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Resumo

0 papel da IL-23 na resposta imunitaria ao Mycobacterium tuberculosis

O Mycobacterium tuberculosis & o agente etiolégico da tuberculose e a principal causa de morte por um
s6 agente infecioso em humanos. Esta bactéria € um exemplo ideal de um agente infecioso para o qual
a resposta protetora depende da imunidade celular, uma vez que o organismo vive dentro de células,
normalmente macrdfagos. Assim, os mecanismos efetores mediados por células T, em vez de anticorpos,
sa0 necessarios para controlar a infecdo. No entanto, estas respostas demoram a ser ativadas sendo
detetadas apenas 3 semanas apos a infecao. Assim, a imunidade inata desempenha um papel critico na
protecao do hospedeiro contra a infecdo com M. tuberculosis, visto que muitos individuos infetados
controlam a infecdo, apesar do atraso na resposta imunitaria adquirida. Macrofagos infetados com M.
tuberculosis produzem IL-23 em poucas horas de infecao; A nossa hipotese para este trabalho é que a
IL-23 desempenha um papel fundamental na resposta inata contra M. fuberculosis, inclusive induzindo
a expressdo de peptideos antimicrobianos que podem ajudar no controle da infecado. Por esse motivo,
procuramos explorar o papel desta citoquina durante a infecao por M. tuberculosis in vivo e in vitro.
Comecamos por determinar a expressao de peptideos antimicrobianos por macréfagos infetados com M.
tuberculosis na presenca ou auséncia de IL-23. Os nossos dados mostram que a IL-23 nédo induz a
expressdo de peptideos antimicrobianos em macrofagos infetados por M. tuberculosis. De seguida,
determinamos o papel da IL-23 na resposta imunitario e no controle do M. tuberculosis in vivo. Para isso,
infetamos ratinhos deficientes em IL-23R e comparamos sua capacidade de controlar M. fuberculosis
com a de ratinhos C57BL/6. Os nossos dados mostram que, durante as primeiras semanas de infecao
a IL.-23 pode desempenhar um papel fundamental no controle de M. tuberculosis. No entanto, durante
os estadios finais da infecao, os ratinhos com deficiéncia no IL-23R sdo mais suscetiveis a infecao. Apesar
disso, 0s nossos dados nao revelaram alteracdo significativa na resposta imunitaria protetora, no que diz
respeito a ativacdo e funcao efetora de células T. Também determinamos o potencial da IL-23 na protecéo
conferida pela vacinacdo da mucosa. Mostramos que ratinhos vacinados com BCG e ratinhos vacinados
com BCG+IL-23 controlam a infecao por M. tuberculosis da mesma forma; no entanto, ratinhos vacinados
com BCG+IL-23 exibem uma arquitetura melhorada de tecido pulmonar, o que sugere um papel
importante da IL-23 na vacinacao via mucosa.

Em conjunto, os nossos dados justificam mais estudos para definir o papel da IL-23 durante a vacinacao
da mucosa e apos a infecao por M. fuberculosis. Especificamente, 0 uso de uma dose maior de infecao

podera desvendar novos mecanismos inatos de protecao contra o M. fuberculosis mediados por IL-23.

Palavras chave: Citoquinas; Imunidade inata; Imunidade adquirida; Vacinac&o. Vi



Abstract

The role of IL-23 in the immune response to Mycobacterium tuberculosis

Mycobacterium tuberculosis is the etiological agent of tuberculosis and the leading cause of death due to
a single infectious agent in humans. M. fuberculosis is an ideal example of a pathogen for which the
protective response relies on cell-mediated immunity, since the organism lives within cells, typically
macrophages. Therefore, T cell effector mechanisms, instead of antibody, are required to control the
bacterium. However, these responses are slow to be activated and are detectable only 3 weeks after
infection, giving the pathogen time to spread. Innate immunity plays a critical role in protecting the host
from early infection with M. fuberculosis, as many M. tuberculosisinfected individuals can control the
infection despite the delay in the acquired immune response. M. tuberculosisinfected macrophages
produce IL-23 within hours infection; in this work, we hypothesized that IL-23 plays a pivotal role in the
innate response to, including by inducing the production of antimicrobial peptides which may help in the
control of infection. For this reason, we sought to explore the role of this cytokine during M. tuberculosis
infection both in vivo and in vitro.

