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ABSTRACT

Granulomas are organized accumulations of inflammatory cells typically found during
mycobacterial infections. Although for a long time believed to confer protection to an infected
host, recent evidence has challenged this idea, and raises the possibility that granulomas may
provide a sanctuary for the microbe by facilitating its proliferation in the infected animal. Thus it
is essential to understand the genesis of this inflammation type and elucidate its role in the
development of protective immunity. Here we dissect the dynamics of granuloma formation and
its impact in the development of protective immunity during distinct phases of the immune
response to mycobacterial infections: from the early innate mechanisms behind granuloma
initiation, through the adaptive immunity and its action on macrophages necessary for granuloma
development, to the final steps leading to granuloma necrosis.

IFN-y is directly implicated in the most important microbicidal mechanisms, playing a central
role during both innate and adaptive immune response against mycobacteria. This cytokine, also
known to be required for granuloma development, is mostly produced by NK cells during the
innate immune response and by T cells at the onset of the adaptive immunity. However, evidence
from animal models lacking adaptive immunity suggests the involvement of a non-NK innate cell
source of IFN-y required for resistance to mycobacteria. We have identified a rare population of
IFN-y-expressing CD45* Thyl.2* cells that are independent of the common-y chain of the IL-2
receptor and are of a nonlymphoid, nonmyeloid and non-NK lineage. Moreover we provide
evidence that these cells localize within the mycobacterial granuloma and can provide partial
protection to Mycobacterium avium infected-immunocompromised mice. We have further
explored the role of IFN-y on the onset of the adaptive immunity. The impact of IFN-y has been
widely attributed to its action on macrophages, particularly in the context of pathogens like
mycobacteria which have this cell as their main target. We used the MIIG mouse model, whose
macrophages are unresponsive to IFN-y to explore the specific relevance of the IFN-y-mediated
macrophage activation in vivo. We confirmed the requirement of IFN-y inducing resistance to M.
avium infection and observed the unexpected result that macrophage activation by this cytokine
is not pivotal for such protective immunity or for granuloma development. Additionally we found
that TNF-a. may compensate for the lack of IFN-y-signaling on macrophages, thus contributing for
the resistance to M. avium infection.

Granuloma central necrosis is associated with more severe forms of mycobacterial infection
since it compromises tissue integrity and can facilitate bacterial spread. In a previous work from
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our lab we have provided evidence that granulomas become hypoxic before the onset of the
necrotic process and that the hypoxia adaptor molecule HIF-1a. plays a central role in preventing
the earlier development of liver granuloma necrosis in a M. avium infection context. Here we
assessed how the transcription factor HIF-1a. may impact granuloma development in the lungs of
Mycobacterium tuberculosis (Mtb)-infected C57BL/6 mice. Our data suggests that while Mtb-
infected mice do not develop granuloma necrosis in the lung, HIF-1a is absolutely required to
limit the pulmonary inflammatory response.

In summary, the findings presented in this thesis contribute to a better understanding of the
mechanisms behind granuloma development and the protective immunity to mycobacterial
infections. We provide novel data that may be useful to delineate new approaches to cope with

mycobacterial infection.



RESUMO

Os granulomas sao estruturas constituidas por acumulacoes de células inflamatorias que se
desenvolvem durante a resposta a infeccoes por micobactérias. Apesar de, durante muito tempo
se acreditar que estas estruturas conferem proteccao ao hospedeiro, recentemente surgiram
evidéncias que desafiam esta ideia, colocando em hipdtese que os granulomas possam
funcionar como um santuario para as bactérias facilitando a sua proliferacdo no animal
infectado. Assim, & essencial comprender a génese deste tipo de inflamacao e elucidar o seu
papel no desenvolvimento da imunidade protectora. Nesta tese dissecamos a dinamica de
formacao do granuloma e o seu impacto no desenvolvimento da imunidade protectora ao longo
de diferentes fases da resposta imune a infeccdes micobacterianas: comecando pelos
mecanismo inatos que estdo por tras da formacao inicial do granuloma, passando pelo imapcto
da resposta adaptativa na activacdo dos macrofagos e desenvolvimento do granuloma, até aos
processos finais que podem levar a necrose central do granuloma.

O IFN-y estd directamente implicado na activacgdo dos mecanismos microbicidas mais
importantes da célula, desempenhando um papel fundamental tanto durante a resposta inata
como na resposta adaptativa contra a infeccdo por micobactérias. Esta citoquina, que também é
requerida para o desenvolvimento do granuloma, € maioritariamente produzida por células NK
durante a imunidade inata e por células T durante a imunidade adaptativa. No entanto, a partir
de modelos animais que nao tém imunidade adaptativa, tém surgido evidéncias do envolvimento
de uma fonte celular inata produtora de IFN-y, que nao as células NK, necessarias na resisténcia
a micobactéria. De facto, nds identificamos uma populacdo rara de células CD45* Thyl.2*
capazes de expressar IFN-y e que séo independentes da cadeia y pertencendo a uma linhagem
de céluas nao-linfoide, ndo-mieloide e ndo-NK. Além disso, mostramos eviéncias de que estas
células se localizam no granuloma micobacteriano e proporcionam um proteccdo parcial em
murganhos imunocomprometidos infectados com Mycobacterium avium. Nesta tese também
aprofundamos o estudo do papel do IFN-y durante a imunidade inata. O impacto do IFN-y tem
sido na generalidade atribuido a sua accéo sob os macrofagos, particularmente na resposta a
patogénios como a micobactéria que tém esta célula como principal alvo. Para explorar, /in vivo,
a relevancia da activacéo especifica do macrofago mediada pelo IFN-y, usamos o modelo de
murganho MIIG cujos os macrofagos nao respondem ao IFN-y. Confirmamos assim que o IFN-y
¢ necessario para a inducdo de resisténcia a infeccdo por M. avium e mostramos,
inesperadamente, que a activacdo dos macrofagos por esta citoquina nao é essencial para a
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imunidade protectora nem para o desenvolvimento do granuloma. Além disso, mostramos
também que o TNF-oo pode compensar a auséncia da sinalizacao do IFN-y no macrofago,
contribuindo assim para a resisténcia a infeccao com M. avium.

A necrose central nos granulomas estd associada a formas mais severas da infeccéo
micobacteriana uma vez que compromete a integridade do tecido, podendo facilitar a
disseminacao da bactéria. Num trabalho prévio do nosso grupo, mostramos evidéncias que o0s
granulomas se tornam hipoxicos antes do inicio do processo necrotico, e que a molécula
adaptadora a hipoxia HIF-loo desempenha um papel importante na prevencdo do
desenvolvimento da necrose em granulomas do figado numa infeccao por M. avium. Nesta tese,
mostramos como é que o factor de transcricdo HIF-1low pode afectar o desenvolvimento do
granuloma em pulmdes de murganhos C57BL/6 infectados com Mycobacterium tuberculosis
(Mtb). Os nosso resultados sugerem que, embora os murganhos infectados com Mtb nao
desenvolvam necrose nos granulomas, o HIF-loo é necessario para limitar uma resposta
inflamatéria excessiva nos pulmdes.

Em conclusdo, os resultados apresentados nesta tese contribuem para uma melhor
compreensao dos mecanismos adjacentes ao desenvolvimento do granulomas e a resposta
imune protectora contra infeccdes por micobactérias. Adicionamos assim novos dados que

poderao ser utéis no desenho de novas estratégias para lidar com a infecccao por micobactérias.
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Chapter | | General Introduction

1. Mycobacterial infections

Bacteria from the genus Mycobacterium are highly diverse encompassing more than 160
species and subspecies (1). These organisms are characterized by a thick cell wall mainly
composed by a mycolyl-arabinogalactosyl-peptidoglycan mycolic acid core (2, 3). This lipid rich
cell wall provides them high hydrophobicity and acid- alcohol-fast features, making these bacteria
weakly gram positive, only identified through the Ziehl-Neelsen staining method (4). Importantly
due to their specific cell wall, mycobacteria are particularly resistant to therapeutic agents and
resistant to chemical disinfectants, making it difficult to prevent transmission (2, 5). The
mycobacterium bacillus is also characterized by its easy aerosolization, a feature also due to their
high hydrophobicity (6).

Although most mycobacteria are non-pathogenic or conditionally pathogenic environmental
saprophytes found in soil and water sources (1, B), M. tuberculosis (Mtb) the foremost
pathogenic species of mycobacteria for the human host, is a facultative intracellular pathogen
that has never been identified in the environment (7, 8). The Mtb bacillus, first identified by
Robert Koch (4, 9), is the etiological agent for tuberculosis (TB) known to be spread through
aerosolized particles in a human-to-human contact basis (4). TB manifestations are mostly
pulmonary but the bacillus can disseminate to other organs (4). The high morbidity and mortality
associated with TB renders the Mtb bacillus of great interest to the scientific community. On the
other hand, nontuberculous mycobacteria (NTM) or atypical mycobacteria are ubiquitous in
nature but can also be found in animal hosts. One of such microbe is M. avium which
preferentially infects immunocompromised individuals, although human-to-human transmission is
not documented (10, 11). Instead the most likely source of human infections is from
contaminated water sources. In the urban environment M. avium has been mostly found in tap
water and in hospitals hot water distribution systems as these bacteria can survive to
temperatures above 50°C, pH changes, and to the most commonly used disinfectants (5). M.
avium is seen as an opportunistic infectious agent affecting mainly humans with compromised
immunity such as individuals with primary genetic immune deficiencies, AIDS, cancer, and
individuals undergoing chemotherapy or immunosuppressive treatments. Local compromised
immunity, as pulmonary emphysema, and chronic bronchitis, are also risk factors (5, 12). M.
avium invades the human host via either the respiratory tract through the inhalation of aerosols
containing bacteria (as Mtb), or through the intestinal track (1, 12). The number of NMT

infections reported has been increasing which might be directly related with increased number of
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individuals under immunosuppressive treatments, general ageing of the human population but
also better diagnosis due to greater awareness by the clinicians to NTM infections (5, 11). In
opposition TB incidence is decreasing worldwide though the number of multidrug-resistant
patients is rising (4).

Both Mtb and M. avium are slowly-growing mycobacteria (4, 5) and although pathogenic (or
opportunistically pathogenic), exposure to these organisms only rarely results in development of
disease. Hence it is believed that the majority of the infected individuals either eliminate the
bacillus or contain it in a latent state (4). It is estimated that less than 10% of the Mtb-infected
individuals develop disease (4, 8). This holds true also for immunocompromised people infected
with less virulent species. Indeed only 1/3 of SCID children, (T and B cell-deficient), vaccinated
with BCG (the attenuated M. bovis Bacillus Calmette Guérin) develops disseminated disease (7,
13). It is therefore conceivable that in most of the infections innate immunity may be sufficient to
control the infection with poor or no development of memory T cell immunity (14). As the
majority of the diagnostic tests commonly used to detect Mtb infections relies in the adaptive
memory T cell response, this suggests that even the number of cases of infection might be
underestimated.

Experimental infection by the Mtb bacillus is by obvious reasons the main focus of the
scientific  community. However other species of mycobacteria are also used to gain
comprehension on the pathogenesis of mycobacterial disease. M. avium and BCG are such
examples. These bacteria share many features with the Mtb-induced host immune response,
namely the development of granuloma structures (a complex aggregate of immune cells,
discussed in detail below). More recently the zebrafish embryo-M. marinum infection model has
been increasingly used in fundamental research. M. marinum is an environmental bacterium
residing in water that infects fishes although it can also induce skin lesions in humans (15).
Given its transparency and easily amenable gene manipulation the zebrafish embryo has become
a powerful tool to study the innate immune response, namely the first steps of granuloma
formation (15). All the examples given above do not require level 3 laboratory facilities, an
enormous advantage over Mtb in terms of lab manipulation.

This thesis encompasses details of the host immune response and granuloma development in
the mouse model using either M. avium or Mtb, therefore the following sections are focused on

these two species of mycobacteria.
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2. Immune response to mycobacterial infections

The mouse model of mycobacterial infection shares several features with the host immune
response in humans although it does not completely mimic it (16). Still, given to the easy
handling, affordable costs, availability of a wide range of reagents and accessibility to inbred and
to genetically modified strains, the mouse model is extensively used by the scientific community
(8). Indeed, the current knowledge that we have about mycobacterial induced immune response
derives largely from this animal model. Using the mouse model we must be aware that the
outcome of the infection relies in a combination of factors such as host genetic background,
virulence of the mycobacterial strain, dose and route of inoculation.

