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Mecanismos associados a atrofia timica causada por infecao por Mycobacterium avium

Resumo

A atrofia timica ocorre naturalmente a partir da puberdade. No entanto, a atrofia timica
prematura pode ter um impacto negativo no sistema imunitario. A infecao por varios agentes patogénicos
causa atrofia timica prematura através de mecanismos frequentemente associados ao aumento da
producdo de glucocorticoides e/ou citocinas pré-inflamatérias.

Ainfecdo de murganhos C57BL/6 com uma estirpe de alta viruléncia (25291) de Mycobacterium
avium, mas nao com uma de viruléncia intermédia (2447), induz atrofia timica progressiva. Esta atrofia
resulta da sinergia entre glucocorticoides e oxido nitrico (NO) produzido por macrofagos ativados por
interferao gama (IFNy). Resultados recentes sugerem ainda que o IFNy afeta o timo, ao aumentar a
morte de timocitos, e a medula 6ssea (MO), ao alterar os precursores de linfocitos T. Todavia, o papel
do NO no timo é ainda desconhecido. O principal objetivo deste trabalho foi esclarecer se o aumento da
morte de timocitos contribui para a atrofia induzida pela infecdo por M. avium 25291 e qual o papel de
moléculas pro-inflamatdrias especificas neste processo.

Neste trabalho, revelamos que a atrofia timica induzida pela infecdo por M. aviurm 25291 esta
associada a um aumento dos timocitos em morte celular por apoptose. A apoptose de populacdes
especificas de timocitos parece ser dependente da producéo local de IFNy e de sintase de NO induzivel
(iINOS). Esta hipdtese é suportada por duas observacdes: por um lado, a apoptose ndo ocorre em
murganhos que nao expressam cada uma destas moléculas; por outro, ocorre sobre-expressao de /frg
e /nos no timo em periodos avancados da infecao. Adicionalmente, também em momentos mais tardios
da infecao por M. avium 25291, observamos sobre-expressao de interleucina 6 (/6) e fator de necrose
tumoral (7774, os quais foram previamente associados a atrofia timica prematura noutros modelos de
infecao. Este resultado sugere um possivel papel para estas citocinas na atrofia prematura do timo.

Propomos, assim, que a producédo de IFNy e NO no timo contribui para a sua atrofia precoce
através da apoptose de timocitos, o que complementa o conhecimento sobre 0s mecanismos
moleculares subjacentes a atrofia timica causada pela infecdo por M. avium 25291. Sugerimos ainda a
IL-6 e o TNF como potenciais intervenientes neste processo, incentivando assim a investigacdo mais

detalhada dos mecanismos desencadeados por estas moléculas.

Palavras-chave: Infecdo por Mycobacterium avium | Oxido nitrico | Citocinas pré-inflamatorias

| Atrofia timica | Apoptose de timocitos



Mechanisms underlying Mycobacterium avium infection-induced thymic atrophy

Abstract

Thymic atrophy naturally occurs after puberty. However, premature thymic atrophy might weaken
the immune system. Infection by several pathogenic microorganisms induces premature thymic atrophy
through mechanisms often associated with increased production of glucocorticoids and/or
proinflammatory cytokines.

Infection of C57BL/6 mice with a highly virulent strain (25291) of Mycobacterium avium, but not
with a strain of intermediate virulence (2447) induces progressive thymic atrophy, in a process mediated
by glucocorticoids and nitric oxide (NO) produced by interferon gamma (IFNy)-activated macrophages.
Recent data indicate that IFNy affects the thymus, by increasing the percentage of dead thymocytes, and
the bone marrow (BM), by altering BM T cell precursors. Yet, the role of NO in the thymus remains
unknown. The main goal of this work was to further investigate thymocyte death as a potential mechanism
underlying M. avium 25291 infection-induced thymic atrophy and the role of specific pro-inflammatory
molecules in this process.

Here we demonstrate that M. avium 25291 infection-induced thymic atrophy is accompanied by
an increase in apoptotic thymocytes. Apoptosis of specific thymocyte populations seems dependent on
the local production of IFNy and inducible NO synthase (iNOS), as apoptosis does not occur in mice
deficient for each of these molecules and upregulation of /g and /nos genes occurs in the thymus at
late timepoints of infection. Additionally, the expression of interleukin 6 (/6) and tumor necrosis factor
(7nh, molecules that have been associated with premature thymic atrophy in other models of infection,
is upregulated at late timepoints of infection with M. avium 25291. This hints at possible participation of
these cytokines in premature thymic atrophy.

With this work, we propose that IFNy and NO production in the thymus contribute to premature
thymic atrophy through thymocyte apoptosis, complementing the knowledge on the molecular
mechanisms underlying M. avium 25291 infection-induced thymic atrophy. Furthermore, we added IL-6
and TNF as possible players and opened the door for the study of the mechanisms triggered by these

molecules.

Keywords: Mycobacterium avium infection | Nitric oxide | Pro-inflammatory cytokines | Thymic

atrophy | Thymocyte apoptosis
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1. INTRODUCTION

1.1.  The Mycobacterium genus

The Mycobacterium genus comprises 188 rod-shaped, acid-fast bacterial species (1). Recently,
a division into five different genera based on genomic studies has been proposed, although its acceptance
is still under discussion (2). Mycobacteria have a particular cell wall constitution, with three different
layers composed mainly by peptidoglycan, arabinogalactan and mycolic acids, that contribute to its
virulence and resistance to antibiotics and disinfectants (3). This genus includes strict human pathogens
such as Mycobacterium tuberculosis (Mtb) and Mycobacterium leprae (the etiological agents for
tuberculosis (TB) and leprosy, respectively); non-tuberculous mycobacteria (NTM), that include
opportunistic human pathogens such as the Mycobacterium avium Complex (MAC) and numerous non-

pathogenic and less-known species (2).

1.1.1. Infections caused by mycobacteria

In 2017, Mtb was estimated to infect 1.7 billion people worldwide, from which 5-10% presented
active disease, most frequently in the pulmonary form (4). Although these numbers have been globally
decreasing, TB remains one of the top 10 causes of death, and the leading cause from a single infectious
agent, with an estimated 1.6 million deaths in 2017 (4).

NTM are a group of mycobacteria including fast- and slow-growing species capable of causing
chronic disease in several forms (e.g. pulmonary, cutaneous, disseminated) in humans (8). Contrary to
Mitb, NTM are found predominantly in the soil and water systems like domestic and hospital premise
plumbing (5). The main infection route is through the environment (e.g. soil, water systems) and not
person-to-person contact (6). Epidemiological data show a global increase in NTM infections even in
immunocompetent individuals during the last years (6-8). Although there is regional variability regarding
the isolated NTM species and associated risk factors, old-age is consistently associated with NTM
pulmonary infection (6), as is often also the case for immunosuppression and previous respiratory
infections (e.g. chronic obstructive pulmonary disease) (9). Treatment for NTM infections differs according
to the infectious agent: therapy for MAC infection consists in a macrolide (azithromycin or clarithromycin),
rifampicin and ethambutol, while Mycobacterium kansasiii Mycobacterium malmonense and

Mycobacterium xenopi require a different drug cocktail (10). Treatment usually lasts for at least 12



months after bacteria cultures become negative (9,10). In case of pulmonary infection, diagnosis requires
that one of the following criteria is met: 1) at least two positive separate sputum cultures, 2) a positive
result from at least one bronchial wash or lavage, 3) a positive result in transbronchial or other lung
biopsy (10). In case of extra-pulmonary infection, bacteria culture is done from clinical samples of other
fluids or tissues (e.g. blood, BM, lymph nodes). Species identification should resort to molecular
techniques such as polymerase chain reaction (PCR)-based assays, whole genome sequencing or
biochemical tests (11).

The NTM most commonly associated with pulmonary mycobacterial infections belongs to the
MAC (9). This complex includes M. avium (subsp. avium, silvaticum, hominissuis, and paratuberculosis),
Mycobacterium intracellulare, Mycobacterium chimaera, Mycobacterium colombiense, Mycobacterium
marsefllense, Mycobacterium arosiense, Mycobacterium timonense, Mycobacterium bouchedurhionense,
Mycobacterium ituriense and Mycobacterium vuineris (12). Slow growth of these mycobacteria has been
associated with the need for high energy to synthesize mycolic acids. These are long-chain fatty acids
contributing to the impermeability of the outer membrane of the mycobacterial cell wall. The lipid richness
of the bacterial cell wall limits nutrient uptake but also favors resistance against adverse environments
(e.g. high temperatures, extreme pH fluctuations), antibiotics and disinfectants, and supports persistent
biofilm formation in plumbing, showerheads and similar surfaces (5).

M. aviumn is frequently the most prevalent species from the MAC in the clinical setting (12,13)
and includes several different subspecies and strains. In this work, we used two strains of M. avium that
present differences in virulence: strains 2447 and 25291. After systemic inoculation, M. avium 2447, a
strain of intermediate virulence, causes chronic infection in C57BL/6 mice with subsequent stabilization
of bacterial burden. On the other hand, infection with the highly virulent strain 25291 leads to uncontrolled
bacterial growth, culminating in death around 80-90 days post-infection (dpi). In addition, infection with

M. avium 25291 is accompanied by premature thymic atrophy (14).



1.1.2.  Immune response to mycobacteria

Most of what is described regarding the immune response to mycobacteria were defined for Mib
infection, however, there are also several studies on the immune response elicited by NTM. Yet, we still
do not understand the full picture of a protective immune response against mycobacteria. Mycobacterial
disease progression is difficult to follow in humans as it may take a few months to years to develop after
contact, so animal models were and still are a valuable tool to dissect the immune response to these
pathogens.