We began by determining the expression of antimicrobial peptides by M. tuberculosisinfected
macrophages in the presence and/or absence of I1L-23. We showed that [L-23 does not induce the
expression of antimicrobial peptides. We next determined the role of IL-23 in the immune response and
control of M. tuberculosis in vivo. To do this, we infected IL-23R-defficient mice and compared their ability
to control M. tuberculosis with that of C57B/6 mice. We showed that during early infection IL-23 might
play a key role in the control of infection. However, during the late stages of infection IL-23R-defficient
mice were more susceptible to M. fuberculosis infection. Despite this, our data did not reveal significant
alteration in the protective immune response, in what regard T cell activation and effector function. We
also determined the potential of IL-23 in enhancing protection conferred by mucosal vaccination. We
showed that mice vaccinated with BCG and mice vaccinated with BCG+IL-23 control M. tuberculosis
infection equally; however, BCG+IL-23 vaccinated mice display improved lung tissue architecture
suggesting a potential role of IL-23 in mucosal vaccination.

Taken together, these data warrant further studies to define the role of IL-23 during mucosal vaccination
and following infection with M. tuberculosis. Specifically, the use of a higher dose of infection might

unravel novel innate mechanisms of protection against M. fuberculosis mediated by 1L-23.

Key words: Cytokines; Innate immunity; Acquired Immunity; Vaccination.
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Introduction



1- Mycobacterium tuberculosis incidence and prevalence

Mycobacterium tuberculosis (M. tuberculosis) is a nonmotile, nonsporulating, and slow growing bacterium
(1,2,4, 5). Its defining feature is a waxy outer membrane, that is rich in mycolic acids, thus making it
neither a Gram-positive nor Gram-negative acid-fast bacterium (AFB) (2-5). M. tuberculosis is part of a
group of organisms classified as the M. fuberculosis complex, which include Mycobacterium africanum,
Mycobacterium canettii, Mycobacterium bovis, and Mycobacterium microti (49). It belongs to the phylum
Actinobacteria and is an obligate-aerobic, facultative intracellular major human pathogen, affecting mainly
the lungs (2,4). Thus, making pulmonary disease the most common presentation. However, other organ
systems that are commonly affected include the gastrointestinal system, the musculoskeletal system, the
lymphoreticular system, the skin, the liver, and the reproductive system (49). M. fuberculosis has been
suggested to have originated more than 150 million years ago, and an early progenitor of M. tuberculosis
might have infected early hominids in East Africa approximately 3 million years ago. However, the
common ancestor of modern strains of M. tuberculosis might have appeared around 20,000-15,000
BCE (6).

M. tuberculosisis the etiological agent of tuberculosis (TB) and the leading cause of death due to a single
infectious agent in humans (2,5-7,21). Although the bacillus can infect other animals, however, evidence
for zoonotic transmission to humans is scarce (21). Human TB has been suggested to have appeared
about 70,000 years ago (7,21), with World Health Organization (WHO) estimating that around one fourth
of the global population is latently infected with M. fuberculosis. About 5% to 10% of infected patients
develop active TB, with reactivation higher in HIV co-infected patients. With 2017 statistics estimating that
about 10 million people contracted TB and approximately 1.3 million related deaths (8,50), of which
about 87% of patients are residing in developing countries and regions (50). Bacillus Calmette-Guérin
(BCG), the attenuated strain of Mycobacterium bovis is the current vaccine against TB (6,9,). BCG has
been in use since the 1920s, being efficient in infants and young children, preventing disseminated TB
and tuberculous meningitis. However, BCG has shown variable and mostly poor protection against TB in
adolescents and adults (9,10). Effective TB drugs are also available, which require an intensive treatment
of at least 6 months daily to achieve a cure. However, there is global incidence of multi-drug resistant
tuberculosis (MDR-TB), as well as more severe forms of resistance known as extensively drug resistant

tuberculosis (XDR-TB) detected (4,5,8).