C57BL/6, the mouse strain used in the work enclosed in this thesis, while being considered a
resistant mouse model to Mtb infection (16) it is susceptible to infection by M. avium (17) (the
NRAMP protein underlies this difference, discussed in detail in section 2.1.3). Despite these
variations, both mycobacteria grow exponentially up to the first 3 to 4 weeks of infection reaching
a plateau afterwards. In the case of Mtb infection, C57BL/6 mice eventually succumb after
several months of infection (8). The beginning of the stationary phase, hence the control of
bacterial replication, coincides with the onset of adaptive immune response (18). Indeed a pro-
inflammatory adaptive response is required to activate the bactericidal mechanisms of
mycobacterial-infected macrophages. Nevertheless if the inflammatory response is too strong it
can become detrimental to the host (18, 19). The perfect immune response is able to clear the
pathogen without leading to excessive immunopathology, which is achieved through a delicate
balance between pro-inflammatory and anti-inflammatory mechanisms. The development of
granuloma structures during mycobacterial infections promotes a continuous interaction between

innate and adaptive immunity (20, 21).

2.1. Innate Immune Response

Macrophages are major effectors of the innate immune system and the main target of
mycobacteria. For this reason the outcome of a mycobacterial infection depends tightly on the
balance between the host ability to activate the macrophage killing mechanisms and the capacity
of the bacteria to evade it (discussed throughout the next chapters). Neutrophils and Dendritic
Cells (DCs) can also ingest mycobacteria and play major roles during the immune response
(described in detail in chapter 2.1.4). Other innate cells include Innate Lymphoid Cells (ILCs) and
Natural Killer (NK) cells, Natural Killer T cells (NKT), yo T cells and Mucosal Associated Invariant

T (MAIT) cells. Although these cells are known to respond rapidly to infection, their role in the
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mycobacterial-induced immune response is not well established. The specific contribution of
each one of these cellular populations is probably overcome by the action of the adaptive
immunity making it more difficult to infer their role in the overall picture. Since the role of ILCs
and NK cells in the immune response to mycobacterial infection is addressed in one of the works

included in this thesis, these cells are discussed in detail later on (chapter 4).

2.1.1 Mycobacterial recognition by the innate cells

Host cells express specific receptors termed Pattern Recognition Receptors (PRRs) that
recognize conserved molecules expressed by pathogens designated Pathogen Associated
Molecular Patterns (PAMPs). This initial interaction between mycobacterial PAMPs and PRRs can
facilitate phagocytosis of the bacteria into the host cell and shapes the subsequent immune
response (22). The ability to activate different PRRs relies greatly in the mycobacteria cell wall
composition which varies considerably among different species. Mycobacteria internalization into
the host cell is known to be mediated by different receptors: mannose receptors (MR), type A
scavenger receptors, complement receptors (CR), and Fcy receptors (FcyR) (23). The relevance
of a particular receptor engagement relies in the signals induced by each one of them. For
instance, binding to CR3 fails to initiate a respiratory burst, while 1gG coated mycobacteria bound
to FcyR triggers the cell respiratory burst in a NOX2-dependent manner (reviewed in (23)).

Apart from phagocytosis, mycobacteria are also recognized by other receptors which drive
cytokine signals that influence mycobacterial clearance. Toll-like Receptors (TLRs) are one of
such class of receptors. Both M. avium and Mtb exhibit increased susceptibility in TLR2- (24-27)
and TLR9-deficent mice when compared to the corresponding WT controls (28, 29). In the
absence of MyD88, an intracellular adaptor molecule required for signaling of most TLRs, mice
susceptibility to these two pathogens is even more pronounced (25, 29). These data suggests
that other TLRs might also be involved in the innate recognition of both mycobacterial species.
According to this, Bafica showed that during Mtb infection, MyD88-deficient mice still exhibited
enhanced susceptibility when compared to TLR2/9-doube deficient animals (29). In contrast, the
work of Holscher showed TLR2/4/9 triple deficient mice to be equally susceptible to Mtb as WT
mice (30). Alternatively the small effect from individual TLR-deficiency when compared to MyD88-
- 'mice might rely on signaling through IL-1 Receptor (IL-1R). This receptor also signals through
MyD88 and in fact mice deficient in IL-1R are highly susceptible to Mtb (nearly indistinguishable
from MyD88-- mice) (31, 32). The same was not observed for M. aviurn where IL-1R' infected

mice displayed similar bacterial loads as the control group (25). Hence in vivo data on TLR
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contribution to Mtb susceptibility in the mouse model is somehow controversial. Nevertheless
there are several in vitro studies showing the capacity of mycobacteria to activate the immune
response upon engagement with different TLRs. Carmona and colleagues reported that activation
via TLR2 or TLR4 varies according to the Mtb strain which might be critical for the consequent
immune response (33). Besides TLRs, Mtb can also engage with other PRRs, such as c-type
lectin receptors, NOD and NOD-like receptors (NLRs), either at cell surface or intracellularly (23,
34). Again although these receptors are involved in recognition and induction of the immune
response, they do not contribute much to protection most likely due to a high degree of

redundancy between all PRRs (35-37).

2.1.2 Phagocytosis and intracellular trafficking

Besides the variability of mycobacterial PAMPs among different species, PRRs are also
differentially expressed by the different innate cells. Mycobacteria can infect neutrophils and DCs,
but mainly infect macrophages where they reside and can replicate. For this reason the immune
response to mycobacterial infections is highly centered on this cell. Upon recognition by PRRs the
bacillus is engulfed by the macrophage and encapsulated in a membrane bound vacuole termed
phagosome. Usually this vacuole would mature and fuse with the lysosome, an acidic organelle
rich in hydrolytic enzymes capable of degrading the material within the phagosome. Mycobacteria
however, developed mechanisms to escape the phagolysosome killing machinery. Both Mtb and
M. avium can prevent phagosome-lysosome fusion and inhibit the acidification of the vacuole
allowing the survival of the bacteria (38-42). This strategy allows mycobacteria to escape
proteolytic degradation and avoid the consequent loading of processed peptides required for
antigen presentation and initiation of the adaptive immune response. Mycobacterium-containing
phagosomes actively interact with endosomes allowing extracellular nutrients, to reach the
phagosome, hence the bacteria (43, 44). Interestingly it has been observed that the Mtb bacillus
can evade from the phagolysosome into the cytosol where it has free access to nutrients, and it
can replicate. This evasion mechanism was found to be dependent on the ESX-1 secretion
system (45, 46) which is absent in M. avium species. It is believed that M. avium stays longer
within the phagosome than the more pathogenic Mtb relying in the endosome-carrying nutrients
to survive (1). One of such pivotal nutrients is iron which is transported into the phagosomes by
the transferrin bound-transferrin receptor (TF-TFR) in the endosome membrane (47, 48).

Despite mycobacterial early evasion mechanisms, it is well established that IFNy, a major

cytokine produced by some innate immune cell populations but mostly produced by T cells,
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inhibits the phagosome-endosome interactions on the infected macrophage (impairing iron
availability), and promotes phagosome maturation creating a more hostile environment to the
bacteria (48, 49). IFN-y-inducible small GTPases have been demonstrated to be required for the
fusion of the Mycobacteriunmcontaining phagosome with lysosomes thus being critical to contain
Mtb growth (50). These data illustrate the ability of the host immune response to overcome the

bacterial modulation of the phagosome.

2.1.3 Killing mechanisms

In addition to acidification of the bacteria-containing vacuole, macrophages have other
microbicidal mechanisms. Through the production of reactive species of nitrogen and oxygen
within the cell, pathogens like mycobacteria are subjected to oxidative stress (RNS and ROS,
respectively). In murine macrophages besides the PRR signals induced by the pathogen, the
generation of such toxic intracellular environment is highly dependent on the action of IFN-y and
enhanced by the production of TNF-a.. As a result these microbicidal mechanisms are highly
amplified during the adaptive immune response (discussed in detail below).

Nitric Oxide (NO) and its metabolites are produced by the enzyme inducible NO synthase
(INOS or NOS2) which competes with Arginase-1 for the same substrate, L-arginine (51, 52).
Upon infection, IFN-y production results in elevated and sustained expression of iINOS (52).
Supporting this notion, there is a direct correlation between iNOS and IFN-y expression during the
response to Mtb, both peaking around 20 dpi coinciding with the onset of IFN-y*CD4* T cells in
the lung (53). However there can be circumstances where IFN-y is not the main inducer of iNOS.
Recently Moreira-Teixeira and colleagues have shown that in the absence of IFN-y signaling, type
| IFN can induce iNOS expression in macrophage cultures infected with a highly virulent Mtb
strain (54). Importantly, both NOS2-deficient and IFN-y signaling-deficient mice (therefore with
impaired NO production) are highly susceptible to Mtb and eventually succumb to infection (55-
58). These data show that NO production through iNOS is essential for an efficient immune
response and control of Mth infection. On the other side of the spectrum, in the response to M.
avium infection NO production can be detrimental to the host. Although in the absence of IFN-y
signaling, mice infected with M. avium also exhibit increased susceptibility, the same is not
observed in mice lacking NO production. Indeed M. aviunrinfected NOS2-deficient mice are able
to control bacterial proliferation to the same extent as the WT controls, or even better at longer

time points of infection (59, 60). The control of M. avium replication in NOS2-deficient mice is
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accompanied by an increase in the inflammatory response with larger granulomas and increased
cellular influx particularly of T cells (60, 61). These data suggest that NO is important to restrict
the inflammatory response namely by limiting T cell numbers as proposed by Cooper and
colleagues (61).

The production of ROS (superoxide, hydrogen peroxide singlet oxygen, and others) is another
effective anti-microbial mechanism. Mitochondrial respiratory chain and NADPH oxidases (NOXs)
are two of the main sources of ROS. Free iron and cooper ions, haem groups and metal storage
proteins can also contribute to increase ROS production (62). While a role for NO in response to
mycobacterial infections in humans is not clear (51), there is a correlation between patients with
impaired respiratory burst in macrophages and mycobacterial infections. Bustamante and
colleagues have shown that Chronic Granulomatous Disease (CGD) patients, who owing to
mutations in the gene CYBB encoding for gp91phox a subunit of the NOX2 enzyme, have
deficient ROS production in all phagocytes, have increased predisposition to mycobacterial
disease. The same was observed in patients with macrophage-specific CYBB mutations (63, 64).
NOX2 is a multiprotein complex residing on plasma or phagosome membranes of phagocytes
which upon activation releases ROS to the extracellular environment or to the vacuolar space.
This complex is composed by 5 subunits which includes the cell membrane subunit gp91phox
and the cytosolic protein p47phox (65).The assembly of phox subunits into the bacteria-
containing phagosome is promoted by IFN-y-induced GTPases activation (66) and signaling via
TNF-Receptor 1 (TNFR1) is required for NOX localization into the phagosome and p47phox
phosphorylation (67-69). In the mouse model of mycobacterial infection the role for NOX2 is not
clear. Following Mtb infection, while one report showed a transient increase in lung bacterial
loads at early time points in Phox-deficient mice (70), others have reported no differences in Mtb
growth between the genetic-deficient mice and the WT counterparts (71, 72). In contrast, both
BCG and M. marinum infection revealed increased bacterial proliferation and more severe
disease in mice lacking the p47phox subunit (73, 74). In the M. avium infection model, whereas
WT and Phox-deficient mice were shown to be equally resistant to an intravenous infection of a
virulent strain of M. avium, Fujita ad colleagues reported gp91phox-deficient mice to be more
susceptible to a clinically isolated strain of M. avium inoculated through the intratracheal route
than WT animals (75, 76). In vitro, it was shown that macrophages infected with M. avium can
produce superoxide, which is produced in increased amounts by low virulent strains in a process

dependent on TNF-o.. These data suggest that, due to the consequent decrease of ROS



Chapter | | General Introduction

production, inhibition of TNF-a. might be an evasion mechanism from M. avium virulent strains
(77, 78). Despite the unclear role of NOX2 activation in the control of mycobacterial replication in
mice, a common consequence observed with the different mycobacterial species in Phox-
deficient mice was the increase infiltration of inflammatory cells in the infected tissues (70, 72-
74,76).