The most commonly used animal model to study mycobacterial infections is the mouse model,
and the C57BL/6 strain is frequently used. Mice are relatively easy and affordable to house and maintain,
and many different strains and genetically modified models are available. This allows, for instance,
studying the role of a specific molecule of interest during the immune response to mycobacterial
infections. Besides, the diversity of available laboratory reagents for mice facilitates the use of this model.
Importantly, the murine and human immune responses to mycobacteria share similarities (15), making
it a suitable model to study the associated immune response. Data from animal models together with
studies on human genetic syndromes associated with increased NTM infection susceptibility (16,17) were
fundamental to elucidate the mechanisms of immune response during mycobacterial infections.

Mycobacteria are engulfed by phagocytes (neutrophils, monocytes, macrophages and dendritic
cells (DCs)) (11), which express pattern recognition receptors (e.g. Toll-like receptors, C-type lectin
receptors, among others) that allow pathogen recognition and subsequent phagocytosis (18). However,
within these phagocytes, mycobacteria may manage to avoid elimination, for instance by taking advantage
of their cell wall components: as an example, glycolipids present in both Mtb and M. avium such as
lipoarabinomannans (LAM) and lipomannan (LM) can, respectively, inhibit phagocyte apoptosis and
inhibit phago-lysosome fusion, allowing mycobacteria to proliferate inside phagocytes (19,20). When the
innate response is unable to clear the bacteria, antigen presenting-cells (APCs) carrying mycobacterial
antigens and/or bacteria migrate to the draining lymph nodes and prime naive mycobacteria-specific T
cells (21). Primed T cells then proliferate and migrate to the site of infection, where APC-T cell interactions
drive T cell activation. Secretion of IL-12 by infected macrophages leads to interferon gamma (IFNy)
production by T cells. IFNy activates macrophages and induces the production of nitric oxide (NO) via
inducible NO synthase (iNOS) and other antimicrobial molecules (22). The role of IFNy production by T
cells in fighting Mtb and NTM has been demonstrated by several studies. IFNy knock-out (KO) mice are
unable to control Mfb infection (23) and produce undetectable levels of reactive nitrogen intermediates

(derived from NO) in the serum (24). In humans, patients with genetic alterations that lead to reduced



IFNy production are highly susceptible to mycobacterial infections (17,25). As for NO, in mice, Mt
infection of INOS KO mice progresses faster than in WT counterparts (26). In humans, however, most
data come from /n7 vifro or ex vivo experiments with monocytes/macrophages and there is still controversy
regarding NO role in mycobacterial infections (27). Some evidence point to an important role, as NO-
derived compounds were detected in the urine and breath of Mitinfected patients (28), abnormal
production of exhaled NO was found in NTM pulmonary disease patients (29) and inhibiting iNOS reduces
human alveolar macrophages (AM)-induced killing of M. bovis Bacillus Calmette-Guérin (BCG) (30). Yet,
curiously, the outcomes from IFNy and NO action depend on the bacterial strain. Infection of IFNy KO
mice with M. aviurm 2447 causes a slight increase in bacterial load compared to WT mice, while iNOS
KO mice present no alterations on bacterial burden or infection outcome. On the other hand, after
infection with the highly virulent strain 25291, IFNy KO and iNOS KO mice present, respectively, similar
and lower bacterial burden when compared to WT counterparts (31). Thus, IFNy and NO might contribute
to mycobacteria pathogenicity in M. avium, favoring disease progression instead of leading to pathogen
clearance and infection resolution, in a strain-dependent manner.

Tumor necrosis factor (TNF) also plays an important role in the immune response to
mycobacteria, as it drives the development of granulomas (organized lesion of infected cells surrounded
by non-infected phagocytes and lymphocytes) (32), activates macrophages upon Mtb infection and
participates in NO production. Evidence for this lies in the fact that TNF KO mice produce lower amounts
of NO during Mtb infection and fail to control disease (33) and that patients receiving anti-TNF therapy
display a significantly higher incidence of TB (34).

1.2,  The thymus — Anatomy and function

The thymus is a primary lymphoid organ essential for the differentiation of T cells. T cells
differentiate from hematopoietic precursors that migrate from the bone marrow (BM) and seed the thymus
(35).

The thymus can be divided into two distinct anatomical regions: the cortex (the outer layer) and
the medulla (the inner layer). Both areas participate in different moments of T cell differentiation. T cell
precursors from the BM continuously seed the thymus through the corticomedullary junction (35).
Thymocytes then migrate through the cortex, which supports the early stages of differentiation and T cell
receptor (TCR) rearrangement (37) and is populated by cortical thymic epithelial cells (cTECs) and DCs.
Finally, thymocytes enter the medulla, that sustains the final stages of differentiation and is composed by

medullary TECs (mTECs), DCs, macrophages and B cells (38).



1.2.1. T cell differentiation in the thymus

There are four main thymocyte populations in the thymus, defined according to the expression
of the TCR co-receptors CD4 and CD8. The most immature thymocytes are the double negative (DN)
thymocytes (CD4CD8). These cells acquire later both CD4 and CD8 expression becoming double positive
(DP; CD4-CD8&:). The transition from DN to DP thymocytes occurs essentially in the cortex. Then, DP
thymocytes migrate to the medulla, mature into CD4 or CD8 single positive (SP; CD4:CD8 and CD4-CD8)
thymocytes and egress to the blood and secondary lymphoid organs after 4-5 days in the medulla (39).
A summary of the main events occurring during T cell differentiation in mice is illustrated in Fig. 1.

The TCR is a transmembrane protein specific of T cells. It is composed by a two-chain
heterodimer (ot and 3, or 6 and y) each with constant and variable regions, forming a complex with CD3
subunits. The TCR allows T cells to recognize antigens (most frequently peptides) embedded in a self-
major histocompatibility complex (MHC) - from now on designated MHC-peptide complex (40). During T
cell differentiation, a panoply of different TCRs is generated by random rearrangement of the gene
segments encoding the variable portions of the TCR chains, through recombination-activating genes (RAG)
enzymes (41). A useful TCR is tolerant to self-molecules and restricted to sel-MHCs. However, during
TCR rearrangement, some TRCs are not functional, others do not recognize MHC-peptide complexes or
recognize them too strongly (42). Thus, to prevent the migration of useless or autoreactive T cells to the
periphery, thymocytes undergo a highly regulated process of selection.

DN thymocytes can be subdivided according to CD44 and CD25 expression: CD44:CD25- (DN1)
become CD44:CD25+ (DN2), which give rise to CD44-CD25- (DN3) and then CD44-CD25- (DN4), the
most mature DN thymocytes (37). At the DN stage, TCR rearrangement begins (35,43). At this point, the
Terb gene undergoes random rearrangements, encoding the TCR[3 chain. In parallel, 7crdand 7crggenes
also recombine to generate the TCR& and TCRy chains, giving rise to @ much smaller subset of T cells.
This subset corresponds to y6 T cells and diverges at the DN2 stage from a8 T cells. At the DN3 stagg,
in the case of af T cells, TCRap formation initiates with the assembly between the newly formed TCR[
chain and an invariant pre-Ta and CD3 subunits to form the pre-TCR (43). If the 7crb rearrangement
results in a functional TCRB chain, signaling through the pre-TCR leads to high proliferation and
progression to DN4. If the process fails due to the formation of a non-coding TCRB chain, thymocytes are
not able to receive proliferation signals and die. This set of events occurring at the DN3 stage constitutes

the first checkpoint during thymocyte differentiation and is known as beta selection (44).



At the DP stage, in the cortex, rearrangement of 7cra genes for the TCRa chain occurs and the
TCRap is completely formed (45). Here, thymocytes contact with cTECs presenting MHC-peptide
complexes, where the peptide is usually composed by self-peptides derived from cellular metabolism
(35). If the TCR is capable of recognizing those MHC-peptide complexes, thymocytes proceed to
differentiate into SP thymocytes, in an event named positive selection. The ones that do not recognize
MHC-peptide complexes undergo death by neglect. Also, if the affinity/avidity of the interaction with MHC-
peptide complexes is excessive to the point of TCR autoreactivity, thymocytes may be deleted at this stage
(negative selection) (46).

DP thymocytes that continue the differentiation process migrate to the medulla to reach the SP
stage. The medulla is a specialized site for negative selection, eliminating thymocytes reactive to tissue-
specific molecules (47). Also, T cell fate is determined: thymocytes interacting with MHC class |l
molecules become CD4SP, while thymocytes that bind MHC class | become CD8SP (39). In parallel, a
minority of cells with strong TCRa binding to MHC-peptide complexes manages to escape pro-death
molecules such as B cell lymphoma 2 (Bcl-2)-like protein 11 (BIM) and p53 upregulated modulator of
apoptosis (PUMA). This occurs due to activation of the signaling pathway Caspase recruitment domain-
containing protein 11/NF-kB (CARD11/NF-kB), that acts as a pro-survival stimulus in this context (48).
These cells downregulate the expression of CD8 and upregulate forkhead box P3 (FOXP3), becoming
regulatory T cells (49).
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FIGURE 1. T cell differentiation in the mouse. Representation of the main T cell differentiation events,

from the BM to the periphery. Adapted from (36).