2- Innate Immunity to M. tuberculosis infection

Innate immunity plays a critical role in protecting the host from early infection with M. fuberculosis. This
is highlighted by the fact that many M. fuberculosisinfected individuals being able to control the infection
despite a delay of acquired immunity (100). Infection with M. fuberculosis occurs through the aerosol
route. Lung resident myeloid cells such as alveolar macrophages (AMs) and dendritic cells (DCs) are the
primary cells initiating first contact with the bacillus. AMs are specialized innate immune cells that reside
in pulmonary alveoli and ingest the inhaled bacterium and are critical in setting the stage for the
subsequent immune responses against M. tuberculosis (4,6,10). These cells recognise M. tuberculosis
bacilli through expressing pattern recognition receptors (PRRs) such as Toll-ike receptor (TLR), nucleotide-
binding oligomerization domain (NOD)-like receptor (NLR), C-type lectin receptor (CLR), and retinoic acid-
inducible gene | (RIG-I)-like helicases receptor (RLR) (4,9-13,100).

Engagement of PRR with M. tuberculosis ligands induce actin polymerization (54) and subsequently,
formation of phagosome. This is immediately followed by phagosome maturation. Phagosome maturation
is characterised by fusion of the phagosome with early endosome, then late endosome, and finally with
lysosomal compartments to form a phagolysosome. The phagolysosome is characterized by luminal
acidification (pH of about 5), which alters its protein and enzymatic composition, for example, release of
reactive oxygen species (ROS), inducible nitric oxide synthase (iNOS), autophagy, and apoptosis for M.
tuberculosis clearance (50, 54).

However, M. tuberculosis can prevent phagosome maturation through inhibition of phagosome fusion
with lysosomes (51,52), thus preventing phagosome acidification. This way, M. tuberculosis evades
proteolytic degradation and late immunological events, such as antigen presentation required to initiate
an adaptive immune response (52). Persistence of M. tuberculosis within vesicles is through association
with Rabb protein. Rab proteins control vesicular transport between organelles, with Rab5 and Rab7
serving as master regulators of transport along the endocytic and phagocytic pathways. Normally, early
phagosomes recruit Rab5, which is subsequently replaced by late endocytic Rab7 during the maturation
process that recruits downstream effectors to confer fusion competence with lysosomes (4,12).

M. tuberculosis uptake by AMs leads to secretion of various cytokines and chemokines that mediate
systemic effects and recruit various inflammatory cells (54). The cytokine profile secreted by M.
tuberculosisinfected AMs include pro-inflammatory cytokines, such as interferon gamma (IFN-y), tumour
necrosis factor alpha (TNF-a), interleukin-1 beta (IL-1f), IL-2, IL-6, IL-12, IL-18, IL-23, and granulocyte-
macrophage colony-stimulating factor (GM-CSF), as well as anti-inflammatory cytokines including 1L-27,

IL-4, IL-10, IL-13, and tumour growth factor beta (TGF-f3). AMs are crucial in maintaining airway immune
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homeostasis due to their plasticity and polarization nature. In response to M. fuberculosis infection, pro-
inflammatory cytokines including IFN-y, TNF-a and GM-CSF can differentiate AMs into the classically
activated M1 macrophages. These macrophages, M1, are key effectors of the host response against M.
tuberculosis and promote Th: responses. M1 macrophages are necessary for effective bactericidal
properties and effector responses that lead to the recruitment of various cell populations such as
epithelioid cells, Langhans giant cells, mononuclear phagocytes, fibroblasts, and T and B lymphocytes to
the site of the M. fuberculosis containing macrophages, thus promoting granuloma formation, that is the
hallmark of TB (4,11,13). Contrarily, anti-inflammatory cytokines including IL-4, IL-13 as well as IL-10
and TGF-3 can differentiate AMs into M2 macrophages, which are poor antigen-presenting cells and
suppressors of Th: responses. M2 macrophages population have been shown to play important roles in
maintaining the tight balance between exacerbated pathology and control of mycobacterial growth

(4,11,13).