Other way to limit bacterial growth is achieved by depriving the pathogens of essential
nutrients like iron which is pivotal for mycobacterial replication within the cell. In fact, the host
immune response has different mechanisms to limit the access of iron to the bacteria. In
response to inflammatory signals namely IFN-y, macrophages downregulate TFR expression,
limiting iron import to the phagosome via endosome interaction (79). Iron and other divalent
cations can also be actively removed from the bacteria-containing phagosome via the natural
resistance-associated macrophage protein 1 (Nrampl) in a process induced by pro-inflammatory
cytokines as IFN-y, TNF-au or IL-1 (17). Nramp1 (or Slcl1al) has two alleles that occur naturally
in laboratory mouse strains, the R or the S allele encoding for a functional or a non-functional
protein respectively (80). Mouse models like BALB/c or C57BL/6 are homozygous for Nrampls
and display increased bacterial burdens upon infection with M. avium when compared to
NrampIr mouse strains (17, 79, 81). These data are consistent with the thought that in the non-
functional Nramp1, phagosomes are deprived of a mechanism that allows iron to be pumped
out, thereby not restricting iron availability from the bacteria. Mtb induced susceptibility in mouse
models was not found to be dependent on NRAMP1 (82), and so far a NRAMPI allele analogous

to murine MrampIs in humans has not been described (1, 12).

2.1.4 Innate cells immunity

Recognition of mycobacterial products by specific receptors on phagocytic cells leads to
internalization of the bacteria and to the activation of the host cells. This mycobacterial-induced
activated state is translated into the production of several cytokines as IL-12, TNF, IL-6 and IL-1
by macrophages and DCs (reviewed in (83)), reflecting a pro-inflammatory status of the cell
pivotal for activation of the adaptive immunity. In addition these cytokines promptly stimulate NK
cells and other innate lymphoid cells (ILCs) to produce IFN-y (discussed in detail on chapter 4).
In addition TNF-ou can act in an autocrine fashion over the infected cells and together with IFN-y

is able to induce the microbicidal machinery of the host cells. This early IFN-y production by

10



Chapter | | General Introduction

innate cells is thought to be important to restrain bacterial replication before the adaptive
immune response ensues.

The host immune response to mycobacteria is centered on macrophages as these cells are
the main targets of the bacteria. In addition to the aforementioned microbicidal mechanisms that
macrophages are equipped with and from which the bacillus tries to evade, the death pathway of
the infected macrophages either by necrosis or apoptosis was shown to be pivotal in the outcome
of the infection (84). Necrosis occurs via cell lysis which is beneficial to the mycobacteria since it
enables the release of the microbe avoiding host defenses and allowing the spread to the
neighboring cells. Apoptosis on the other hand, maintains the plasma membrane integrity intact
enabling the restriction of bacterial growth (84). The cytokine IL-1 was found to induce the
production of prostaglandin E2 (PGE2) on macrophages (85) which protects cells from necrosis
facilitating the repair of the plasma membrane (86, 87). The eicosanoid PGE> is a lipid mediator
derived from arachidonic acid (AA) by the action of cyclooxygenases (COXs) and in its absence
Mtb-infected mice are more susceptible to infection (86, 87). On the other hand, animals
deficient in the 5-lipoxygenase, an enzyme that competes for the AA substrate to generate
lipoxins and leukotrienes, are more resistant to infection (87). Taken together these data indicate
that products of lipoxygenase promote Mtb growth via necrosis of the infected macrophage, while
the IL-1 induced COX-dependent PGE2 confers resistance to the infection by promoting apoptosis
of the infected macrophage. IL-1 is thus an important mediator of the eicosanoids balance,
contributing to host protection by influencing the cell death outcome of the infected macrophages
(88). IL-1 encompasses IL-1a and IL-1B, both are pro-inflammatory cytokines and are produced
by mycobacterial-infected macrophages (89). During the immune response to mycobacteria,
most macrophages acquired a pro-inflammatory phenotype termed M1 in opposition to the more
anti-inflammatory profile, M2. It is now known that this dualistic model of macrophage activation
profiles is rather simplistic, and /n7 vivo the different macrophage profiles represent a spectrum of
activations status with M1 and M2 classifications representing extremes of this spectrum (90,
91). For ease of discussion the M1/M2 terminology is widely used although one must be careful
to not oversimplify the reality. M1 activation is stimulated by TLR ligands and IFN-y which is
extensively produced during the immune response to mycobacteria infection particularly in the
onset of the adaptive immunity (90, 91) (discussed in detail in chapter 2.2.1). On the other hand
M2 activation is stimulated by IL-4 and IL-13 (90, 91) which are poorly induced during the host

response to mycobacteria. Briefly, M1 macrophages are characterized by increased expression of
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IL-1B, TNF-a. and iINOS (among other important molecules) being thus related to the macrophage
microbicidal mechanisms and a pro-inflammatory status. M2 activation on the other hand is
characterized by down-regulation of the Ml-related molecules and increased expression of
arginase (among other molecules), being thus associated to a more anti-inflammatory profile and
tissue remodeling (90, 91). An excessive pro-inflammatory response can often occur during the
host immune response to mycobacterial infections and M1 macrophages can contribute to
excessive pathology and disease exacerbation (92).

DCs are considered professional antigen presenting cells (APCs) and an essential key to
trigger adaptive immunity. Upon infection, DCs activation is accompanied by the increased
surface expression of MHC-II and the co-stimulatory molecules CD80, and CD86 which together
with mycobacterial processed antigens equips host cells for antigen presentation. In a process
dependent on CCR7 and IL-12p40, both induced by mycobacterial infection, DCs migrate to the
draining lymph nodes (93, 94) where they are capable to present mycobacterial antigens to naive
T cells triggering an adaptive immune response (95, 96). CCR7 expression guides DCs toward
the homeostatic chemokine CCL-21 expressed by the lymphatic endothelium while CCL-19 and
CCL-21, expressed by cells in the lymph node, guide DCs to this organ (97). The time required
for DCs to reach the lymph nodes and prime T cells is thought to contribute to susceptibility. The
longer it takes the longer will be the uncontrolled bacterial growth period. Mtb susceptible mouse
strains exhibit late T cell activation when compared to resistant strains, which might be a reflex of
delayed DC-lymph node trafficking (98, 99). Recently, the group of Jean-Laurent Casanova has
shown that patients with a particular mutation leading to decreased numbers of a conventional
DC subset exhibit increased susceptibility to mycobacterial infections (100). This data illustrates
the fundamental role of DCs in the anti-mycobacterial immunity.

In addition to macrophages and DCs, upon mycobacterial inoculation neutrophils are also
readily recruited to the local of infection. Neutrophil anti-microbial mechanisms comprise rapid
production of ROS and NO, production of proteolytic enzymes, antimicrobial peptides and
molecules that sequester iron (101). An additional antimicrobial mechanism elicited by these
cells is the development of neutrophil extracellular traps (NETs) which induce cell killing. The only
evidence for the involvement of NETs during mycobacterial infection come from human samples
and so far it has not been confirmed in the mouse model (102). Neutrophils have a protective
effect in the beginning of mycobacterial infections. Several reports have shown that depletion of

neutrophils before or during the first days of infection results in increased mycobacterial growth
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(103, 104). In line with this, experiments with neutrophil transfer into infected hosts improved
host outcome (103). The antimicrobial machinery of neutrophils is highly efficient however these
cells are short-lived. Neutrophils usually die by apoptosis avoiding an inflammatory response. In
the late 80’s it was shown that macrophages from mycobacterial infected mice ingest neutrophil
apoptotic cells and acquire some of their cytotoxic content, revealing a probable mechanism
whereby macrophages enhance their antimicrobial activity (105). Later on, in vitro experiments
confirmed this hypothesis showing that uptake of apoptotic neutrophils or granule contents by
macrophages decreases Mtb growth (106). In a similar apoptosis- dependent process it has been
shown that infected neutrophils can transfer mycobacteria or mycobacterial antigens to DCs,
accelerating DC migration into the lymph nodes and the subsequent T cell activation (107). In a
follow-up work, using pro-apoptotic Mtb mutants, the same authors have shown that Mtb can
manipulate the immune response by avoiding neutrophil apoptosis and thereby delaying the
adaptive immune response (108). Neutrophils produce an array of cytokines that also modulate
the immune response. Production of IL-12, TNF-a and IL-13 by infected neutrophils amplifies the
pro-inflammatory signals influencing T cell activation. On the other hand neutrophils also produce
IL-10 which is essential to control mycobacterial-induced inflammation (109). In fact during
chronic infection, increased neutrophilia is detrimental to the host due to excess of

immunopathology (109, 110) (discussed in detail in chapter 2.3).

2.2. Adaptive Inmune Response

Activation of the adaptive immune response is essential to control mycobacterial growth,
particularly when innate immunity alone does not suffice. The mouse model shows us that
restriction of bacterial growth is dependent on the onset of the adaptive immunity (18). In
addition SCID children and people infected with HIV which have deficient adaptive immunity are
more susceptible to mycobacterial infection and usually present disseminated disease in
opposition to immunocompetent individuals where the disease is primarily pulmonary (6).

The role of B cells during mycobacterial infections has been neglected. In response to Mth
infection it is known that B cells can modulate T cell and cytokine response, accumulate in the
granuloma structure and influence inflammation. However the overall contribution to the outcome
of the infection remains poorly understood (111-113).

The adaptive immune response to mycobacterial infections is highly centered on T cells. Upon
interaction with APCs carrying mycobacterial antigens, CD4*T and CD8* T cells are activated and

mount antigen specific responses. CD4* T cells are critical in the outcome of the infection
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whereas less is known on the role of CD8" T cell-mediated immunity. In response to
mycobacteria, CD8* T cells are activated through MHC-I antigen restricted presentation and
become capable of exerting cytotoxic mediated cell lysis and to produce TNF-o. and IFN-y (114).
The protective role of these cells during Mtb infection has been demonstrated by the use of
antibody-mediated depletion or genetic-ablated mice with impaired CD8* T cell response, where
mice develop increased susceptibility and decreased survival when compared to the WT controls
(115-118). Moreover adoptive transfer of Mtb-infected CD8* T cells into previously irradiated
hosts enhanced resistance to Mtb (119). Despite the evident protective role of CD8* T cells in the
response to Mtb the same is not observed during M. avium infection where the control of
bacterial growth is similar in WT and CD8* T cell-depleted mice (120, 121). Still, CD8* T cells are
recruited and accumulate in the granulomata induced either by Mtb or M. avium. 1t has become
evident that CD8* T cells are required for optimal immunity particularly against Mtb, however the
protective role of CD4* T cells is far more obvious.

The evidence from the fundamental role of CD4* T cells in the control of mycobacterial growth
derives both from humans and the mouse model. In humans, the most illustrative example
comes from AIDS patients, who have low CD4* T cell numbers, and are highly susceptible to
develop mycobacterial disease induced by Mtb but also by poorly pathogenic species as M.
avium (6, 122). In the mouse model, animals with deficient CD4 T cell immunity either by means
of genetic ablation or antibody-mediated depletion exhibit increased bacterial burdens with mice
succumbing to Mtb infection much earlier than mice with deficient CD8 T cell immunity or the
WT controls. (117, 123). Infection by M. avium also exhibit increased bacterial loads in mice
lacking CD4* T cells when compared to the WT controls, despite the increased bacterial growth
mice did not succumb during the time that the experiments lasted (120, 121). The absence of
CD4* T cells in M. aviunrinfected animals results in poor granuloma formation with smaller size
and few lymphoid cells (124). Likewise, in the first weeks after Mtb infection, CD4-deficient mice
exhibit poor granulomata though at later time points these granulomas become heavily infiltrated
by granulocytes (123). CD4* T cell priming occurs in the lymph node through T cell receptor
(TCR) interaction with DCs carrying mycobacterial antigenic peptides in a MHC-I restricted
process (18, 125). For full T cell polarization besides the TCR-peptide-MHC-II interaction, co-
stimulatory molecules and adequate cytokine signaling are required (18). Depending on the
context, naive CD4* T cell can be polarized into different phenotypes. Thl cells are driven by

IL12 signaling and produce IFN-y and TNF-a,, Th2 cells are dependent on IL-4 and produce IL-4,
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IL-5 and IL-13, and Th17 cells which driven by TGF-B, IL-6 and IL-13, produce IL-17 (126). In the
immune response to mycobacterial infections, CD4* T cells mainly polarize into Th1 cells but
also into Th17 cells (both discussed in detail in the next sections). Regulatory T (Treg) cells are
suppressive cells developed upon infection that might prevent inflammation but can also delay

the onset of the adaptive response (127).

