflammatory response compared to the infants from the
United Kingdom, in contrast the UK children had a higher Th1 type responses [63]*. In
another study to address the impact of natural exposure on vaccine efficacy, it was found
that infants vaccinated 4.5 months after birth have a modest endogenous response prior to
vaccination and also a lower response to vaccination. However by 9 months the response for
those vaccinated at birth and at 4.5 months is equivalent [64]*. It is apparent that we still
need more information on the impact of BCG vaccination. Pre-clinical vaccine studies have
focused on mechanism. Using BCG to induce T cell responses IL-23-dependent IL-17 was
shown to overcome BCG-induced IL-10 thereby promoting IL-12 which in turn promotes
Thl [65].

Manipulation of bacteria to improve vaccine efficacy has also been undertaken recently. In

investigating the role of esx-3in bacterial virulence it was noted that loss of esx-3from M.
smegmatis rendered it less virulent in a rag deficient mouse, and that insertion of the Mth
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esx-3resulted in the generation of a bacteria that was able to induce stronger anti-Mtb
memory CD4 T cell responses [66]. By mutating the p/1oP response regulator in Mtb and
using this mutant as a vaccine it was found that it protected better than BCG and that this
was associated with increased frequency and persistence of antigen-specific central memory
CDA T cells [67]. The importance of long-term and targeted antigen delivery was assessed
by the use of Mtb antigens delivered in carefully manipulated live recombinant Salmonella
vaccine [68]. In this model, mice receiving an oral vaccine which had delayed lysis and
regulated delayed antigen synthesis were better protected against TB.

Conclusion

It is clear that each of the immune system components that act during Mtb-infection have
multiple roles and that the immune system response to such a persistent pathogen is
complex. What is also clear is that Mtb is exquisitely able to manipulate this complex
response to both provide a suitable environment for proliferation while promoting the
immune-mediated damage required for transmission of disease.
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Figure.

(i) Exposure of lung phagocytes, both mononuclear and granulocytic, to invading Mtb
results in the phagocytosis of the bacteria. Virulent Mtb inhibits apoptotic and promotes
necrotic cell death of the host phagocyte which delays the transfer of Mtb bacteria and/or
Mtb antigens to migratory DCs DLN and thereby slows the initiation of T cell responses.(ii)
In the DLN the local expression of antigen and inflammatory cytokines defines the
polarization of the T cells which then migrate to the Mtb manipulated inflammatory site. (iii)
At this site the immune response is regulated by feedback mechanisms involving IFN and
PD-1. (iv) Critical to the development of the immunopathology required for transmission is
the strong induction of T cell responses which are then limited in function at the site of
infection. T cells fail to penetrate fully the macrophage dominated site and also fail to
express full functionality.
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