3- Adaptive immunity to M. tuberculosis

The containment versus spread of M. tuberculosis depends on the nature of the T-cell response that
develops in response to infection (19). M. tuberculosis is an ideal example of a pathogen for which the
protective response relies on cell mediated immunity. This is because the organism lives basically within
cells, typically macrophages. Thus, T cell effector mechanisms, instead of antibody, are required to control
or eliminate the bacterium (20). Effector Th: cells are differentiated from naive T cell lymphocytes, that is
driven by signals received from T-cell receptors (TCR), costimulatory receptors, and cytokines (21,55). M.
tuberculosis residing within the vacuoles of infected DCs and macrophages, which are professional
antigen-presenting cells (APCs) (10,20) and are key in linking innate and adaptive immunity through the
secretion of IL-12 (56). This cytokine influences the migration APCs to the mediastinal lymph node, and
after the presentation of M. tuberculosis antigens through the Major Histocompatibility Complex class Il
(MHC-I) molecule, activation, and differentiation of antigen specific CD4+ T cells (55) by activating the
signal transducer and activator of transcription (STAT) factors. STAT in turn induces the expression of T-
bet, which is a master regulator of Th: cells. T-bet then binds directly to many Thi-specific genes, resulting
in differentiation and proliferation of T cells (21). The main function of effector Th: is the production of
cytokines, particularly IFN-y. This cytokine enhances macrophage microbicidal mechanisms through the
activation of signalling pathways that include the iINOS pathway and induces the process of acidification

and maturation of phagosomes and autophagy, that are responsible for the control of M. fuberculosis.



(21,57) Additionally, CD4- T cells can also produce other cytokines like TNF-a and IL-2 that act
synergistically with [FN-y to activate macrophages to control or eliminate M. tuberculosis (19,20).

On other hand, activated CD8' T cells also referred to as cytotoxic T lymphocytes (CTL) due to their
potential to kill target cells, recognize M. tuberculosis-specific antigens as peptides presented through
classical MHC-I molecules. The most important CD8+ T cells cytolytic functions to kill M. tuberculosis
infected cells are through granule-mediated function such as perforin, which acts as a pore for delivery of
other proteins into the target cell, and the production of granzymes and granulysin to induce apoptosis
(22). CD8- T cells also produce IFN-y and TNFa, cytokines that have critical functions during M.
tuberculosis infection as discussed above (20,22); although, none of them can compensate for the
absence of CD4- T cells. Studies in mice deficient in CD4+ subset and Th.type cytokines, for example |L-
12p40 and IFN-y, have shown that these mice succumb early to M. fuberculosis infection with high
bacterial loads. With similar effects observed in mice with the defects in enzymes involved in the
generation of host-bactericidal molecules, dependent on IFN-y axis (57).

However, the adaptive immune responses to M. fuberculosis are slow and are detectable about 3-8
weeks after infection, when CD4+ T cells arrive in the infected lungs (10,19,20). This time lag between
the establishment of infection and T cells arrival at infection site likely contribute to the inability of the
host to clear the organism. A transient depletion of CD11c' cells has been shown to impair CD4+ T-cell
priming (10) due to reduction of MHC class ll-antigen presentation by infected APCs (19). Additionally,
studies on TB and HIV co-infection have provided important insights into adaptive T-cell responses to TB.
Indeed, M. tuberculosis specific CD4+ T cells are depleted from the periphery early after HIV infection in
humans, suggesting there is a preferential targeting of M. fuberculosisspecific memory CD4- T cells by
the virus. This reduction in CD4- T cells results in increasing reactivation of latent M. fuberculosis infection
and altered histopathological characteristics of TB disease in HIV-infected patients, for example, diffuse
necrotic lesions instead of structured granulomas. Consequently, these data support the concept that Th:
are prerequisite for TB defence and act by stimulating the antimycobacterial immunity through the Th: to
IFN-y production, that activates macrophages for M. tuberculosis killing and restriction pathway

(10,20,21,58).



4- 1L-23 signalling and Immune responses in M. tuberculosis infection

Interleukin (IL-23) is a member of the IL-12 cytokine family (24-28). In both mice and humans (24), IL-
23 is a disulphide-bonded heterodimeric cytokine composing of an IL-23-specific p19 subunit that is
closely related in structure to IL-12p35, and a p40 or IL-12/IL-23p40 subunit common to [L-12
(27,29,30). IL-23 heterodimer signalling is through the 1L-23 receptor (IL-23R), which is composed of a
unique IL-23R and an IL-12RB1 subunits. IL-23R is predominantly found on activated memory T cells,
NK cells, and innate lymphoid cells (ILCs), with lower levels of IL-23R on monocytes, macrophages and
DCs (24-30). 1L.-23 has similar but not identical biological functions with IL-12, and both cytokines are
secreted by human and mouse DCs and tissue-resident macrophages (24,26-29). DCs and macrophages
are the central sensory components of the immune system, and they govern the balance between
tolerance, ignorance, and immunity (29). These APCs secret the cytokine IL-23 in response to recognition
of exogenous microbial components by Toll-like receptors or endogenous signals in favour of host defence
and wound healing (24,29).