2.2.1. Thl cells and the IL-12/IFN-y axis

Th1 cells are characterized by the expression of the transcription factor T-bet and therefore
IFN-y is their signature cytokine. Once recruited to the site of infection, IFN-y*-producing Th1 cells
act on infected macrophages to increase their anti-microbial activity which includes promotion of
phagosome maturation, and production of RNIs and ROS. In addition Th1 cells also produce TNF-
o which has a major role in enhancing the IFN-y-induced microbicidal mechanisms. Deficiencies
in IFN-y signaling both in humans or the mouse model revealed the essential requirement of Thl
cells for the outcome of mycobacterial infections. These includes deficiencies in IL-12, the
cytokine driving Th1 polarization, deficiencies in IFN-y production by Th1 cells, deficiencies in the
IFN-y receptor particularly in macrophages, and deficiencies downstream of IFN-y signaling in
macrophages, such as in the transcription factor STAT-1, or in IRF8 which binds to IFN-
stimulated response elements. In humans these deficiencies are categorized in a condition
termed Mendelian susceptibility to mycobacterial disease (MSMD) (128). These patients have
increased predisposition to develop clinical disease manifestations caused by BCG and by
nontuberculous mycobacteria such as M. avium. For the same reason these patients are at high
risk of developing tuberculosis (128). Alterations in the IL-12/1FN-y axis in the mouse model also
reveal the key role of Th1 cells. IL-12 neutralization leads to increased bacterial growth in Mtb
and M. avium infection as well as a reduction in granuloma integrity (129-131). On the other way
exogenous IL-12 induces increased resistance to Mtb with prolonged survival of WT mice (129,
132). A similar IL-12 treatment in IFN-y deficient animals did not confer any protection
suggesting that IL-12 protective effect is dependent on IFN-y (132). M. avium infection of T cell-
deficient SCID mice revealed that, while they are more susceptible than WT mice, neutralization
of either IL-12 or IFN-y in SCID animals greatly increases their susceptibility to M. avium infection
(131, 133). These data suggest that in the absence of T cells, M. avium growth might be
controlled by IFN-y from sources other than T cells. The high susceptibility to Mtb infection in

mice with deficient IFN-y signaling has been widely attributed to the impairment of INOS
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production. However in the response to M. aviumn, while IFN-y is necessary to control bacterial
growth, NO can be detrimental (as already discussed in chapter 2.1.3). IFN-y can activate or
enhance different anti-microbial mechanisms, but how exactly IFN-y affords protection in M.
avium infection in mice is not yet known. In humans, while there is no established role for NO in
the response to mycobacterial infections, deficient ROS expression is associated with increased
predisposition to mycobacterial disease. However in the mouse model the role for ROS-induced
mycobacterial proliferation control is not clear (see chapter 2.1.3). One might expect that the
different IFN-y induced anti-mycobacterial mechanisms may be redundant, which given the
multiple effects of IFN-y it might be difficult to assess. One report has shown that
NOS2/gp91phox-double deficient mice were no more susceptible to Mtb infection than NOS2-
deficient animals (71), but that was never explored during M. avium infections where iNOS does
not afford protection. TNF-ov produced either by Th1 cells or by the infected macrophage acting
in an autocrine way, can also induce the anti-microbial machinery increasing the redundancy of
the immune response. Besides IFN-y direct role in macrophage activation, this cytokine also
plays important roles in limiting inflammation, namely by restricting neutrophil recruitment
through Th17 suppression (19) (discussed in detail in chapter 2.3).

Despite the IFN-y pivotal role for anti-mycobacterial mediated immunity, different studies have
reported the existence of IFN-y independent CD4* T cell mediated protection. Gallegos and
colleagues showed that the transfer of Th1l skewed cells incapable of producing IFN-y (T-bet”)
provided protection against Mtb infected mice to the same extent as the transfer of WT Thl-
sekwed cells. Transfer of Th2- or Th17-skewed cells was less efficient in conferring protection
than Th1 skewed cells, suggesting a strong role for Thl mediated immunity not necessarily via
IFN-y (134). A different model where naive CD4* T cells isolated from WT or IFN-y- mice were
transferred into Mtb-infected Ragl-- animals showed that while IFN-y-producing CD4* T cells were
absolutely essential to control the infection in the spleen, these cells had a small role in the
control of Mtb growth in the lung. This work suggests that IFN-y*CD4* T cells are particularly
important in the control of extrapulmonary TB (135). Recently, another work from the same
group suggests that in addition to IFN-y, Mtb growth restriction in the lung requires CD4* T cells
expressing CD153, a molecule belonging to the TNF superfamily (136). Similarly Florido et al had
previously shown CD153/CD30 interactions to be required for optimal immunity to M. avium

(137). The study of new anti-mycobacterial T cell-mediated protection mechanisms is
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fundamental to devise new vaccination strategies, as the ones seeking to increase IFN-y

production by Mtb-specific CD4* T cells are not corresponding to the expectations.

2.2.2. Th2 cells

Th2 cells are driven by the expression of IL-4 and are characterized by the up-regulation of the
transcription factor GATA3 and secretion of IL-4, IL-5 and IL-13. Th2 cells are particularly relevant
in allergic responses, in the protection against helminth infections, and tissue repair (138).
Mycobacterial-induced immune response is clearly Th1-driven and in fact, depletion of either one
or both the Th2 signature cytokines, IL-4 or IL-13, in Mtb infected mice has a small impact in the
bacterial burdens with conflicting results raging from decreased bacterial loads (139), to no
impact in the infection (140, 141), and increased Mtb growth only at late time points (141). Th2
cells can polarize macrophages to an alternatively activated state, characterized by the
expression of Arginase (and decrease of NO production) and can thus be responsible for
increased collagen synthesis eliciting a fibrotic encapsulation over the granuloma structure (142)

(discussed in detail in chapter 3.1).

2.2.3. Th17 cells

In the immune response to mycobacterial infections, CD4* T cells are also polarized towards
a Th17 phenotype. These cells are driven by the expression of IL-6, TGF-3, and IL-1[3, and
expanded by the action of IL-23. Th17 cells are characterized by RORy expression and in addition
to IL-17, these cells also produce IL-22, IL-21, TNF-a and GM-CSF. IL-17, the signature cytokine
of Th17 cells, can also be produced by other immune cells such as yd T cells, group 3 ILCs,
iNKT and NK cells (reviewed in (143)). The role of IL-17 in the immune response to
mycobacterial infections is not clear. Data from human studies is contradictory, while in some
studies increase IL-17 expression is associated with active TB patients, in others is associated
with latent TB patients and healthy controls (143). In the mouse model, IL-17 appears to be
dispensable for the control of infection by lab adapted Mtb strains, such as H37Rv, or less
virulent Mtb clinical isolates, as the absence of IL-17 did not impact bacterial growth (144, 145).
The same was not true for one hyper-virulent Mth clinical isolate strain, where IL-17-deficient
mice displayed increased bacterial burdens accompanied by less organized granuloma formation
(144). BCG-infected IL-17-deficient mice were also reported to exhibit impaired granuloma
formation despite the lack of impact in bacterial growth (146, 147). IL-17 has been shown to

induce neutrophil accumulation at the site of infection (146, 148) but also to enhance Th1l cells,
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as shown by their decreased numbers in infected IL-17-deficient mice (146). In addition following
vaccination with a mycobacterial peptide, IL.-17 was also shown to be required for an earlier
recruitment of IFN-y-producing CD4* T cells into the lung upon Mtb challenge (149). On the other
hand IFN-y-producing cells can limit the expansion of Th17 cells and the subsequent neutrophil
increase, as shown with mice deficient for IFN-y signaling infected either with BCG or Mtb (19,
150). A balance between Thl and Th17 cells seems to be important in regulating mycobacterial-

induced immunopathology.

2.3 Immunopathology

The mycobacterial-induced immune response is mostly a pro-inflammatory response
dominated by the production of IFN-y and TNF-a.. Inflammation is thus required for bacterial
growth restriction but it can also be detrimental to the host. An excessive inflammatory response
or unrestrained inflammation can induce cell damage and eventually tissue destruction. Indeed,
despite the protective role of IFN-y, it was shown that from a certain threshold increasing the
levels of this cytokine can lead to early death of the Mtb-infected host despite controlling bacterial
proliferation (135). At the same time too little inflammation might not be sufficient to restrain or
kill the bacteria. The immune system has mechanisms of self-regulation. One such example is
the balance between Thl and Th17 cells. IL-17 can recruit neutrophils, which in excess can be
detrimental to the host (146, 148). At the same time IL-17 also enhances Th1 cells and IFN-y
can limit Th17 expansion and thus block neutrophil recruitment (19, 146, 149, 150). Although
neutrophils can be protective in the early onset of the infection (103, 104), later on they can
become detrimental to the host. Indeed neutrophilia has been correlated with the severity of the
infection: cavitating pulmonary TB (upon granuloma central necrosis and liquefaction of the
tissue) is characterized by extremely high numbers of neutrophils (151); and in patients with
established TB disease high neutrophil numbers have been found to correlate with poor outcome
and increased risk of mortality (152). Likewise, increased numbers of neutrophils are found in
lungs of susceptible mouse strains and neutrophil depletion leads to prolonged survival of the
susceptible mice but not the resistant (153, 154). Using the mouse model it has been found that
neutrophil-antibody mediated depletion studies resulted in increased susceptibility to
mycobacteria but only when neutrophils were depleted in the early onset of the infection (as
discussed above on chapter 2.1.4). Studies where neutrophils were depleted late in infection
either did not impact Mtb or M. avium growth (104, 155) or even decreased bacterial loads of

Mtb infected mice when assessed at a later time point (156). These data suggest that neutrophils
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have a dual role during mycobacterial infection: protective immediately after exposure where
neutrophils are able to kill the bacteria and influence the immune response; and deleterious in
the chronic phase of the infection where neutrophils contribute to the immunopathology. Different
studies have shown that in the absence of IFN-y signaling, mice display increased neutrophil
accumulation at the infection site. IFN-y, a cytokine mostly classified as pro-inflammatory, can
thus also exert an anti-inflammatory role by blocking neutrophil recruitment in a chronic situation.
Upon infection, neutrophils are relevant producers of [IL-10 (156), which is an
immunosuppressive cytokine and may underlie the detrimental role of neutrophils during the
chronic stage. Immunosuppression of an inflammatory response is required to limit host
damage, but it has to be tightly balanced in order not to dampen the protective immunity. In fact
high levels of IL-10 may overcome the protective immune response promoting chronic infection,
whereas low levels of IL-10 may allow an excessive immune response leading to host pathology.
Beside neutrophils, IL-10 can be produced by other immune cells such macrophages, DCs, T
cells, and B cells (157). During the immune response to mycobacteria, IL10 can directly act on
macrophages and DCs to block pro-inflammatory cytokines as TNF-a and IL-12, and down-
regulate surface MHCII expression, inhibiting antigen presentation and delaying the onset of the
adaptive immune response and Thl polarization. IL-10 can also inhibit several anti-microbial
mechanisms as phagosome maturation, production of ROS and RNI (reviewed in (158)). It has
been proposed that mycobacteria can use IL-10 to manipulate and subvert the host immune
response in their own profit, as suggested by the early induction of IL-10 by hyper-virulent Mtb
clinical isolate strains. The immune system is equipped with other mechanisms to prevent
immunopathology such as Treg cells, which can limit accumulation of effector T cells in the
response to Mtb infection, although it is not clear whether this suppression is mediated by IL-10.
A successful immune response has to restrict bacterial growth while avoiding an excessive
inflammation which is achieved by a tight balance between the pro- and anti-inflammatory

mechanisms of the immune response.

3. Granuloma

Granuloma formation is the hallmark of mycobacterial diseases. Granulomas develop in
response to chronic antigen stimulation and can be developed in response to other infectious
diseases such as schistosomiasis and leishmaniasis but also to pathologies with no infectious
origin as sarcoidosis and Crohn’s disease (142). Mycobacterial-induced granuloma “grows”

around infected macrophages and is composed by an aggregate of macrophages and other
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innate cells surrounded by a lymphocytic cuff that later on can be enclosed by a fibrotic capsule.
Under certain circumstances, granulomas undergo central necrosis (termed caseation) allowing
the spread of the microbe to other locations of the host but it can also facilitate person-to-person
transmission by leaking bacteria into the airways (159). The formation of granuloma structures in
response to mycobacterial infections is a conundrum to the scientific community in the sense
that while capable of restricting bacterial growth it also provides a niche for mycobacteria to
survive and eventually disseminate. In addition to allow cell-to-cell interaction hence continuous
immune regulation, the granuloma structure also walls off bacteria preventing dissemination. For
this reason granulomas were viewed for a long time as essential to provide protection to an
infected host. On the other side, granulomas are often unable to completely eliminate bacteria,
which might remain in a latent state until an opportunity arises for escaping from the granuloma.
In addition, recent evidence from the M. marinunrinduced innate-like granuloma in zebrafish
embryo, support the thought that granulomas may provide a sanctuary for the bacillus allowing
its proliferation (160). The authors reported that the recruitment of macrophages to the nascent
granuloma ends up by providing new targets for bacteria and that infected macrophages have the
ability to egress from innate granulomas establishing secondary granulomas (160). A more
integrative view however argues that while granulomas are crucial to limit bacterial growth and
restrain inflammation into specific foci, they are required for mycobacteria life cycle uncovering a
dynamic balance between two opponents, the bacteria and the host immune response. Still, the
debate whether granulomas are “good or evil” remains open. Mycobacteria may profit from
granuloma formation but there are ample evidence for a protective view of the mature granuloma
that are pivotal for infection control: innate granulomas (lacking immune adaptive cells) do not
eliminate mycobacteria efficiently; in the absence of T cells, innate sources of IFN-y are not
sufficient to provide full protection, particularly during Mtb infection; and T cell transfer has been
shown to enhance protection and granuloma formation (reviewed in (159)). In addition it is well
established that the initiation of the adaptive response which leads to the formation of the mature
granuloma correlates with bacterial growth control (18). AIDS and SCID patients that do not
develop well-structured granulomas usually present disseminated mycobacterial infection, while
in immunocompetent individuals capable of developing mature granulomas, infection is mostly
pulmonary, suggesting that granulomas are important to restrict the disease to the lung.