Cell death by apoptosis plays a central role in T cell differentiation. Two different apoptosis
pathways are involved in this process: the intrinsic/mitochondrial and the death receptor/extrinsic
pathways (Fig. 2).

The intrinsic apoptosis pathway is controlled by elements of the Bcl-2 protein family, which
comprises proteins that are apoptosis initiators (Bcl-2 homology domain 3 (BH3)-only proteins like BIM,
PUMA and Phorbol-12-myristate-13-acetate-induced protein 1 (Noxa)), apoptosis effectors (such as Bcl-2
associated X protein (Bax) and Bcl-2 associated death promoter (Bak)) and anti-apoptotic (for instance,
Bcl-2, B-cell ymphoma extra-large (Bcl-X.), Myeloid cell leukemia 1 (Mcl-1)). When activated by BH3-only
proteins such as Noxa, pro-apoptotic effector proteins (Bax, Bak) lead to the disruption of the
mitochondrial outer membrane, causing the release of factors like cytochrome ¢ and Direct inhibitor of
apoptosis binding protein with low pl (DIABLO). This leads to the activation of pro-caspase 9 (50), followed

by caspases 3, 6 and 7, culminating in cell death (51).



The extrinsic apoptosis pathway is activated by the binding of external ligands and subsequent

signaling through TNF-family receptors (52). As an illustrative example, the TNF-family receptor Fas, when

bound to its ligand FasL, leads to the attachment of FADD, which associates with pro-caspase 8. Activation

of caspase 8 activates caspase 3 and leads to cell death (53).
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FIGURE 2. Summary of the events occurring in
thymocyte apoptosis. a) extrinsic/death receptor
pathway; b) intrinsic/ mitochondrial pathway. From

(35).

In the context of thymocyte differentiation, during beta selection (DN3 stage), both the intrinsic

and the extrinsic apoptosis pathways are involved. Bcl-2 upregulation upon functional pre-TCR signaling

leads to the inhibition of apoptosis initiators (BIM) and effectors (Bax, Bak), allowing progression to DN4.

Also, mice deficient in Bax and Bak present disrupted T cell differentiation at this stage, supporting the

involvement of the intrinsic apoptosis pathway in beta selection (54). Yet, a study using mice with severe

combined immunodeficiency (SCID) (incapable of productive TCR rearrangement, thus presenting

apoptosis of immature thymocytes before beta selection) showed that overexpressing Bcl-2 allowed the

progression of B cell but not T cell differentiation (55). Thus, further investigation is needed to fully

understand the role of the intrinsic apoptosis pathway in beta selection. On the other hand, inhibiting the



extrinsic pathway in mice lacking RAG expression (thus not being able to perform TCR rearrangement)
recovered thymocyte differentiation (56), suggesting a role for this pathway in beta selection.

Death by neglect at the DP stage occurs through the intrinsic apoptosis pathway, as it was shown
that overexpression of Bcl-2 allows the survival of thymocytes with a TCRa unable to recognize MHC-
peptide complexes (55,57). Also, the anti-apoptotic Bcl-X. is upregulated in cells transitioning from DP to
SP and its absence leads to excessive DP apoptosis (58). During positive selection, upon TCRaf signaling,
thymocytes rely on Bcl-2 and Mcl-1 instead of Bcl-X. to survive (59,60), as a way to compensate for BIM
overexpression, which also occurs due to TCRaB signaling. Still, those are not sufficient to support positive
selection, so, DP thymocyte differentiation may also require other signals (55,57).

Negative selection (DP and SP stage) involves the intrinsic apoptosis pathway (61). In general
terms, negative selection involves downregulation of Bcl-2 and overexpression of Bax and Bak, and the
opposite inhibits thymocyte negative selection via TCR signaling (54,57,62). BIM and PUMA are also
necessary as apoptosis initiators (63). Similarly, the steroid receptor Nur77 seems to play a role in
promoting negative selection, although the mechanism remains somewhat unclear (64).

The vast majority of thymocytes differentiating within the thymus fail to complete the highly
regulated process of thymocyte selection (65), being eliminated. The ones completing the differentiation

process exit the thymus and migrate to the periphery as recent thymic emigrants.

1.2.2.  Thymic involution

The thymus naturally involutes with age, progressively decreasing in size and T cell export mainly
after puberty in humans (66). Age-related thymic involution is also observed in mice (67). Yet, several
pathological conditions such as stress (68), radiation (69), estrogens (70,71), chemicals (72,73) and
infection may induce premature thymic atrophy. In healthy adults, thymic atrophy does not tend to
severely impact the immune system, as T cells stored in secondary lymphoid organs (e.g. spleen and
lymph nodes) already express a highly diverse TCR repertoire. However, in young children, whose immune
system is still developing, or in immunocompromised individuals experiencing peripheral lymphopenia,
thymic atrophy may lead to premature aging of the immune system and render the immune system

unable to recover T cell numbers and TCR diversity (74-76).



1.2.3. Infection and premature thymic atrophy

Infection by different microorganisms (bacteria, fungi, viruses, protozoans) can lead to premature
thymic atrophy. This pathological involution of the thymus may be caused by immature thymocyte egress
(77), thymic stroma disturbances (78), BM T cell precursors alterations that affect the seeding of the
thymus (79) and increased thymocyte death (80). This thesis focuses mainly on thymocyte death on the
context of M. avium 25291 infection-induced thymic atrophy, so microorganisms causing thymocyte
death are explored below and summarized in Table 1.

There are several approaches to evaluate thymocyte death, each targeting different events
occurring during the process. The technigues used to study infection-induced thymocyte death target loss
of membrane asymmetry (by Annexin V stain), DNA fragmentation (by TUNEL assay), cell viability (PI, 7-
AAD) and caspase 3 activation (detection of active caspase 3 through colorimetric or fluorescence-based
assays).

Often the most affected cells upon thymic infection are DP thymocytes. That is reported for
infection with protozoans (7rypanosoma cruzi (81)), viruses (HIV-1 (82), strain Chicago-1 of measles
(83), murine leukemia virus (84), influenza (A(HIN1)pdmQ9) strain (85)), fungi (Paracoccidioides
brasiliensis (86)), bacteria (type A Francisella tularensis (87), Salmonella enterica serovar Typhimurium
(80)) and parasites (murine malaria parasite Plasmodium yoelii (88)). As DP thymocytes are particularly
sensitive to glucocorticoids, several of these and other studies investigated its role in the context of
infection by evaluating serum levels, performing adrenalectomies and/or blocking glucocorticoid
receptors. Elevated serum levels of glucocorticoids were observed in a model of Histoplasma capsulatum
infection (89), polymicrobial sepsis (90), type A F. tularensis (87), T. cruzi (91) and M. avium infections
(14). Adrenalectomy partially prevented thymocyte depletion in H. capsulatum infection (89), Listeria
monocytogenes (92) and in type A F. fularensis infection (87); blocking glucocorticoid receptors also
produced the same effect in M. avium infection (14), while both approaches combined resulted in
prevention of thymic atrophy during 7. cruziinfection (93). Taken together, these results strongly suggest
a pivotal role for glucocorticoids in thymocyte death during infection by different pathogens.

Yet, other molecules are also involved in thymocyte death upon infection, as it is the case of
specific  pro-inflammatory cytokines. IFNy contributes to thymocyte death during influenza
A(HINI1)pdmOQ9 (85) and S. #yphimurium infection (80). In type A F. tularensis infection, TNF levels
(protein in the serum and mRNA in the lung) were shown to be elevated and infected TNF-receptor 1 and
2 KO mice did not present thymic alterations (87). TNF serum levels were also increased after 7. cruzi

infection (81) and polymicrobial sepsis (90), although TNF does not seem to be involved in thymocyte
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death in the two latter studies. Conversely, in a model of administration of Mycobacterial Cord Factor
from Mtb, serum TNF levels were not increased but administration of anti-TNF inhibited thymocyte
apoptosis (94).

Alterations in the expression of other molecules in models of premature thymic atrophy, such as
downregulation of IL-2 in a rat model of sepsis (95), increase in the levels of IL-10 and IL-1(3 throughout
T. cruziinfection (81) and upregulation of interleukin 6 (IL-6) and IFNy, accompanied by downregulation
of IL-2 genes in HIV-1 (96), were also observed and at least partially accounted for thymocyte death in
these reports. NO produced via iINOS by IFNy-activated macrophages together with increased
glucocorticoid levels was also shown to be fundamental to induce premature thymic atrophy after infection
with a highly virulent strain of M. avium (14), although the role of NO in thymocyte death remains
undisclosed.

Despite often presenting common players, the mechanisms leading to increased thymocyte death
upon infection differ according to the infectious agent, and several players on this process remain
unknown, as it is the case for infection with cytomegalovirus (97), Mouse Thymic Virus (98), parainfluenza
(99), measles virus (83) and Paracoccidioides brasiliensis (86).

Collectively, data highlight the role for systemically produced glucocorticoids and pro-
inflammatory cytokines like TNF and IFNy in thymocyte death induced by infection but also hint at the

participation of other molecules that remain to be further explored.
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TABLE 1. Summary of the main microorganisms and triggered mechanisms leading to thymocyte death.