In addition to Thy, ILCs or y8 T cells being the main sources of IL-17 are induced by IL-23 to produce IL-
17 through RAR-related orphan receptor gamma (RORyt). In these populations, IL-23R activity can drive
T-cell immune responses in the absence of T cell receptor engagement (24,25). During early M.
tuberculosis infection, infected macrophages secret IL-23 in the lungs, that can occur within hours of
pathogen encounter (25,27). The secreted |L-23 induces inflammatory effects on innate lymphoid cell 3
(ILC3) to produce IL-17 (24,26,30), which occurs as early as day 3 of infection (30). This early 1L-17
production triggers neutrophil infiltration to the lung through induction of CXC chemokines such as IL-6,
IL-8, and G-CSF (26,30,31). Innate I1L-23 also exerts effects on myeloid cells to secret proinflammatory
cytokines such as TNF and IL-1. IL-23 alone seems to be sufficient to induce IL-17 production from ILC3,
although involvement of other innate receptors (such as TLRs) is not excluded (30). Additionally, 1L-23
plays an important role in bridging innate and adaptive responses, which are less dependent on IFN-y, in
contrast to IL-12 (29). Unlike IL-12 that differentiates naive T cells into Th: which are IFN-y producing
cells, IL-23 differentiates CD4+ T cells into Th» phenotype, resulting in the production of IL-17 (24,29,31)

and can convert Tregs into Thi-like cells to regulate the host immunity (24).
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Figure 1. Regulation of IL-17 production and protective function of IL-17. IL-17 is not induced only in
acquired immunity, but also in innate immunity and its functions are independent of its source. Mycobacterium
tuberculosis pathogens induce IL-17 production by innate lymphocyte, through the production of IL-23. IL-17
produced in the innate immunity participates in protective response through killing of pathogens by neutrophils
through their production of antimicrobial peptides. It also enhances antimicrobial peptides that are released by
stimulated endothelial cells. Contrarily, differentiated Thy, can be stimulated to produce IL-17 in acquired immunity,
that not only kill pathogens through neutrophils and antimicrobial peptides, but also enhances protective immunity
through enhancement of Th: and induction of homing of effectorTh: cells into infected organs. Adapted from

Matsuzaki, G. and Umemura, M., 2007.

5- IL-17 signalling and Immune responses in M. tuberculosis infection

Interleukin-17 (IL-17) is a multifaceted pro-inflammatory cytokine, with diverse roles both in immune-
protection and immunopathology. It belongs to the interleukin-17 (IL-17) family consisting of six
structurally related cytokines, which are IL-17A mostly referred to as IL-17, IL-17B, IL-17C, IL-17D, IL-
17E, and IL-17F. However, IL-17A and IL-17F are the most closely related, exist either as homodimers or

as a heterodimer, and are usually co-produced. These cytokines, IL-17A and IL-17F signal through the



same heterodimer IL-17RA and IL-17RC receptor complex and largely share biological functions. IL-17
family signalling is through five members of the IL-17 receptors (IL-17R), consisting of IL-17RA, IL-17RB,
IL-17RC, IL-17RD and IL-17RE, and like their ligands, they share sequence homology (32-36). Of these
receptors, IL-17RA is ubiquitously expressed on a wide range of tissues and cell types. IL-17A is the most
extensively investigated cytokine of this family (33,35) and has a well-recognized role in immune
surveillance at mucosa barrier surfaces (34). Upon signalling of IL-17 on the receptor IL-17RA, it initiates
the activation of downstream signalling pathways to induce the production of pro-inflammatory molecules.
Playing an essential role in host defence against microbial infections and implicating it in various
inflammatory conditions such as autoimmune diseases, metabolic disorders, and cancer. IL-17A is a
powerful inducer of inflammation due to its capacity to synergistically act with other cytokines like TNF-.
Where it helps in stabilizing the mRNA of the TNF-activated genes, which are inherently unstable, leading

to amplification of TNF effects, to promote and prolong pro-inflammatory responses (33,35).

IL-17 is primarily secreted by T helper 17 (Thy) cells that are differentiated from naive T cells, under the
influence of cytokines such as TGF-B, IL-6 an