Regardless the role of granuloma is still a matter of debate. To fully understand mycobacterial
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disease is fundamental to know in depth how and which cells, molecules and signals underlie the

granuloma development.

3.1. Granuloma development

Mycobacteria internalization by a macrophage triggers a localized proinflammatory response
with production of cytokines and chemokines that attract additional innate cells from the
neighboring blood vessels. Neutrophils, monocyte-derived macrophages, DCs, NK cells, v5 T cells
and other innate cells are therefore recruited (innate granuloma, Fig 1) and constitute the first
stage of the granuloma which is thought to promote cell activation and antigen upload by APCs,
while at the same time inadvertently providing a niche for the bacteria to infect other cells and
propagate (160). Infected or antigen loaded DCs migrate to the lymph nodes where T cells are
primed and differentiate mostly into Thl and Th17 phenotypes as well as cytotoxic CD8 T cells
(18, 114, 161). Activated T cells undergo clonal proliferation and, together with B cells, are
guided through a chemokine gradient exiting from the lymph node and homing to the infected
tissue where they form a rim surrounding the innate cells (15, 162). This structure (mature
granuloma, Fig. 1) is thought to be optimal for cell interaction and activation of the infected cells
by cytokines such as IFN-y and TNF-oo which in turn enhance the macrophage microbicidal
machinery while promoting additional inflammatory cell infiltration (163, 164). Fibrotic
encapsulation of the granuloma can be observed at later stages of granuloma development
(chronic granuloma, Fig. 1). Fibrosis is triggered by the excess of deposition of extracellular
matrix components such as collagen and although it is known to occur in response to the Th2
cytokines IL-4 and IL-13 or in response to TGF-, a cytokine that can be secreted by
macrophages and DCs but also by Treg cells, the signals underlying fibrosis in mycobacterial-
induced granulomas are not established (142). Collagen synthesis is mediated by the expression
of arginase which uses the same substrate as iNOS for the production of NO, L-arginine. Indeed
a previous work from our lab has shown that upon M. avium infection collagen deposition was
increased in granulomas of mice lacking iINOS expression (165). While the fibrotic process allows
for encapsulation of the lesion, excessive fibrosis can compromise organ function (142).

Within the granuloma structure, macrophages undergo dramatic morphological changes over
time. A significant portion of these cells acquire an epithelioid appearance characterized by
extended cytoplasm and interdigitated cell membranes that tightly link adjacent cells (166).
Recently it was shown that these macrophages actually undergo an epithelial reprograming

where cell-to-cell adhesion is driven by the expression of E-cadherin (167). Interfering with the
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function of E-cadherin in macrophages resulted in more diffuse and disorganized granulomas
(167). Occasionally epithelioid macrophages can fuse together forming multinucleated giant cells
or suffer deficient cytokinesis resulting in polyploidization (168, 169). These cells possess the
nuclei organized in a horseshoe pattern aligned along the cell border and are called Langhans
cells in honor of the scientist that first described them (142, 170). Although commonly observed
in human granulomas, such giant cells are seldom described in murine granulomas (171).
Another common feature of mycobacterial granulomas is the presence of foamy macrophages
(172). These cells are characterized by a high content of lipid bodies which are thought to
function as a major nutrient source to the bacillus (172, 173). Indeed foamy macrophages are
heavily infected cells, and lipid bodies are found to be in close association with phagosomes
containing Mtb or M. avium as shown by electron microscopy (174, 175). Foamy macrophages
are highly represented in granulomas undergoing necrosis (discussed in detailed in the next
chapter) and are located in the interface region between the necrotic area and the epithelioid

macrophages suggesting an active role of foamy cells during the necrotizing process (172, 174).

Infection Innate granuloma Mature granuloma Chronicgranuloma

- D@0 000 7

A~

Mycobacteria Macrophage Foamy Dendritic Cell Neutrophil NK cell T cell B cell Fibrous cuff
Macrophage

Figure 1. Different stages of granuloma development. Upon mycobacterial internalization the immune
system responds through the recruitment of several cell populations that surround the infected macrophages. Figure

based on Shaler et al., 2013 (162).

An established granuloma is not a static structure. Using realtime imaging of M. marinum
infected-zebrafish embryos, Davis and Ramakrishnan have shown macrophages to be highly

motile in the early (innate) granuloma (160). In contrast, using intravital microscopy in BCG-
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infected mice, the Germain lab showed that macrophages in mature granulomas are largely
immobile whereas T cells exhibit rapid motility yet restrained within the granuloma boundaries
(20). This study also highlighted the requirement of TNF-a for maintenance of the granuloma
structure as upon its neutralization granuloma size decreased mainly due to the loss of
uninfected macrophages (20). Cellular recruitment towards the granuloma structure is highly
dependent on cytokine expression and on chemokine gradients created through the differential
expression of several chemokines and their receptors by different cells beginning on infected
macrophages. In the early stages of granuloma assembly, accumulation of innate cells is
particularly dependent on chemokines binding to CCR2 such as CCL-2/MCP-1, CCL-12 and -13
which are responsible for the recruitment of monocytes, DCs and NK cells. Chemokines binding
to CCR4 and CCRb can also be responsible for innate cell recruitment. Neutrophils and NK cells
can additionally be recruited through the binding of CXCR2 to the ligands CXCL-3 and CXCL-5
which are up-regulated upon infection. CXCL-8 secreted by cells as monocytes, macrophages
and endothelial cells is also an important chemoattractant of neutrophils through CXCR1/2
binding (reviewed in (89, 97, 171)). T cell activation in the lymph nodes is accompanied by up-
regulation of chemokine receptors such as CXCR3 and CCR5 which trigger their migratory
capacity towards the inflamed tissue where their ligands are highly expressed (CXCL-9, -10 and -
11 for CXCR3 and CCL-3, -4, -5 and -8 for CCR5) (89, 97, 171). The expression of these ligands
is up-regulated by the signature Thl cytokines IFN-y and TNF-a (89, 171). Additionally CCR2,
CCR4 and CCR6 are also involved in T cell recruitment to the granuloma (89, 97, 171). It has
become evident that chemokine-guided recruitment both of innate and adaptive immune cells
exhibit significant redundancy (89, 171).

Granuloma development and fate are dependent on the balance of several immune
mediators, however two cytokines, IFN-y and TNF-a,, stand out due to their role in the assembly
and maintenance of the granulomatous structure and both are addressed in works included in
this thesis. The relevance of these cytokines during granuloma development cannot be
dissociated from their role in activating macrophages and microbicidal mechanisms which has
been thoroughly described along the previous chapters.

IFN-y is absolutely required for immune-mediated protection as in its absence both humans
and mice display increased susceptibility to mycobacterial disease which can be often fatal
(described in section 2.2.1). The IFN-y relevance to the secretion of the chemokines CXCL-9, -10

and -11 is best illustrated by their alternative names: monokine induced by Interferon-gamma (for
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CXCL-9), Interferon-gamma-inducible protein 10 (for CXCL-10) and Interferon-inducible T cell
alpha chemoattractant (for CXCL-11) (176). These chemokines bind to CXCR3 which is
upregulated on Thl cells as its expression is dependent on T-bet (176). Besides affecting T cell
recruitment, IFN-y might affect innate cell recruitment as well. IFN-y-deficient mice infected with
M. avium exhibit poor granulomata constituted by small accumulations of lymphoid cells without
an evident inner core of innate cells (177). Similarly, IFN-y monoclonal antibody depletion of M.
aviurrinfected SCID mice (therefore lacking adaptive immunity) exhibit reduced cellular
recruitment with small and fewer lesions than the isotype-treated control group (163). Although
IFN-y is mostly produced by T cells, it can also be secreted by innate cells such as NKT cells, y0T
cells, NK cells and other ILCs. Hence it is believed that these early sources of IFN-y might
activate the infected macrophages and influence the cellular recruitment pattern. The effect of
Mtb infection over the granulomata of IFN-y-deficient mice is different: large cellular
accumulations almost exclusively constituted by neutrophils undergoing central necrosis can be
observed (57, 58). Importantly, due to the absence of IFN-y, these granuloma-like structures are
also practically devoid of mononuclear cells (57, 58).

TNF-a is an important cytokine for macrophage activation exhibiting synergistic effects with
IFN-y (121). The absence of TNF-a either through antibody-mediated depletion or genetic-
disruption leads to a moderate increase of mycobacterial burdens (Mtb or M. avium) yet mice
succumb early in infection (164, 178, 179). These TNF-o-deficient infected animals exhibit
decreased or delayed expression of chemokines (178) which is translated into delayed cellular
recruitment and less defined granuloma structures that might underlie their decreased survival
(89, 171, 178). Moreover, TNF-a neutralization of chronically Mtb-infected mice induced a
modest increase in Mtb growth (although not to levels that usually cause the death of mice) that
was accompanied by disintegration of the previously formed granulomas and animal death (180).
Similarly it was observed that patients with autoimmune or chronic diseases undergoing TNF-o.
neutralizing therapies exhibited a high incidence of TB as well as high rates of extra-pulmonary
and disseminated TB (181-184). These results reveal the requirement of TNF-a, in maintaining
the structure of previously formed granulomas highlighting its role in preventing reactivation of
the disease. Summing up, TNF-a. produced by infected macrophages and later on by T cells is
pivotal to maintain the elevated levels of chemokines that mediate cell recruitment and allow the

maintenance of the granuloma structure (89, 171).
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The fate of mycobacteria-induced granulomas depends on a balance between the bacteria
and the host immune response. While the granuloma can wall-off the bacteria and efficiently kill
the pathogen it can also allow for the bacillus to persist in a latent form until an opportunity

emerges allowing reactivation and dissemination.

3.2. Caseous necrosis

Caseous granulomas have a “cheese-like” appearance in the center of the structure due to
extensive tissue necrosis that eventually can progress to cavitation (Fig. 2). It is generally
accepted that caseation plays a major role in dissemination of the infection and in facilitating
bacterial spread by coughing. The mechanisms underlying caseous necrosis are poorly
understood though some evidence-based hypotheses have been proposed. Transcriptional
analyses of microdissected human granulomas have correlate caseation with an increase in lipid
metabolism (185), which is consistent with the role of foamy macrophages in the development of
the central necrosis. Given the elevated proportion of neutrophils in granulomas undergoing
central necrosis it is likely for these cells to be involved in caseation development (124, 151).
Neutrophils have an elevated content of cytotoxic molecules which may cause significant tissue
destruction. Lack of vascularization has been observed in granulomas undergoing central
necrosis, which is believed to cause a hypoxic environment and may underlie the necrotizing

process (discussed in detail in the next chapter).

Figure 2. Caseating granuloma. Granuloma undergoes central necrosis that eventually culminates in tissue

liguefaction and mycobacterial spread. Figure based on Ramakrishnan, 2012 (15).
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Granuloma central necrosis can be found in patients infected with Mtb or with M. avium, but
is difficult to mimic in the mouse model. Upon Mtb infection both rabbits and guinea pigs develop
caseous necrosis and cavitation (186), and in fact these models have been used to study this
pathology but restricted to the limited tools available. More recently some mouse strains have
been described develop necrotizing lesions and even undergo cavitation, but both Balb/c and
C57BI/6, the most used inbred laboratory strains do not develop necrotizing lesions upon Mtb
infection unless using gene-disrupted mice (187). In the early 2000's the Appelberg group
developed a model for studying granuloma necrosis in C57BL/6 mice infected intravenously with
a low dose (102) of a highly virulent M. avium strain (124). Central necrosis occurred around 90
days post-infection and it was dependent on CD4, IL-12 and IFN-y, as mice genetically deficient
for these molecules did not develop necrosis. On the other side, CD8, TNFRp55, RNS and NOX-

inducible ROS were dispensable for the development of the necrotic lesions (124).