Consequence Technique to evaluate
Microorganism Potentially involved molecules | References
in the thymus cell death
Histological observation
Cytomegalovirus Necrosis of pyknosis, karyolysis, N/A (97)
and karyorrhexis
Francisella tularensis TUNEL assay; DNA
DP apoptosis Glucocorticoids, TNF 1 and 2 (87)
(type A) fragmentation
Histoplasma Thymocyte
N/A Glucocorticoids (89)
capsulatum depletion
[FNy, IL-6 (increased)
HIV-1 DP apoptosis TUNEL assay (96)
IL-2 (decreased)
Influenza
DP apoptosis Annexin V/PI stain [FNy (85)
A(HINI)pdmO9 virus
Thymus
Listeria weight and
N/A Glucocorticoids (92)
monocytogenes cell numbers
decreased
Measles virus (strain
DP apoptosis TUNEL assay N/A (83)
Chicago-1)
Mouse Thymic Virus Necrosis Histological observations N/A (98)
7-AAD stain; DNA
Murine leukemia virus | DP apoptosis | fragmentation; caspase N/A (84)
3 activation
Depletion of
Mycobacterium avium the four
N/A Glucocorticoids, IFNy, NO (14)
25291 thymocyte
populations
Paracoccidioides
DP apoptosis TUNEL assay N/A (86)
brasiliensis
Plasmodium yoelii DP apoptosis Annexin V stain N/A (88)
Salmonella enterica Annexin V/PI stain;
DP apoptosis Glucocorticoids, IFNy (80)
serovar Typhimurium caspase 3 activation
Trhypanosoma cruzi DP apoptosis TUNEL assay Glucocorticoids, IL-10, IL-1B3 (81,91,93)
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1.2.4.  Thymic infection with mycobacteria

Thymic infection with mycobacteria produces different consequences depending on the
mycobacteria species and strain. Mtb, M. avium and M. bovis BCG were shown to colonize the thymus
after infection of different mouse strains (100).

After aerosol infection of mice with Mib, bacterial colonization of the thymus is observed three
weeks after infection. No granulomas are observed in the thymus, while present in the lung; instead,
small macrophage aggregates containing bacteria are found in the medulla and occasionally in the cortex.
Additionally, bacterial load stabilizes in the thymus at later infection timepoints in comparison with other
organs (100).

Following M. bovis BCG intravenous (i.v.) infection, bacterial colonization is only detectable in the
thymus when bacterial burden in the lung, liver and spleen is already decreasing (2-3 weeks post-
infection) and continue to rise until the ninth week post-infection (100).

In the case of M. avium, the most frequently used model relies on i.v. bacterial inoculation to
mimic the advanced stage of disseminated infection that may occur in severely immunocompromised
individuals (e.g. AIDS patients) (101). M. avium infects mainly the thymic medulla and corticomedullary
junction, also not forming granulomas but presenting the bacteria engulfed by macrophages
(characterized by the expression of CD11c and F4/80) (102). In C57BL/6 mice, the M. avium strain of
intermediate virulence (2447) infects the thymus, not resulting in thymic atrophy. Yet, this infection affects
thymocyte differentiation as it leads to the differentiation of T cells that are specifically tolerant to M.
avium antigens and unable to control the infection in the periphery when transferred to nude mice (that
do not have a thymus - therefore lacking T cell differentiation) (102). In comparison, the highly virulent
strain 25291 also colonizes the thymus but progressively induces severe premature thymic atrophy, and
leads to a higher bacterial burden. M. avium 25291 infection-induced premature thymic atrophy occurs
through the synergy between glucocorticoids and NO produced by IFNy-activated macrophages, as mice:
1) IFNy KO, 2) iNOS KO, 3) whose macrophages are insensitive to IFNy or 4) with blocked glucocorticoid
receptors do not present thymic atrophy (14). Although these players are known, the mechanisms
culminating in M. avium 25291 infection-induced premature thymic atrophy are still under investigation.
Specifically, NO effects on the BM T cell precursors are now under study while its role on the thymus

remains undetermined.
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2. AIMS

Although IFNy and NO are key players underlying M. avium infection-induced thymic atrophy, its
specific effects and the mechanisms triggered by them are still unknown in this context.

We hypothesized that NO produced by IFNy-activated macrophages increases thymocyte
apoptosis upon infection with M. avium 25291. In addition, we questioned if, after infection, NO, IFNy
and other pro-inflammatory molecules are locally produced in the thymus and may be triggering
thymocyte apoptosis.

Thus, our main goal was to investigate thymocyte apoptosis as a potential mechanism underlying
M. avium 25291 infection-induced thymic atrophy and the role of pro-inflammatory molecules in this
process.

Specifically, we aim to:

1. Uncover the role of NO and IFNy in thymocyte death upon M. avium 25291 infection, using

multicolor flow cytometry and Real-Time PCR (qPCR).

2. Evaluate thymic gene expression of pro-inflammatory molecules involved in other models of

premature thymic atrophy, in the context of M. avium 25291 infection, using gPCR.
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3. MATERIALS AND METHODS

3.1. Mice, housing and welfare

C57BL/6 wild-type (WT) (purchased from Charles River Laboratories (Barcelona, Spain) and bred
in our facilities), IFNy knock-out (IFNy KO) (bred in our facilities from a breeding pair purchased from The
Jackson Laboratory (Bar Harbor, ME)) and iNOS KO (provided by Drs. J. Mudgett, J.D. MacMicking, and
C. Nathan, Cornell University, New York; bred in our facilities) 8-12 weeks-old female mice were used in
the experiments described below (Topics 3.2 and 3.3). In the case of the dexamethasone control group,
male mice were used as we observed no differences in the impact of dexamethasone in the thymus
between males and females.

All mice were maintained in standardized conditions (55% humidity, 22-24°C, 12h/12h
day/night cycle) under the laws concerning animal welfare (Decrefo-Lein. ° 113/2013 de 7 de agosto)
and approved by the local ethics committee (SECVS 017/2018; Annex 2). Food and water were available
ad libitum and mice used in infection experiments were weighed weekly, at the same time of the day, to
ensure welfare. Humane endpoints were applied for mice presenting signs of decreased activity or any
suffering, or that lost more than 20% of body weight in one week. At the end of each experiment,
euthanasia was performed through an overdose of Ketamine (150 mg/kg) + Medetomidine (2 mg/kg)
injected intraperitoneal (i.p.), followed by lethal blood collection (performed after confirmation of

anesthesia) and thoracotomy.

3.2. Dexamethasone administration

C57BL/6 mice were injected i.p. with 1 mg/kg or 3 mg/kg of dexamethasone (Sigma-Aldrich) at
18 h, 18 h and 3 h, or 3 h before euthanasia. A stock of dexamethasone was prepared by dissolving the
compound powder in absolute ethanol at 10 mg/mL, followed by dilution in apyrogenic PBS to a
concentration of 1 mg/mL. The stock was frozen at -20 °C in 1 mL sterile aliquots and only thawed and

diluted in sterile and apyrogenic saline solution at the time of infection.
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3.3. Infection with Mycobacterium avium

Mice were infected via i.v. injection in the lateral tail vein with 10¢ CFUs of M. avium 2447
(provided by Dr. F. Portaels, Institute of Tropical Medicine, Antwerp, Belgium) or M. avium ATCC 25291
SmT (obtained from the American Type Culture Collection, Manassas, VA) diluted in saline 0.05% Tween-
80. The inoculum was plated on Middlebrook 7H10 agar (BD Biosciences) supplemented with OADC
(2.50 g of Bovine albumin fraction V, 1 g of dextrose, 0.002 g catalase 0.025 g of oleic acid and 0.425
g of sodium chloride per 50 mL of dH.0) and incubated at 37°C for 1 or 2 weeks (strain 2447 and strain
25291, respectively) to confirm inoculum concentration.

To eliminate the interference of the naturally occurring age-related alterations in the thymus, mice
were infected at different timepoints (30, 50, 60, 70 days before euthanasia) and euthanized all with the
same age, at the same time. Besides confirming inoculum concentration, the infection was also controlled
by euthanizing 3 additional mice and evaluating splenic bacterial burden at day 1 of infection. For this,
the spleen was removed in sterile conditions, homogenized in H.0 0.05% Tween-80 and plated at several
dilutions in 7H10 agar supplemented with OADC. Colonies of M. avium were counted after 1 or 2 weeks
(for strain 2447 and strain 25291, respectively). The same method was performed at the end of each

experiment, to evaluate splenic bacterial burden in all mice.

3.4.  Flow cytometry

Thymocyte death was evaluated by multicolor flow cytometry using two antibody panels: Annexin
V/Propidium lodide (Pl) and Caspase 3/Live Dead fixable dye. Both panels included other antibodies to
characterize the main thymocyte populations (detailed in Tables 2 and 3).

Annexin V binds to phosphatidylserine, an internal membrane phospholipid that is externalized
in the early moments of apoptosis. In turn, Pl is a cellimpermeant viability dye that binds nucleic acids
and only enters the cell if the membrane is compromised. These markers allowed us to study five
populations: viable (Annexin V-/Pl), early apoptotic (Annexin V:/Pl), apoptotic (Annexin V:/Pl=), late
apoptotic/necrotic (Annexin V+/Pl=) and necrotic cells (Annexin V-/Pl+).