3.2.1. Hypoxia and the role of HIF-1a

Granuloma necrosis has been associated with hypoxic environments in mycobacterial-infected
rabbits, guinea pigs, and non-human primates, animal models known to develop granuloma
structures resembling the ones in humans (188). The same authors did not find any hypoxic
lesions in Mtb-infected Balb/c or C57BL/6 mice, animal models whose granulomas lack central
necrosis (188). These data strongly suggest a correlation between hypoxic environment and
granuloma central necrosis. In accordance, Mtb-infected C3HeB/FeJ mice develop granuloma
central necrosis that was associated with hypoxia (189). Central necrosis has been observed
mostly in large granulomas which are thought to be poorly vascularized and therefore likely to be
deprived of nutrients and oxygen. In fact this hypothesis has been supported by the absence of
endomucin, a marker for vascularization, in the necrotic center of M. aviunrinduced granulomas
(190). Cells can adapt to hypoxic conditions, and the transcription factor HIF-1 plays a
fundamental role in that sense. HIF-1a., one of the subunits of HIF-1 is stabilized under hypoxic
conditions being capable then to dimerize with the constitutively stable subunit HIF-1p. The HIF-1
complex thus binds to the DNA promoting the transcription of several target genes which include
the vascular endothelial growth factor, erythropoietin, glycolytic enzymes and glucose
transporters. Taking advantage of the M. aviunrinduced granuloma necrosis model, Cardoso et
al have used C57BL/6 mice lacking HIF-1a in the myeloid lineage (cells that locate in the lesion
center) in order to study the impact of hypoxia in the development of granuloma necrosis in the

liver. HIF-1aw deficient mice, developed granuloma necrosis earlier than the WT controls and were
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more susceptible to infection. These data strongly suggest that a hypoxic environment in the

center of granulomas accelerates the necrotizing process.

4. Innate Lymphoid Cells

Innate Lymphoid Cells (ILCs) are a group of heterogeneous immune cells that belong to the
lymphoid lineage, do not express the recombination activating gene (RAG) but depend on the yc
component of the IL-2 family of receptors (191). This particular chain of the receptor (yc) is
shared by several cytokine receptors (Fig. 3A) and is required for the signaling of cytokines like
IL-7 and IL-15 which are indispensable for the development of T and B cells but also ILCs (191,
192). In 2013, ILCs were classified in three different populations based on transcription factor
expression and the production of signature cytokines: group 1 which include NK cells and type 1
ILCS (ILC1s) are IFNy producers; group 2 are ILC2s and mainly produce IL-13 and IL-5; and
group 3 which comprehends ILC3s and Lymphoid Tissue-inducer (LTi) cells and are IL.-17 and IL-
22 producers (Fig 3B) (193). It has been suggested that each one of the ILC subsets may be
considered an innate counterpart of the different T cell populations. Given the greater capacity to
produce cytolytic granules, NK cells would correspond to cytotoxic CD8* T cells whereas ILC1s,
ILC2s, and ILC3s would correspond to Thl, Th2 and Th17 CD4* T cells (respectively) (194). In
contrast to T cells, ILCs are devoid of antigen receptors and do not exhibit clonal expansion
capabilities. These cells are considered and arm of the innate immune system, quickly
responding to different stimuli as cytokines and other soluble molecules within the
microenvironment (193). ILCs are present both in lymphoid and non-lymphoid organs, but are
particularly enriched at barrier surfaces which are common sites of colonization or where
invasion by pathogens occurs with higher incidence (195, 196). ILCs are particularly important in
regulating interactions with microbiota and maintaining immune tolerance, but it is also
described that ILCs play active roles in response to allergy, cancer, metabolic regulation and
inflammation (195). In addition ILCs are known to be important players in the response to
infection, contributing to the resistance to several pathogens (195-197).

Despite their multiple roles in the immune system, non-NK ILCs are scarce in number. With
the emergence of new technologies capable to overcome this limitation, these cells have been
extensively studied particularly in the past few years. For this reason the ILC field is still poorly
understood and is being constantly challenged by different interpretations in light of new data.
The following sections are a summary mainly highlighting just some of the more relevant

molecules involved in the ILC field from the murine model.
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4.1 Development of ILCs

ILCs as well as T and B cells derive from a common lymphoid progenitor (CLP) residing in the
bone marrow. Downstream CLP, is the Common Innate Lymphoid Progenitor (CILP) or a
Lymphoid Progenitor (aLP), with a restricted differentiation potential that includes all ILCs but not
T or B cells (191, 198). This progenitor was described to be dependent on the expression of
transcription factor NFIL3 (199) (Fig 3B). However, recent studies have shown that following
some infections or specific environment factors, NK cells and some ILCs subsets can overcome
the requirement for NFIL3 (200-202). Collectively these data suggest that under certain
conditions ILCs can bypass the lack of this master regulator of their development or that these
cells may derive from alternative progenitors (203). Downstream the CILP/alLP stage occurs the
divergence between the NK cells lineage and the other ILCs. The expression of the transcription
factors Id2 and Gata3 is in the origin of the Common Helper-like Innate Progenitor (CHILP) that
gives rise to all ILCs except NK cells (204) (Fig 3B). CHILP can give rise to LTi cells or, through
the elevated expression of PLZF, can differentiate into the Innate Lymphoid Cell Precursor (ILCP).
This cell is the immediate precursor of ILC1s, ILC2s and ILC3s, but not of NK or LTi cells.
Interestingly PLZF expression is required for the ILCP stage but is not sustained in the mature
ILCs (Fig 3B) (205). The development to mature ILC cells will be discussed in the next section.
One major regulator that is differentially expressed in the NK and ILCs lineages is the
transcription factor Gata3. In opposition to all the other ILCs, NK cells are Gata3-independent.
Id2 is not required for commitment into the NK cell lineage but is necessary for NK cell
maturation. On the other hand, Eomes, is a transcription factor exclusively expressed in the NK
cell lineage (198) (Fig 3B).

Only recently the ILC development has been studied in detail and therefore is particularly
liable to new interpretations. Moreover, data from different experts in the field emphasize the
elevated plasticity of these cells which might be a reflection of different pathways not identified so

far (203, 206).

28



Chapter | | General Introduction

A ILl-2Rax IL-15Ra
IL-

2RB'!E IL-4R irc ILTRul.rc IL-QRi i:c IL-2RB irc IL-21R b

ILC2/ILC3/LTi cells NEK cells/ILC1

IL-7Ra TSLPR

B IL-7Ra killer ILC

NKp cell NK cell
IL-7Rat helper-like ILC
-]

ﬁ,{p Transzienthy
expressaed

CLP CILP/alP |35
GATA3 pN
Q PLZF Q .

CHILP ILCP

Beells Teells

“_ LTicell S/

Figure 3. Common yc receptor and ILC development. (A) Receptors for IL-2, IL-4, IL-7, IL-9, IL-15 and IL21
share the common cytokine receptor y-chain (yc). The receptors for TSLP and for IL-7 share the IL7-Ra chain. IL7
and IL15 signaling is required for ILC development. Figure based on Rochman et al., 2009 (192) (B) Mouse ILC
development pathway depicting some of the main transcription factors driving ILC development as well as the main
cytokines produce by each ILC subset. CLP, common lymphoid progenitor; CILP, common innate lymphoid
progenitor; alLP, aLymphoid progenitor; CHILP, common helper-like innate lymphoid progenitor; ILCP, innate
lymphoid cell progenitor; NKp NK progenitor cell; iNK immature NK cell. Figure based on Dienfenbach et al., 2014,
and Spits et al., 2015 (198, 207).

4.2 ILCs subsets

As mentioned before ILCs are further divided in three subsets reflecting their different
transcription factor requirements and cytokine production abilities. Importantly, ILCs do not
express any T cell lineage marker (Lin"). Aimost all ILCs express the surface molecule Thyl and,
with the exception of NK cells, ILCs are characterized by the expression of IL-7Ra, also named
CD127, and by the lack of myeloid phenotypical markers (193, 196). While NK cells recirculate

between the blood and tissues, most of the other ILCs are resident cells (203).
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4.2.1 Group 1ILCs

Although NK cells and ILC1s derive from distinct progenitors both cell types belong to the
Group 1 ILCs. They depend on T-bet and respond to IL-12 and IL-18 to produce IFNy (197).
Despite being included in the same subset there are some striking differences among these two
cell types. In addition to T-bet, mature NK cells depend on the transcription factor Eomes while
ILC1s are Eomes™ (197, 203). For this reason, these cells are also called Eomes ILC1s and
Eomes* NK cells (203) (Fig 3B). Through the production of granzyme and perforin NK cells exert
granule-dependent cytotoxicity, while ILC1s express the death-inducing ligand TRAIL which can
induce cell death on cells expressing its receptor (197, 208). In opposition to the majority of
other ILCs, both ILC1s and NK cells express NKp46 and NK1.1 (208). Importantly although
ILC1s express IL-7Ra, IL-7 is dispensable for their development. In fact both NK cells and ILC1s
require IL-15 signaling (203, 204) (Fig 3A).

By downregulation of RORyt (ILC3s master TF) and up-regulation of T-bet, NKp46 and NK1.1,
certain ILC3 populations can convert into IFN-y-producing ILC1s (209, 210). In addition, recent
studies have shown that under certain conditions ILC2s can also convert into IFN-y-producing

ILC1s (211, 212). This phenomenon exemplifies well the great plasticity of ILCs (Fig3B).

4.2.2 Group 2 ILCs

These cells, also called nuocytes (213), produce IL-5 and IL-13 upon stimulation with L-25,
IL-33 and TSLP. ILC2s express high levels of Gata3 and are dependent of RORa (Fig 3B) (196).
These cells require IL-7 signaling for development, express CD25, Scal, MHCII and the co-
stimulatory molecules CD80 and CD86 (208). Group 2 ILCs play an important role in the

immune response to allergies and helminth infections (196, 213).

4.2.3 Group 3ILCs

Group 3 ILCs encompass both ILC3s and LTi cells. The latter are critical for lymphoid
organogenesis (196, 206). Both cell types require IL-7 signaling for their development and
produce IL-17 and IL-22 in response to IL-23 and IL-1B (193, 195). ILC3s are dependent on the
expression of RORyt and the aryl hydrocarbon receptor (AHR), while LTi cells are reported to be
dependent on RORyt but not on AHR (195). Group 3 ILCs are relatively heterogeneous. LTi cells
are CCR6" and can be either CD4* or CD4", whereas ILC3s are CCR6™ and comprehends two
subsets distinguished by the expression or not of NKp46 (195). As group 2 ILCs, ILC3s also
express MHCII (206, 208).
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4.3 Role of ILCs during mycobacterial infections

With the exception of NK cells, the role of ILCs during mycobacterial infections is not known.
As mentioned before, IFNy is essential for mycobacterial proliferation control, yet studies with
immunodeficient mouse models lacking T cells, the major IFNy producer cells after infection,
have shown resistance to mycobacterial infections. This protection has been associated to NK
cells. However it should be highlighted that works involving mycobacterial infections and ILCs
were mostly done in the late 1990’s and early 2000’s, when the only population of ILCs well
described was NK cells. For this reason the main conclusions of those works concern only NK
cells. It is now known that through the immediate cytokine production different ILCs subsets
contribute to the resistance to both extra- and intracellular pathogens, providing a first line of
defense (196, 203). It is thus plausible to expect ILCs to impact the immune response during
mycobacterial infections.

Mycobacterial infections trigger multiple cells involved both in the innate and adaptive
immunity, with T cells playing a major role in the resistance to the pathogen. Hence as adaptive
response ensues, T cells might override the relevance of ILCs, making it difficult to study their
precise contribution. Indeed in immunocompetent mice Ab-mediated neutralization of NK cells
did not impact host resistance to M. avium or M. tuberculosis (214-216). However in mice
lacking and adaptive response (SCID or Rag™), ILCs were important to control the proliferation of
both Mycobacterium species. (217, 218). Feng and colleagues have shown that despite being
more susceptible to M. tuberculosis infection than WT mice, Rag’—infected animals where more
resistant than Rag’ with disruptive IFNy signaling, or Rag’yc™ -double deficient mice, which lack
all ILC subsets (217). This work strongly suggests an important role for ILCs, either NK cells or
not, in the immune response to M. tuberculosis via IFN-y production. On the other hand in the M.
avium infection model, immunodeficient SCID mice treated with NK cell-depleting antibodies
exhibit the same resistance to M. avium as the IgG-treated controls (218), supporting a possible
protective role for an ILC beside NK cells. The authors also excluded cytolitic activity as source of
the protective immunity in these animals (218). It is thus possible to speculate that non-NK ILCs
might also provide an early source of IFNy, perhaps capable of influencing the granuloma
assembly and providing some degree of protection particularly when acquired immunity is

lacking.
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5. Thesis aims

Granuloma formation is a hallmark of mycobacterial infections. Although it has been believed
to provide protection, recent evidence raised the possibility that granulomas may provide a
sanctuary to microbes. Hence it is crucial to understand the pathogenesis of inflammation and
clarify its role in the development of protective immunity. For that it is necessary to unveil the
mechanisms behind granuloma initiation, to better understand how macrophages respond to the

adaptive immunity and the processes triggering granuloma central necrosis.