Caspase 3 is a protease often activated in early stages of apoptosis (103) and Live/Dead is a
fixable dye that covalently binds to intracellular and extracellular amines present in a cell. This way,
Caspase 3/Live Dead staining allowed the distinction between four populations: viable (Casp3/Live
Dead™), early apoptotic via caspase 3 (Casp3:/Live Dead), late apoptotic via caspase 3 (Casp3+/Live

Dead=) and dying/dead cells not via caspase 3 (Casp3/LiveDead"=).
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The whole thymus was mechanically dissociated in cold RPMI 1640 with stable L-Glutamine
(Merck) supplemented with a final concentration of 1 mM Sodium Pyruvate (Merck), Penicillin-
Streptomycin (final concentrations of 100 units/mL and 100 pg/mL, respectively); Gibco) and 10% heat-
inactivated FBS (Merck), to obtain a single-cell suspension. The total number of thymocytes was quantified
using an automated cell counter (Countess™, Thermo Fisher Scientific) by Trypan Blue (Gibco) stain cell
death exclusion.

For Annexin V/PI staining, 10 thymocytes were washed (centrifuged at 1300 rpm, 2 min, 4°C)
in FACS Buffer (PBS, 0.3% BSA, 0.01% sodium azide) and stained with 50 yL of the surface antibody mix
(Table 1; except Pl and Annexin V) diluted in FACS Buffer. After a 20 minute-incubation at 4°C in the
dark, thymocytes were washed twice with FACS buffer to remove not-bound antibody excess. Thymocytes
were then resuspended in 50 L of Annexin V Binding Buffer and transferred to FACS tubes. 50 pL of
Annexin V/Pl mix diluted in Binding Buffer was then added to the cells and incubated for 15 min in the
dark at room temperature (RT). Lastly, 200 uL of Annexin V Binding Buffer were added and the samples
acquired in the flow cytometer within the next 15 min.

Caspase 3/Live Dead staining was performed in three main steps. First, 10¢ thymocytes were
washed in PBS 1x and incubated for 30 min at RT in the dark with fixable Live/Dead dye diluted in 100
uL of PBS 1x. Next, thymocytes were washed with FACS Buffer and stained for surface molecules (similar
protocol as in Annexin V/PI staining), using the antibody mix on Table 3 (except Live Dead and Caspase
3). From this point, an intracellular staining was performed to detect active caspase 3. First, thymocytes
were fixed with 100 uL of PFA 2% for 30 min in the dark at RT. Then, thymocytes were washed with Perm
Buffer (BioLegend, CA, USA), resuspended in 100 pL of Perm Buffer and incubated for 15 min in the
dark at RT. Thymocytes were finally incubated for 30 min at RT in the dark with anti-active caspase 3
diluted in 50 uL of Perm Buffer. Finally, thymocytes were washed twice with Perm Buffer and resuspended
in 150 pL of FACS Buffer. Samples were transferred to FACS tubes and acquired in the flow cytometer
within the next 24 hours.

Unstained, single-color stained and Fluorescence Minus One (FMO) controls (for CD25, CD44,
Annexin V, PI, Caspase 3 and Live Dead) were performed for compensation of fluorochrome spillover at
the flow cytometer and gating design during the analysis.

All samples were acquired in a BD LSR Il flow cytometer (BD Biosciences, CA, USA) equipped
with 3 lasers (488 nm, 640 nm, 405 nm) and with the BD FACSDiva software. The analysis was
performed in FlowJo® 10 (BD Biosciences, CA, USA). A schematic example of the gating strategies used

is presented in Annex 1.
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TABLE 2. Antibody panel for Annexin V/PI assay in total thymocytes.

Specificity Clone Fluorochrome Brand Dilution
CD3 145-2C11 FitC BioLegend 1:100
CD4 RM4-5 Bv421 BioLegend 1:100
CD8 53-6.7 BV510 BioLegend 1:200
CD25 PC61 APC-Cy7 BioLegend 1:100
CD44 IM7 BV605 BioLegend 1:200
Pl - — Sigma 1:50
Annexin V - Alexa 647 BioLegend 1:25
TABLE 3. Antibody panel for Caspase 3/Live Dead assay in total thymocytes.
Specificity Clone Fluorochrome Brand Dilution
CD3 145-2C11 Pe BioLegend 1:100
CD4 RM4-5 FitC BioLegend 1:100
CD8 53-6.7 BV510 BioLegend 1:200
CD25 PC61 APC-Cy7 BioLegend 1:100
CD44 IM7 PeCy7 BioLegend 1:400
Fixable (Ij_;\;e/Dead _ eFluor 450 The;rcrlc;;iischer 1:1000
Active caspase 3 C92-605 Alexa 647 BD Biosciences 1:20

3.5.

used due to severe atrophy) using TRIzol™ Reagent (Invitrogen). Previously frozen thymi (-80 °C) were
homogenized in cold TRIzol (1 mL per 50-100 mg of tissue) using a 23G needle and 1 mL syringe, after
which thymi homogenates were frozen at -80 °C for 1 or 2 days. When thawed, homogenates were
incubated at room temperature for 5 min. Next, chloroform (0.2 mL per 1 mL of TRIzol™ Reagent) was
added, the samples thoroughly mixed and incubated for 2-3 min. A centrifugation step (12000 g 15 min,
4 °C) followed, separating the mixture into a lower red phenol-chloroform (protein fraction), an interphase
(DNA) and a colorless upper aqueous phase (RNA). The RNA phase was carefully transferred to a new
tube and 1 L of glycogen was added to aid in RNA precipitation. Then, isopropanol (0.5 mL per 1 mL of

TRIzo™ Reagent) was added, gently mixed and incubated for 10 min at room temperature. A

RNA extraction

Total RNA was extracted from half of the thymus (except for 70 dpi, where the whole thymus was
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centrifugation step (12000 g 10 min, 4 °C) was then performed to precipitate the RNA, forming a pellet
in the bottom. The supernatant was discarded and the pellet washed with 75% ethanol (brief vortexing
followed by centrifugation at 7500 g 5 min, 4 °C). Next, the supernatant was discarded and the pellet
air-dried for 5 min. RNA was resuspended in 15-30 yL of UltraPure™ distilled water (Invitrogen). Finally,
RNA was incubated at 57 °C on a heat block for 10 min to fully dissolve the pellet and stored at -80 °C.

RNA was quantified using NanoDrop 2000 (Thermo Scientific) and 1 ug was run on a 1% agarose
gel to check for degradation (120 V, 25 min). RNA was considered intact when two sharp bands
corresponding to 18S and 28S rRNA subunits were present.

All materials and reagents used while handling RNA were RNase-free to prevent its degradation.

3.6.  cDNA synthesis

Complementary DNA (cDNA) was synthesized using iScript™ Advanced cDNA Synthesis Kit for
RT-PCR (Bio-Rad Laboratories). Briefly, 4 uL of 5x iScript Advanced Reaction Mix and 1 L of iScript
Advanced Reverse Transcriptase were added to 3 ug of RNA and toped up with nuclease-free water to a
final volume of 20 uL. Samples were submitted to an incubation of 46 °C for 20 min, followed by enzyme

inactivation (95 °C for 1 min), and stored at -20 °C.

3.7. Real-Time PCR

Real-Time Quantitative PCR (qPCR) was performed to measure expression levels of several genes
associated with cell death (Bax, Bcl2, premature thymic atrophy (Gr, /fng 16, Inos, Tnf and
housekeeping genes (/8S, Gapdh, Hord) (Table 4). One reaction included 1 pL of cDNA, 10 ulL of SsoFast
EvaGreen Supermix (Bio-Rad Laboratories), 0.2 L of each primer (at 50 uM; STAB VIDA) and nuclease-
free water up to a final volume of 19 pL. A cDNA serial dilution curve was performed in every analysis to
control for reaction yield. All gPCRs were done using Hard-Shell® 96-Well PCR Plates (white bottom) (Bio-
Rad Laboratories).

Amplification conditions involved a step of initial denaturation at 95 °C for 1 min, 40 cycles of
denaturation at 95 °C for 15 s, annealing for 20 s and elongation at 72 °C for 20 s; and a final step to
generate the melting curve (65 - 95 °C, increments of 0.5 °C per 5 s).

Gene expression data were analyzed on CFX™ Manager (Bio-Rad Laboratories) using the “Gene

Study” function and exported to Microsoft Excel™ for further calculations.
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TABLE 4. Genes analyzed by qPCR: corresponding primer sequences and annealing temperature.

Annealing . ’ )
Target gene temperature (°C) Primer sequence (5’ => 3’)
F: GTA ACC CGT TGAACC CCATT
18S rRNA 58
R: CCA TCC AAT CGG TAG TAG CG
F: GTC CAC CAA CAA GCT GAG CG
Bax 58
R: TGG GAA AAA GAC CTC TCG GG
F: CCT GGT GCA CAACATCGC C
Bcl-2 58
R: AAT CAA ACA GAG GCC GCATGC
F: GGG CCC ACT TGA AGG GTG GA
GAPDH 58
R: TGG ACT GTG GTC ATGAGC CCT T
oR - F: AGA GCA GTG GAA GGA CAG CAC A
R: GCA GCG CGG CAG GAACTATT
F: GCT GGT GAAAAG GACCTCT
HPRT 58
R: CAC AGG ACT AGA ACA CCT GC
F: CAA CAG CAA GGC GAA AAA GG
[FNy 58
R: GGA CCA CTC GGA TGA GCT CA
L . F: CCG GAG AGG AGA CTT CAC AG
R: TCC ACG ATT TCC CAG AGA AC
F: CTC GGA GGT TCA CCT CAC TGT
iNOS 59
R: GCT GGA AGC CACTGACAC TT
F: ACT TCG GGG TGA TCG GTC CCC
TNF 58
R: GTG GTT TGC TAC GAC GTG GGC TA

F=forward; R=reverse.

20



3.8.  Statistical analysis

Four to eight mice were used per group. Late-stage infected mice comprised the larger groups
as they are more likely to reach humane endpoints during infection, thus requiring premature euthanasia.

Statistical analyses were performed using Prism GraphPad 7 (GraphPad Software, La Jolla,
California, USA). Data are reported as the mean + standard deviation (SD). For gene expression data,
individual fold change was calculated in Excel™, using the formula: (Mean value — Baseline)/Baseline.
Outliers (only in gene expression analysis) were calculated and removed using Grubbs' test
(https://www.graphpad.com/quickcalcs/grubbs1/). Significance level was set at 0.05: p values lower
than 0.05 were considered statistically significant differences.

The normal distribution of the data was tested using Shapiro-Wilk test and variances equality was
tested with Levene’s test. Differences between groups were evaluated using one-way or two-way ANOVA

followed by Sidak’s post-hoc test.
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4. RESULTS

4.1. Development of a positive control for thymocyte apoptosis using dexamethasone administration

One of the goals of this work was to evaluate thymocyte death, so it was essential to develop a
positive control for apoptosis. The premises for a good positive control of thymocyte apoptosis in the
context of thymic atrophy are: 1) thymic atrophy induction (reduction in thymus weight and thymocyte
numbers) and 2) clear positive staining for apoptosis markers (Annexin V and/or active caspase 3) in
thymocytes.

Dexamethasone is a widely used drug known to cause thymocyte depletion by apoptosis, affecting
mainly the DP population (104,105). Taking advantage of this we optimized dexamethasone i.p.
administration in C57BL/6 mice to achieve the premises needed. The different concentrations and

timepoints of administration that were tested are summarized in Table 5.

TABLE 5. Conditions tested for optimization of dexamethasone administration in C57BL/6 mice.

Dexamethasone Time of injection
dosage before euthanasia

No dexamethasone
18h / 18+3h / 3h
(vehicle only)

1 mg/kg

18h
3 mg/kg
1 mg/kg

18+3 h

3 mg/kg
1 mg/kg

3h
3 mg/kg

Both concentrations tested (1 mg/kg and 3 mg/kg), administered either 18 h (one injection) or
18 and 3 h (two injections) before euthanasia were similarly efficient at significantly reducing thymus

weight and thymocyte numbers (Fig. 3).
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FIGURE 3. Administration of 1 mg/kg of dexamethasone 18 h before euthanasia is sufficient to induce
thymic atrophy. (A) Thymus weight and (B) total thymocyte numbers after dexamethasone administration.
Each dot represents one mouse (7=3 mice/group from one experiment). *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 compared to mice that received vehicle solution (no dexa), using two-way

ANOVA and Sidak's post-hoc test.

Yet, we observed that the only condition that leads to a decrease in the percentage of DP
thymocytes is 3 mg/kg administered twice, at 18 and 3 h (Fig. 4A). This condition was also the one
causing the biggest reduction on the percentage of viable (Annexin V-, Pi) and the highest increase in the

percentage of early apoptotic thymocytes (Annexin V-, Pi) (Fig. 4B).
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FIGURE 4. Administration of 3 mg/kg of dexamethasone 18 h and 3 h before euthanasia causes the
highest increase in DP thymocyte apoptosis. (A) Percentage of main thymocyte populations after different
conditions of dexamethasone administration, assessed by flow cytometry. (B) Percentage of viable
(Annexin V-/Pl), early apoptotic (Annexin V+/Pl), apoptotic (Annexin V:/Pl=), late apoptotic/necrotic
(Annexin V+/Pl#=) and necrotic (Annexin V-/Pl+) total thymocytes. Columns represent mean+SD. (/7=3
mice/group from one experiment). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to mice

that received vehicle solution (no dexa), using two-way ANOVA and Sidak’s post-hoc test.
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Additionally, we evaluated apoptosis within the four main thymocyte populations. It is clear that
upon two dexamethasone injections (18 + 3 h) the most affected population is DP thymocytes, and the
strongest effect occurs with 3 mg/kg, as observed by the biggest decrease in the percentage of viable
thymocytes and increase in the early apoptotic ones (Fig. 5B). Thus, we selected the administration of 3

mg/kg of dexamethasone 18 and 3 h before euthanasia as a positive control to study thymocyte

apoptosis.
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FIGURE 5. The administration of 3 mg/kg of dexamethasone 18 h and 3 h before euthanasia induces
apoptosis specifically on DP thymocytes. Percentage of viable (Annexin V-/Pl), early apoptotic (Annexin
V+/Pl), apoptotic (Annexin V+/PI~), late apoptotic/necrotic (Annexin V:/Pl#) and necrotic (Annexin V-/PI+)
on (A) DN; (B) DP; (C) CD4SP and (D) CD8SP thymocytes. Columns represent mean+SD. (7=3
mice/group from one experiment). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to mice

that received vehicle solution (no dexa), using two-way ANOVA and Sidak’s post-hoc test.
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As dexamethasone is known to activate the intrinsic apoptosis pathway, we also evaluated the
gene expression of Baxand Bcl-2in thymocytes. Bax/ Bcl-Zratios higher than 1 are indicative of apoptosis,
as Baxis a pro-apoptotic molecule and Bci-2is anti-apoptotic. Curiously, the condition that causes more
thymocyte apoptosis presents ratios around 1, lower than in controls. This is also true for all the groups

injected 3 h before euthanasia (Fig. 6).
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FIGURE 6. Bax/ Bcl2ratio is decreased upon administration of 3 mg/kg of dexamethasone 18 and 3 h
before euthanasia. Bax/ Bcl-2 (pro-apoptotic/anti-apoptotic genes) ratio (from relative expression values)
in the thymus measured by gPCR. Relative expression was normalized to 78S, Hprt and Gapadh
housekeeping genes. Each dot represents one mouse (7=3 mice/group from one experiment). *p<0.05
compared to mice that received vehicle solution (no dexa), using two-way ANOVA and Sidak’s post-hoc

test. Dashed line on ratio=1.

4.2. Thymocyte death by apoptosis is involved in M. avium infection-induced thymic atrophy

In the context of M. avium 25291 infection, we studied thymocyte death as a potential

mechanism of premature thymic atrophy and the involvement of key players in the process.
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4.2.1. Infection by M. aviurm 25291 induces thymocyte apoptosis

As M. avium infection with the highly virulent strain 25291, but not with the strain of intermediate
virulence 2447, progressively leads to severe premature thymic atrophy, we investigated if this was
associated with alterations in thymocyte death upon infection. For this, we infected C57BL/6 mice with
M. avium 2447 or 25291. Mice were sacrificed 30, 60 and 70 days after infection. The variation on mice
body weight was monitored throughout the time of infection as a measure of distress. Only mice infected
for 60 and 70 days with M. avium 25291 lost weight as a result of the infection (Fig. 7A).

We also monitored splenic bacterial load (in colony forming units, CFU) throughout infection and
found that, as previously described, in mice infected with strain 25291, bacterial burden continues to
rise throughout all infection, while in mice infected with strain 2447, bacterial burden stabilization is
already observed at 30 dpi (14) (Fig. 7B).

Moreover, as expected, infection with M. avium 25291, but not with M. avium 2447, lead to

severe thymic atrophy, as shown by a significant and sharp decrease in thymus weight and thymocyte

numbers at 60 and 70 dpi (Figs. 7C, 7D).
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FIGURE 7. M. avium 25291, but not 2447, causes body weight loss, continuous increase in bacterial
burden and thymic atrophy. (A) Variation on mice weight (%) throughout M. avium infection. Data is
presented as mean+SD. 7=5-10 mice/group. (B) Splenic bacterial load after 30, 60 and 70 days of
infection. Data is presented as log(CFU) of each mouse. 7=5-10 mice/group. ****p<0.0001 compared
between strain 25291 and 2447 at each timepoint, using one-way ANOVA and Sidak’s post-hoc test. (C)
Thymus weight and (D) total thymocyte numbers after 30, 60 and 70 days of infection. Each dot
represents one mouse (/7=4-10 mice/group from one experiment). *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001 compared to non-infected mice (ninf), and ####p<0.0001 compared between 2447 and
25291. In all datasets except B, two-way ANOVA and Sidak’s post-hoc test were used to determine

statistically significant differences. Dexa=positive control for thymocyte apoptosis.

Our results by Annexin V/PI staining show a reduction in the percentage of viable thymocytes
(Annexin V, PI) and a significant increase in early apoptotic (Annexin V¢, Pl and apoptotic (Annexin V-,
Pl~) thymocytes, in mice infected with M. avium 25291 (Fig. 8A). This is true in all infection timepoints
becoming more evident as the infection progresses. By contrast, mice infected with strain 2447 exhibited
a slight decrease in viable thymocytes and an increase in apoptosis, only at later infection timepoints (60
and 70 dpi).

Given that increased thymocyte apoptosis upon M. avium 25291 infection seems to contribute
to severe thymic atrophy, we investigated the possible involvement of the intrinsic or extrinsic apoptosis
pathway. For that, we evaluated caspase 3 activation by flow cytometry. We observed that 15-20% of the
total thymocytes are apoptotic via caspase 3 activation (Casp+/LiveDead= population) in homeostatic
conditions (non-infected controls), and that this percentage significantly decreases upon infection with
both strains of M. avium (Fig. 8B). This result could indicate that infection-induced apoptosis is not
occurring via caspase 3 and/or that phagocytes in the thymus rapidly clear active caspase 3-positive
thymocytes.