Aim 1 - To identify the initial cellular source of IFN-y.

Although the assembly of mature granulomas certainly requires an efficient adaptive immune
response most likely dominated by IFN-y-producing CD4* T cells, less structured accumulations
of leukocytes mimicking granulomatous structures can be observed in the absence of T cells.
This has been observed in AIDS patients, in Rag-deficient animals, and even in zebrafish larvae
which still lack adaptive immune mechanisms. This raises the question on whether innate
sources of IFN-y may be responsible for the initial leukocyte recruitment and whether these

putative cells may have a role in bacterial growth restriction.

Aim 2 - To study the IFN-y-mediated macrophage activation in infected mice.

The impact of IFN-y-dependent resistance to intracellular pathogens has been widely attributed
to its action on macrophages, particularly in the case of pathogens that have this cell as their
main target. In vivo, this assumption has been extrapolated from experiments using specific
antibody-mediated depletions and mice deficient in IFN-y or its receptor which impact all cellular
targets of IFN-y and not just the macrophage. Whether or not IFN-y has to act directly on
macrophages to establish the organization of the granuloma remains elusive. MIIG mice have
macrophages unresponsive to IFN-y which when infected with the low virulent M. avium 2447

strain affords a unique opportunity to study its effects during chronic inflammation.

Aim 3 - To study the role of hypoxia-inducing pathology in mycobacterial infections.

We have already dissected the role of the hypoxia adaptor molecule HIF-1ow in delaying the
development of liver necrotic lesions in a M. aviunrinduced granuloma necrosis model. Mtb-
infected C57BL/6 mice do not develop caseous necrosis. Whether HIF-1o. prevents the
emergence of necrotizing lesions in Mtb infected C57BL/6 mice and how it can affect the lung

immunopathology is not known.
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Innate IFN-y—Producing Cells Developing in the Absence of
IL-2 Receptor Common vy-Chain

Mariana Resende,*’ Marcos S. Cardoso,* Ana R. Ribeiro,* Manuela Flérido,*!
Margarida Borges,""2 Anténio Gil Castro,” Nuno L. Alves,* Andrea M. Cooper,“lt’3 and
Rui Appelberg*

IFN-vy is known to be predominantly produced by lymphoid cells such as certain subsets of T cells, NK cells, and other group 1
innate lymphoid cells. In this study, we used IFN-y reporter mouse models to search for additional cells capable of secreting this
cytokine. We identified a novel and rare population of nonconventional IFN-y—producing cells of hematopoietic origin that were
characterized by the expression of Thyl.2 and the lack of lymphoid, myeloid, and NK lineage markers. The expression of IFN-y
by this population was higher in the liver and lower in the spleen. Furthermore, these cells were present in mice lacking both the
Rag2 and the common +y-chain (yc) genes (Rag2™'~yc¢™'7), indicating their innate nature and their yec cytokine independence.
Rag2~'"yc™'~ mice are as resistant to Mycobacterium avium as Rag2~'~ mice, whereas Rag2™'~ mice lacking IFN-y are more

susceptible than either Rag2™"~ or Rag2™ " yc¢™/~

rially induced granulomatous structure in the livers of infected Rag2 ™'~ yc

. These lineage-negative CD45%/Thy1.2* cells are found within the mycobacte-

~/~ animals and are adjacent to macrophages that

expressed inducible NO synthase, suggesting a potential protective role for these IFN-y—producing cells. Accordingly, Thy1.2-

specific mAb administration to infected Rag2™""yc™'~

animals increased M. avium growth in the liver. Overall, our results

demonstrate that a population of Thy1.2* non-NK innate-like cells present in the liver expresses IFN-y and can confer protection

against M. avium infection in immunocompromised mice.

nterferon-y is a proinflammatory cytokine that plays a major

role in protective immune responses against intracellular

pathogens. Upon infection, phagocytes will respond by
producing cytokines such as IL-12 and IL-18, which will induce
NK cells and invariant NK T cells to release IFN-y during the
innate phase of the immune response. At later stages, CD4" and
CD8* T cells are primed to produce IFN-y and contribute to
pathogen clearance (reviewed in Ref. 1). The major cellular tar-
gets of IFN-y are mononuclear phagocytes that are activated to
upregulate Ag processing and presentation pathways, lysosomal
activity, and reactive species production, which in turn mediate the
microbicidal effect (1, 2). IFN-y is also responsible for inducing
leukocyte recruitment to the infection site and generation of
granulomatous lesions, such as the ones induced by mycobacterial
infections (1), wherein the newly recruited leukocytes are able to
produce more IFN-vy as well as other cytokines that will directly
act on the infected cells. Ab-mediated or genetic ablation of IFN-y

The Journal of Immunology, 2017, 199: 000-000.

signaling severely compromises the in vivo assembly of granu-
lomas in mycobacterial infections (3-5). Complete lack of IFN-y
signaling, such as found in gene-deleted mice, leads to an in-
creased susceptibility to infection relative to that seen when only
IFN-y—producing T cells are lacking (6-9). NK cells are efficient
producers of IFN-vy (1, 10) and have been associated with IFN-y—
mediated protection, particularly in the absence of T cells (11, 12).
However, mice that lack B and T cells, NK cells, and the other
innate lymphoid cells (ILCs), as a result of the deletion of the Rag
enzyme required for TCR and BCR recombination and the IL-2R
common <y-chain (yc), are more resistant to Chlamydia pneumo-
niae than Ragl ™ "IFN-y~’~ double-knockout mice (13). In addi-
tion, the authors showed that both Ragl ™"~ and Ragl ™’ yc ™/~
express equivalent levels of /fng mRNA and protein in infected
lungs. These data suggest, therefore, the existence of an additional
cellular source of IFN-y. Indeed, several reports propose the ex-
istence of nonconventional IFN-y—producing cells. Infection with
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Escherichia coli or Listeria monocytogenes induces IFN-vy pro-
duction by splenic innate B cells, which in turn promotes an innate
response against these bacteria (14). Human oral epithelial cells
have also been shown to produce IFN-y upon in vitro infection
with Candida albicans (15). Expression or secretion of IFN-vy has
been detected in peritoneal or splenic macrophages and in bone
marrow—derived macrophages or dendritic cells after in vitro
stimulation with IL-12/IL-18 or infection with different patho-
gens (C. pneumoniae, Salmonella typhimurium) (16-21). How-
ever, a more detailed study revealed that the lack of purity of the
myeloid cells casts doubt upon macrophages as the source of the
IFN-y (22, 23). More recently, work from Sturge et al. (24)
identified peritoneal neutrophils as an IL-12-independent source
of IFN-vy in response to Toxoplasma gondii.

To identify novel cellular sources of IFN-y, we used reporter
mouse models and describe in this article a rare population of
IFN-y—expressing CD45" Thy1.2* cells that are of nonlymphoid,
nonmyeloid, and non-NK lineage. Moreover, we provide experi-
mental evidence that these cells are functionally relevant, conferring
protection against M. avium infection in the liver of lymphopenic
Rag2 " “yc ™/~ (lacking both the Rag2 and the common ~yc genes)
mice.

Materials and Methods

Animals

YFP-enhanced transcript for IFN-y (Yeti) mice were crossed with C57BL/
6.Ragl ™~ mice at the Trudeau animal house facilities. Yeti mice were
generated by the introduction of an IRES—-enhanced YFP construct after
the stop codon of IFN-y and is under the control of a bovine growth
hormone polyA tail (25). The IFN-y reporter with endogenous polyA tail
(Great) mice (C57BL/6 background) have the IFN-y-IRES-enhanced YFP
reporter cassette under the control of the endogenous ifng 3" untranslated
region and polyA tail (25). All procedures involving live animals were
performed in accordance with the Guide for Care and Use of Laboratory
Animals of the National Institutes of Health, and individual procedures
were approved by the Trudeau Institute Animal Care and Use Committee.

C57BL/6.IFN-y '~ mice were purchased from Jackson Laboratories
(Bar Harbor, ME), and C57BL/6.Rag27/ " mice were obtained from the
Centre de Développement des Techniques Avancées pour 1’expérimenta-
tion animale (Orleans, France). The two strains were crossed at Instituto de
Biologia Molecular e Celular animal facilities to obtain double-mutant
mice. Double-knockout mice were screened by performing PCR with
IFN-vy gene-specific primers (according to Jackson Laboratories) from
genomic DNA extracted from an ear clipping and by performing flow
cytometric analysis of blood samples to detect lymphopenic mice. Mice
deficient in both Rag2 and the common yc (B6.Rag2™'~yc™'7) were
provided by Dr. J. di Santo. Animal care procedures were in accordance
with institutional guidelines. This study was previously approved by the
Portuguese National Authority for Animal Health-Direccdo Geral de
Veterindria.

Infection and Ab administration

Mice were infected with Mycobacterium avium strain 2447 by injecting 10°
CFUs i.v. At different times of infection, mice were sacrificed and the
bacterial burden was determined in the major target organs, the spleen and
the liver, by plating serial dilutions of tissue homogenates onto Middlebrook
7H10 medium (Difco, St. Louis, MO). In two experiments, infected Rag27/7
v/~ were injected i.p. with 0.4 mg of 30-H12 (anti-Thy1.2) or nonspecific
IgG twice a week throughout 60 d of infection.

Abs

The following conjugated mAbs were used in flow cytometry: Brilliant
Violet (BV) 421 anti-mouse CD1 Ic, clone N418, Isotype Armenian hamster
IgG; Pacific Blue (PB) anti-mouse Ly6G, clone 1A8, Isotype rat IgG2a, k;
BV510 anti-mouse CD3, clone 17A2, Isotype rat IgG2b, k; BV510 anti-
mouse/human CD11b, clone RM4-5, Isotype rat IgG2b, k; FITC CD90.2
(Thy1.2), clone 30-H12, Isotype rat IgG2b, k; FITC anti-mouse NKI.1,
clone PK136, Isotype mouse IgG2a, k; FITC anti-mouse CD335 (NKp46),
clone 29A1.4, Isotype rat IgG2a, k; FITC anti-mouse CD49b, clone HMa2,
Isotype Armenian hamster IgG; PE anti-mouse CD11c, clone N418; Iso-
type Armenian Hamster IgG; PerCP/Cy5.5 anti-mouse CD19, clone 6D5;
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Isotype rat IgG2a, k; PerCP/Cy5.5 anti-mouse CD45, clone 13/2.3, Isotype
rat IgG2b, k; PerCP/Cy5.5 anti-mouse Ly-6A/E (Sca-1), clone D7, Isotype
rat 1gG2a, k; PerCP/Cy5.5 anti-mouse TCRv3, clone GL3, Isotype Ar-
menian hamster IgG; PE/Cy7 anti-mouse/human CDI11b, clone M1/70,
Isotype IgG2b, k; PE/Cy7 anti-mouse CDl11c, clone N418, Isotype Ar-
menian hamster IgG; PE/Cy7 anti-mouse CD122 (IL-2R), clone TM-B1,
Isotype rat IgG2b, k; PE/Cy7 anti-mouse CD127 (IL-7Ra), clone A7R34,
Isotype rat IgG2a, k; PE/Cy7 anti-mouse IFN-vy, clone XMG1.2, Isotype
rat IgGl, k; PE/Cy7 rat 1gGl, k Isotype Ctrl, clone RTK2071; allophy-
cocyanin anti-mouse IA/IE, clone M5/114.15.2, Isotype rat IgG2b, k;
allophycocyanin anti-mouse NKp46, clone 29A1.4, Isotype rat IgG2a.k;
allophycocyanin anti-mouse CD49b, clone Dx5, Isotype rat IgM; Alexa
Fluor 647 anti-mouse F4/80, clone BM8, Isotype rat IgG2a, k; Alexa Fluor
647 anti-mouse Ly6G, clone BMS8, Isotype rat IgG2a, k; Alexa Fluor700
anti-mouse Ly6C, clone HK1.4, Isotype rat IgG2a,k; allophycocyanin/Cy7 anti-
mouse CD25, clone PC61, Isotype rat IgG1,\; allophycocyanin/Cy7 anti-
mouse F4/80, clone BM8, Isotype rat IgG2a, k (all purchased from
BioLegend); eFluor450 anti-mouse CD11b, clone M1/70, Isotype rat IgG2b,
k; eFluor450 anti-mouse CDllc, clone N418, Isotype Armenian hamster
IgG; PE anti-mouse/human RORyt, clone AFKJS-9, Isotype rat IgG2a, k;
PerCP/Cy5.5 anti-mouse TCR, clone H57-597, Isotype Armenian hamster
1gG; PE/Cy7 anti-mouse CD11b, clone M 1/70, Isotype rat IgG2b, k; PE/Cy7
anti-human/mouse Tbet, clone 4B10, Isotype mouse IgG2ak; allophyco-
cyanin anti-mouse NK1.1, clone PK136, Isotype mouse IgG2a, k; eFluor
660 anti-mouse CD11b, clone M1/70, Isotype rat 1gG2b, k; eFluor 660
CDl1c, clone N418, Isotype Armenian hamster; allophycocyanin eFluor780
anti-mouse F4/80, clone BM8, Isotype rat 1gG2a, k (all obtained from
eBioscience); PE-Texas Red anti-mouse CD45, clone 30-F11, Isotype rat
1gG2b, k (from Invitrogen); V450 anti-mouse CD4, clone RM4-5, Isotype
rat IgG2a, k; V500 anti-mouse CD8a, clone 53-6.7, Isotype rat 1gG2ak;
V500 anti-mouse CD90.2 (Thy1.2), clone 53-2.1, Isotype rat IgG2a, k; PE
anti-mouse CD90.2 (Thy1.2), clone 53-21, Isotype rat IgG2, k (from BD
Biosciences); purified NOS2 (M-19) rabbit polyclonal IgG (Santa Cruz);
Alexa Fluor 488 goat anti-rat IgG (H + L); and Alexa Fluor 647 goat anti-
rabbit IgG (H + L) (both from Life Technologies).