To further investigate the associated mechanism of cell death, we evaluated the gene expression
of Baxand Bcl-2in the total thymus from mice infected for 30, 60, 70 days and found higher expression
of Bax relatively to BclZ, as evidenced by Bax/ Bcl-2 ratios higher than 1 (Fig. 8C). Moreover, no
differences among experimental groups were found, suggesting that the intrinsic apoptosis pathway is

not involved in M. avium infection-induced thymocyte apoptosis.
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FIGURE 8. M. avium infection progressively reduces thymocyte viability and induces thymocyte apoptosis
by a mechanism independent of caspase 3 activation and Bax/ Bcl-2. (A) Percentage of viable (Annexin
V-/Pl), early apoptotic (Annexin V:/Pl), apoptotic (Annexin V+/Pl=), late apoptotic/necrotic (Annexin
V+/Plr=) and necrotic (Annexin V-/PI+) total thymocytes. Columns represent mean+SD (/7=4-5 mice/group
from one experiment). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to non-infected mice
(ninf) and ###p<0.001 compared between bacterial strains within the same infection timepoint. (B)
Percentage of viable (Casp3/LiveDead~), apoptotic via caspase 3 (Casp3:/LiveDead-;
Casp3+/LiveDead ) and dead/dying not via caspase 3 (Casp3/LiveDead"®) total thymocytes. Columns
represent mean+SD (/7=4-5 mice/group from one experiment). *p<0.05, ****p<0.0001 compared to
non-infected mice. LD=Live/Dead dye. (C) Bax/ Bcl-2 (pro-apoptotic/anti-apoptotic genes) ratio (from
relative expression values) in the thymus measured by gPCR. Relative expression was normalized to 78S
and Hprthousekeeping genes. Each dot represents one mouse (7=4-8 mice/group from two independent
experiments). Dashed line on ratio=1. In the three datasets, two-way ANOVA and Sidak’s post-hoc test

were used to determine statistically significant differences. Dexa=positive control for thymocyte apoptosis.
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We further investigated if the alteration in apoptosis was affecting all the main thymocyte
populations. Our data show that, similarly to what is observed in total thymocytes, DP, CD4SP and CD8SP
thymocyte subsets present a significantly lower percentage of viable cells and a significant increase in
the percentage of the early apoptotic ones, which increases throughout infection, mainly with M. avium
25291 (Fig. 9). The most affected population is DP thymocytes: viable cells decrease from =80% (non-
infected control) to =60% (70 dpi) (Fig. 9B). A decrease in the percentage of viable thymocytes and
increase in apoptosis was also observed in the DN population when comparing non-infected and infected
thymi, although no significant differences were found in the percentage of viable thymocytes between
bacteria strains or timepoints of infection (Fig. 9A). These results show that M. avium 25291 infection
leads to increased thymocyte apoptosis in all thymocyte populations. Particularly, apoptosis of SP
thymocytes is exclusively occurring after infection by strain 25291 and in DN and DP thymocytes

apoptosis is increased at a higher proportion by this bacterial strain when compared to strain 2447.
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FIGURE 9. M. aviurm 25291 infection progressively reduces viability and increases apoptosis of the four
main thymocyte populations. Percentage of viable (Annexin V/Pl), early apoptotic (Annexin V+/Pl),
apoptotic (Annexin V+/Pl~), late apoptotic/necrotic (Annexin V+/Plr=) and necrotic (Annexin V-/PI+) within
(A) DN (CD3CD4CD8), (B) DP (CD4-CD8), (C) CD4SP (CD3-CD4-CD8) and (D) CD8SP (CD3:CD4CD8)

thymocyte populations. Columns represent mean+SD (7=4-5 mice/group from one experiment).
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*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to non-infected mice (ninf),. ##p<0.002 and
###p<0.0002 compared between M. avium strains at a given infection timepoint, using two-way ANOVA

and Sidak’s post-hoc test. Dexa=positive control for thymocyte apoptosis.

In respect to caspase 3 activation, we found no significant differences in DN, CD4SP or CD8SP
(Figs. 10A, 10C, 10D). DP thymocytes presented a similar profile to the one observed in total thymocytes,
showing a decrease in the percentage of thymocytes expressing active caspase 3 upon infection with

both M. avium strains (Fig. 10B).
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FIGURE 10. The percentage of caspase 3-positive thymocytes within the four main populations decreases
or does not alter upon M. aviuminfection. Percentage of viable (Casp3/LiveDead=), apoptotic via caspase
3 (Casp3+/LiveDead-; Casp3+/LiveDead") and dead/dying not via caspase 3 (Casp3;/LiveDead"=) within
(A) DN (CD3CD4CD8), (B) DP (CD4-CD8), (C) CD4SP (CD3-CD4-CD8) and (D) CD8SP (CD3-:CD4CD8)
thymocyte populations. Columns represent mean+SD (7=4-5 mice/group from one experiment).
**p<0.01, ****p<0.0001 compared to non-infected mice (ninf), using two-way ANOVA and Sidak’s post-

hoc test. Dexa=positive control for thymocyte apoptosis. LD=Live/Dead dye.
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Concerning the DN thymocytes, we observed that the most immature ones, DN1, present a
decrease in the percentage of viable and an increase in apoptotic thymocytes after infection with M. avium
25291, but not with 2447 (Fig. 11A). In DN2 and DN3 populations, the same result was observed,
although it seems to occur upon infection with both bacterial strains (Figs. 11B, 11C). However, the
observed alterations are stronger after infection with strain 25291. The DN4 subset shows no differences

in the percentage of viable or apoptotic thymocytes (Fig. 11D).
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FIGURE 11. Infection with M. aviurn 25291, but not with 2447, increases apoptosis of DN1 thymocytes.
Percentage of viable (Annexin V-/PI), early apoptotic (Annexin V+/Pl), apoptotic (Annexin V:/Pl"), late
apoptotic/necrotic (Annexin V+/Pl"=) and necrotic (Annexin V-/PI+) within (A) DN1 (CD44-CD25), (B) DN2
(CD44-CD25), (C) DN3 (CD44-CD25*) and (D) DN4 (CD44CD25) thymocyte populations. Columns
represent mean+SD (7=4-5 mice/group from one experiment). *p<0.05, ***p<0.001, ****p<0.0001
compared to non-infected mice (ninf). #p<0.05 and ####p<0.0001 corresponds to comparisons between
M. avium strains, using two-way ANOVA and Sidak's post-hoc test. Dexa=positive control for thymocyte

apoptosis.
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Alterations in caspase 3 activation also do not seem to occur in any of the DN subpopulations

(Fig. 12).
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FIGURE 12. The percentage of caspase 3-positive thymocytes within the DN subpopulations does not
alter upon M. avium infection. Percentage of viable (Casp3/LiveDead=), apoptotic via caspase 3
(Casp3+/LiveDead-; Casp3+/LiveDead") and dead/dying not via caspase 3 (Casp3/LiveDead"*) within
(A) DN1 (CD44-CD25), (B) DN2 (CD44:CD251), (C) DN3 (CD44-CD25') and (D) DN4 (CD44CD25)
thymocyte populations. Columns represent mean+SD (/7=4-5 mice/group from one experiment). No
statistically significant differences using two-way ANOVA and Sidak’s post-hoc test. Dexa=positive control

for thymocyte apoptosis. LD=Live/Dead dye.
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4.2.2. M. aviumrinduced apoptosis is dependent on IFNy and NO production at different stages of T cell

differentiation

Considering that IFNy and iNOS are essential for M. avium infection-induced thymic atrophy, we
investigated their role in the infection-associated thymocyte apoptosis.

Here, we infected C57BL/6 (WT), IFNy KO and iNOS KO mice with M. avium 25291 for 70 days.
We evaluated this timepoint because it was the one showing the strongest alterations in thymocyte death.

Mice body weight was monitored during infection to evaluate distress. As previously shown,
infected WT, but not IFNy KO or iNOS KO mice lost weight (Fig. 13A).

Splenic bacterial load was similar between WT and IFNy KO mice, which is coherent with previous
reports (14,106). Also, as expected, iINOS KO mice presented a significantly lower bacterial load (Fig.
13B) (14,106,107).

Results from thymus weight and thymocyte numbers are also coherent with previous studies
(14). Infection with M. avium 25291 lead to a significant decrease in thymus weight (Fig. 13C) and
thymocyte numbers (Fig. 13D), which was not observed in IFNy or iNOS KO mice.
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FIGURE 13. M. avium 25291 infection causes weight reduction and thymic atrophy on WT but not on
IFNy- or iNOS KO mice. (A) Mice weight variation (%) throughout M. avium infection. Data is presented as
mean+SD. 7=5-8 mice/group. (B) Splenic bacterial burden at 70 dpi. Columns represent mean+SD.
n=4-8 mice/group. ****p<0.0001 compared between WT and iNOS KO and ####p<0.0001 compared
between IFNy KO and iNOS KO, using one-way ANOVA and Sidak’s post hoc test. (C) Thymus weight and
(B) total thymocyte numbers in WT, IFNy KO and iNOS KO mice non-infected or infected for 70 days with
M. avium 25291. Each dot represents one mouse (/7=5-10 mice/group from one experiment).
****pn<0.0001 compared to non-infected counterparts (ninf). In all datasets except B, two-way ANOVA
and Sidak’s post-hoc test were used to determine statistically significant differences. Dexa=positive control

for thymocyte apoptosis.
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In respect to total thymocyte death evaluation by Annexin V/PI, we observed a reduction in the
percentage of viable thymocytes (Annexin V-/Pl) accompanied by an increase in the percentage of early
apoptotic (Annexin V:/Pl) ones at 70 dpi, regardless of mouse genotype (Fig. 14A).