Flow cytometry

Liver and spleen cells were isolated from naive or infected animals. In brief,
a single cell suspension was prepared from the spleen or liver by passing the
organ through a 70-pm nylon cell strainer, followed by treatment with
RBC lysis buffer. Liver cells were further subjected to a 40%:80% Percoll
(GE Healthcare) gradient to isolate the mononuclear cells. Cells were
washed and the number of viable cells was counted by trypan blue exclusion.
For the immunofluorescence staining of cells from Ragl '~ .Yeti and Great
mice, cells were incubated for 20 min with saturating concentrations of
the different combinations of the following Abs: Ly6G-PB, CD90.2-V500,
CDl11c-PE, CD45-PE-Texas Red, TCRB-PerCP/Cy5.5, TCRy3-PerCP/Cys5.5,
CD19-PerCP/Cy5.5, CD11b-PE/Cy7, NK1.1-allophycocyanin, NKp46-
allophycocyanin, CD49b-allophycocyanin, Ly6C-Alexa Fluor 700, F4/80-
allophycocyanin eFluor780, CD11c-eFluor 450, and CD11b-e.Fluor 450.
For the transcription factors analysis, after the surface staining, cells were
processed for intracellular staining using the eBioscience “Transcription
factor staining buffer set” according to the manufacturer’s instructions and
then stained for RORvy#-PE, and Tbet-PE/Cy7. Samples were collected
using Diva software on an LSRII flow cytometer (BD Biosciences).
Cells from Rang/f, Rag27/7'yc7/7, and Rag27/7 IFN»'y*/f mice were
stained with the different combinations of the following Abs: CD4-V450,
CDl11c-BV421, CD3-V500, CD8-V500, CD11b-BV510, CD90.2-FITC,
NK1.1-FITC, NKp46-FITC, CD49b-FITC, CD90.2-PE, CD45-PerCP/
Cy5.5, Sca-1-PerCP/Cy5.5, CD122-PE/Cy7, CD127-PE-Cy7, CDl11b-
eFluor 660, CD11c-eFluor 660, IA/IE-allophycocyanin, F4/80-AF647,
Ly6G-A6F47,CD25-allophycocyanin/Cy7, and F4/80-allophycocyanin/Cy7.
For the intracellular IFN-y flow cytometry analysis, total spleen cells or
total mononuclear liver cells were stimulated with PMA, Ionomycin, and
brefeldin A for 5 h at 37°C. After cell surface staining, cells were fixed with
2% paraformaldehyde and permeabilized with 0.5% saponin. Cells were then
incubated with IFN-y—PE/Cy7 or the isotype-matched control for 20 min
at room temperature. After two washing steps, cells were acquired by flow
cytometry in a FACSCanto II cytometer (BD Biosciences) using a BD
FACSDiva software. All data were analyzed using FlowJo software (Tree Star).

Cell sorting

Liver mononuclear cells prepared as described earlier were pooled from
three to four naive or infected Raglf/ ~ animals and sorted in a BD Influx,
1 1-color, four-laser system and separated into three different cell populations
based on the expression of CD45*/NKI1.1*"NKp46"CD49b*/Ly6G~ (NK
cells), CD45*/NK1.1"NKp46~ CD49b /CD11b*CD11c* (myeloid cells
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expressing CD11b and/or CD11c), and CD45%/Thy1.2*/NK1.1 NKp46~
CD49b"/CD11b"CD11c ™ /F4/80 /Ly6G~ (Thyl.2%/
non-NK/nonmyeloid cells).

Spleen and liver mononuclear cells pooled from 10 B6.Rag2 ™' "yc™
animals (either naive or infected) were sorted and separated into two dif-
ferent CD45" cell populations: CD11b*CD11c* (myeloid cells expressing
CD11b and/or CD1lc) and Thyl.2*/CD11b CDI1lc /F4/80 /Ly6G
(Thy1.2*/nonmyeloid cells). These experiments were conducted in a FACSAria
using FACSDiva software. The separation purity of all experiments was
always confirmed and superior to 94%. Cells were sorted into RLT buffer
(RNeasy Micro Kit from Qiagen) for posterior RNA purification.

/—

Imaging flow cytometry

Liver mononuclear cells from Rag2™’~ or Rag2™’ yc™’~ mice were

prepared as described earlier and stained either for surface phenotyping or
intracellular IFN-y detection. Cellular events were acquired using the
ImageStream (Amnis; EDM Millipore, Darmstadt, Germany) imaging flow
cytometer, and the multiple image analysis was performed using the
IDEAS software (v6.0.348, Amnis; EDM Millipore).

RNA extraction and real-time RT-PCR

Total RNA was extracted from sorted populations (RNeasy Micro Kit;
Qiagen) according to the manufacturer’s instructions. RNA was reverse
transcribed to cDNA, using the SuperScript III First-Strand Synthesis
System for RT-PCR (Invitrogen) and Random Hexamers (Fermentas), and
real-time PCR (iCycler iQ5; Bio-Rad) was performed using TagMan
Universal PCR Master Mix and primers specific for Hprt, Ifng, Id2, and
Zbtb16 (Applied Biosystems) according to the manufacturer’s protocols.
Triplicate samples were analyzed, and the AACt method was used to
calculate relative levels of targets compared with Hprt. Data were analyzed
using iQ5 Optical System software (Bio-Rad).

Histological and morphometric analysis

Tissues samples were fixed in buffered formalin, embedded, and processed
for histology by staining with H&E. Slides were photographed using an
Olympus CX31 light microscope equipped with a DP-25 camera (Imaging
Software Cell*B; Olympus, Center Valley, PA). One liver section per animal
with random fields selected in a blind way was analyzed. The determination
of the infiltration area was done in a total tissue area ranging from 6 X 10°
to 9 X 10° wm?, corresponding to five fields analyzed in each section. To
determine the liver area covered by cellular infiltrations, we used the
National Institutes of Health Image] software program. The percentage of
infiltrated area was calculated by dividing the cumulative area of cell infil-
tration by the total liver surface of each image.

Immunofluorescence

Liver tissues were fixed in 4% paraformaldehyde, washed in PBS, incubated
for 2 h in a 30% sucrose solution and embedded in optimal cutting tem-
perature compound (OCT), and stored at —80°C until sectioning. Tissue
sections (10 wm thickness) were performed in a frozen cryostat and stored
at —20°C until use. Slides were saturated in blocking solution (10% FBS,
0.1% Triton X-100 in PBS) for 1 h at room temperature. Rabbit polyclonal
IgG specific for inducible NO synthase (iNOS; M-19; Santa Cruz Bio-
technology) and rat monoclonal CD90.2 (Thy1.2) (53-21; BD Pharmin-
gen) Abs were diluted in Ab dilution buffer (1% FBS, 0.1% Triton X-100
in PBS) and incubated overnight with tissue sections at 4°C. After wash-
ing, sections were incubated with Alexa 647 goat anti-rabbit IgG and
Alexa Fluor 488 goat anti-rat IgG Abs (Life Technologies) for 1 h at room
temperature. Sections were then counterstained and mounted with DAPI-
Fluoroshield and imaged in a Leica DMI 6000B inverted microscope using
the ORCA-Flash4.0 version 2 (Hamamatsu Photonics) CMOS camera.
Images were further analyzed and processed using Image].

Statistical analysis

Results were expressed as means = 1 SD. Statistical significance was cal-
culated by using the unpaired Student 7 test or the one-way ANOVA test with
a Tukey posttest. A p value <0.05 was considered statistically significant.

Results
IFN-v is expressed in nonconventional Thyl.2" cells that lack
T, NK, and myeloid lineage markers

The evidence of a T cell- and NK cell-independent IFN-y—mediated
immunity was suggested before by our group (9) and others (6, 13,

26). Hence, to identify a non-T, non-NK cell source of IFN-y, we
used an IFN-y-YFP reporter mouse (Yeti) backcrossed with Ragl ™'~
animals (Ragl '~ .Yeti). The YFP" cells identified by flow cytom-
etry were CD45", and their frequency was very high in both the
livers and the spleens of naive mice (Fig. 1A). To label NK cells, we
stained for three different NK cell markers, NK1.1, NKp46, and
CD49b, using specific mAbs conjugated with a single fluorochrome.
Most of the YFP* cells expressed markers of NK cells, but a minor
subset of non-NK, F4/807/YFP* cells was additionally detected.
Further analysis revealed that these latter cells lacked the myeloid
marker CD11b and expressed Thy1.2. To validate these findings, we
assessed Ifing gene expression on sorted NK cells (NK1.1"NKp46*
CD49b"), myeloid cells (CD11b"CD11¢*/NK1.17"NKp46~ CD49b ),
and the Thyl.2" non-NK/non-myeloid cells (Thyl.2*/NK1.1~
NKp46~CD49b /CD11b~CD11c ™ /F4/80 /Ly6G ™) from Ragl ~/~
(nonreporter) animals (Fig. 1B). Although ifirg gene expression was
detected in NK cells, no Ifng expression was detected in sorted
myeloid cells. The non-NK/nonmyeloid Thy1.2* cells exhibited the
same levels of constitutive ifng gene expression as the NK cell
subset (Fig. 1C), confirming the flow cytometry data. Despite the
negative results for the myeloid cells, and because these cells have
been reported as possible sources of IFN-y (16-21, 24), we decided
to further ascertain the capacity of myeloid cells, namely macro-
phages, to express IFN-y. To do so, we subjected bone marrow—
derived macrophages from C57BL/6 animals to different polarizing
stimuli and tested whether the different polarizations could dictate
the capacity to express IFN-y. No Infg gene expression was de-
tected in any of the macrophage subsets despite their ability to
express other cytokines (Supplemental Fig. 1).

Because the IFN-y-YFP mRNA in Yeti animals is stabilized by
a bovine growth hormone polyA tail, it leads to an aberrant ex-
pression of IFN-y (25), as confirmed in this study in the Ragl .
Yeti mice, which had around 70% YFP™ cells in the liver and 60%
in the spleen (Fig. 1A). To ascertain whether our previous results
were not an artifact of the Yeti mouse model, we used another
reporter mouse where the IFN-y—YFP mRNA is under control of
the endogenous IFN-vy polyA tail (Great mice, IFN-+y reporter with
endogenous polyA transcript) in a C57BL/6 background, that is,
with no deletion of Rag. The frequency of the YFP* cells in this
mouse model was around 17% in the liver and 2% in the spleen
(Supplemental Fig. 2A). To exclude the contribution of the YFP
expression of T cells, such as CD4* and CD8" T cells, NKT cells,
a