In accordance with our previous experiment, the percentage of thymocytes positive for active
caspase 3 was reduced at 70 dpi with M. avium 25291 in WT mice. This also seemed to occur, albeit to

a lesser extent, in mice lacking IFNy or iNOS expression (Fig. 14B).
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FIGURE 14. IFNy and iNOS do not play a role in the apoptosis of total thymocytes from M. avium 25291-
infected mice. (A) Percentage of viable (Annexin V-/PI), early apoptotic (Annexin V+/Pl), apoptotic (Annexin
V+/Pl=), late apoptotic/necrotic (Annexin V+/Plr#) and necrotic (Annexin V-/PI+) total thymocytes. Columns
represent mean+SD (7=4-10 mice/group from one experiment). *p<0.05, **p<0.01, compared to non-
infected counterparts (ninf). (B) Percentage of viable (Casp3/LiveDead=), apoptotic via caspase 3
(Casp3+/LiveDead-; Casp3-/LiveDead") and dead/dying not via caspase 3 (Casp3/LiveDead"#) total
thymocytes. Columns represent mean+SD (/7=4-8 mice/group from one experiment). *p<0.05, **p<0.01
compared to non-infected counterparts. In both datasets, two-way ANOVA and Sidak’s post-hoc test were

used to determine statistically significant differences. Dexa=positive control for thymocyte apoptosis.

LD=Live/Dead dye.
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M. avium 25291 infection does not impact the viability of DN thymocytes in WT, IFNy KO and
iNOS KO, as the percentage of viable thymocytes was similar between infected and non-infected
counterparts (Fig. 15A). In DP thymocytes, we found a similar profile to the one observed in total
thymocytes, with a reduction on the percentage of viable thymocytes in all host genotypes after infection
(Fig. 15B). This suggests no role for IFNy or iNOS in apoptosis upon M. avium 25291 infection, either in
DN or DP thymocytes. M. avium 25291 infection caused a decrease in the percentage of viable CD4SP
and CD8SP thymocytes and an increase in apoptosis in WT mice, but not in the ones lacking IFNy or
iNOS (Fig. 15C, 15D). This suggests that infection-induced SP thymocyte apoptosis is directly or indirectly
dependent on both molecules, as the observed effect of IFNy might be only due to NO, whose production

via INOS depends on IFNy signaling.

w

A

1004

100+

[ AnnexinV/Pi*
| AnnexinV*/Pi"g"
| AnnexinV*/Pi"t
O AnnexinV*/Pi

804

% in DN thymocytes
()]
e

% in DP thymocytes
(o))
o
1

401 401
201 20 B Annexinv/Pr
0= 0=
\ \
WT IFNY KO  iNOS KO WT IFNy KO iNOS KO
C D
«» 1004 @ 100
g 80 g 80
2 2
£ 60- < 601
{ B
a 401 a 401
o o
c £
Se 207 S 207
0= 0- ' ' :
@“ N @*‘ N @Q N & & é\‘s‘\ /\QbQ\ é\ﬁ“\ /\QbQ\ é\& /\QbQ\ QQ;@
WT IFNY KO iNOS KO WT IFNy KO iNOS KO

FIGURE 15. M. avium 25291 infection-induced apoptosis of SP thymocytes is dependent on IFNy and
iINOS. Percentage of viable (Annexin V-/PI), early apoptotic (Annexin V:/Pl), apoptotic (Annexin V:/Pl=),
late apoptotic/necrotic (Annexin V+/Pl#) and necrotic (Annexin V-/PI-) within (A) DN (CD3-CD4CD8), (B)
DP (CD4+CD8), (C) CD4SP (CD3-CD4-CD8) and (D) CD8SP (CD3:CD4CD8-) thymocyte populations.
Columns represent mean+SD (7=4-9 mice/group from one experiment). *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 compared to non-infected counterparts (ninf), using two-way ANOVA and

Sidak’s post-hoc test. Dexa=positive control for thymocyte apoptosis.
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In accordance with the previous experiment, the percentage of active caspase 3-positive DN and
DP thymocytes from WT mice decreases after 70 days of infection (Figs. 16A, 16B). Furthermore,
particularly in the DP subset and similarly to what occurred in total thymocytes, a slight reduction on the
percentage of active caspase 3-positive population was also seen in thymocytes from mice lacking the
production of IFNy and iNOS. In CD4SP and CD8SP populations, there were small or no alterations in

the percentage of active caspase 3-positive cells.
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FIGURE 16. The percentage of caspase 3-positive thymocytes within the four main populations decreases
or does not alter upon M. avium 25291 infection, independently of IFNy and iNOS expression. Percentage
of viable (Casp3/LiveDead=), apoptotic via caspase 3 (Casp3/LiveDead; Casp3:/LiveDead"#) and
dead/dying not via caspase 3 (Casp3;/LiveDead"s) within (A) DN (CD3:CD4CD8), (B) DP (CD4-CD8"), (C)
CD4SP (CD3-CD4+CD8) and (D) CD8SP (CD3:CD4CD8-) thymocyte populations. Columns represent
mean+SD (/7=4-9 mice/group from one experiment). *p<0.05, **p<0.01, ****p<0.0001 compared to
non-infected counterparts (ninf), using two-way ANOVA and Sidak’s post-hoc test. Dexa=positive control

for thymocyte apoptosis. LD=Live/Dead dye.
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Interestingly, we observed that in the DN1 subset, M. avium 25291 infection induced a decrease
in the percentage of viable thymocytes, which did not occur in thymocytes from mice lacking IFNy or
iNOS expression (Fig. 17A). On the other hand, apoptosis on DN2 thymocytes from WT or iNOS KO mice
was similarly increased after infection, while that did not occur in IFNy KO mice (Fig. 17B). At the DN3
stage, all infected mice presented an increase in the percentage of early apoptotic thymocytes, regardless
of genotype (Fig. 17C). Little or no alterations were observed regarding cell death on DN4 thymocytes on

either mouse genotype (Fig. 17D).
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FIGURE 17. M. avium 25291 infection-induced apoptosis is dependent on IFNy and iNOS only in some
DN populations. Percentage of viable (Annexin V-/Pl), early apoptotic (Annexin V:/Pl), apoptotic (Annexin
V+/Plm), late apoptotic/necrotic (Annexin V+/Pl"#) and necrotic (Annexin V-/PI) within (A) DN1
(CD44-CD25), (B) DN2 (CD44-CD25¢), (C) DN3 (CD44-CD25") and (D) DN4 (CD44CD25) thymocyte
populations. Columns represent mean+SD (7=4-9 mice/group from one experiment). *p<0.05,
***p<0.001, ****p<0.0001 compared to non-infected counterparts (ninf). ####p<0.0001 compared
between genotypes, using two-way ANOVA and Sidak’s post-hoc test. Dexa=positive control for thymocyte

apoptosis.
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Results regarding active caspase 3 in DN subpopulations showed no alterations on the activation
of caspase 3 in DN1 and DN4 thymocytes. We observed a slight decrease in the percentage of active
caspase 3-positive DN2 and DN3 thymocytes after infection, irrespectively of the genotype (Figs. 18B,
18C).
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FIGURE 18. Within the DN subpopulations, M. avium 25291 infection decreases or does not alter the
percentage of caspase 3-positive thymocytes. Percentage of viable (Casp3-/LiveDead™), apoptotic via
caspase 3 (Casp3+/LiveDead=; Casp3+/LiveDead") and dead/dying not via caspase 3 (Casp3
/LiveDead") within (A) DN1 (CD44-CD25), (B) DN2 (CD44-CD25), (C) DN3 (CD44-CD25) and (D) DN4
(CD44CD25) thymocyte populations. Columns represent mean+SD (/7=4-9 mice/group from one
experiment). *p<0.05, **p<0.01, compared to non-infected counterparts (ninf) using two-way ANOVA and

Sidak’s post-hoc test. Dexa=positive control for thymocyte apoptosis. LD=Live/Dead dye.

4.2.3. NO increases M. aviuminduced apoptosis mainly at late timepoints of infection

As our results suggest a role for NO via iNOS in M. avium 25291 infection-induced thymocyte
apoptosis, we followed how infection progression related to increased thymocyte apoptosis in WT and

iNOS KO mice.
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Mice were weighed throughout the entire period of infection and, as expected, only infected WT
mice lost weight, while iINOS KO mice maintained or increased weight (Fig. 19A). Also, as expected,
splenic bacterial load was significantly higher in WT than in iNOS KO mice in both timepoints of infection
(Fig. 19B). In agreement with previous experiments, infected WT mice suffered from thymic atrophy (Fig.

19C, 19D). Mice lacking iNOS expression did not present thymic atrophy (Fig. 19C, 19D).
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FIGURE 19. M. aviumm 25291 infection causes progressive weight reduction, continuous bacterial growth
and thymic atrophy on WT but not on iINOS KO mice. (A) Mice weight variation (%) throughout M. avium
infection. Data is presented as mean+SD. 7=5-9 mice/group. (B) Splenic bacterial burden at 50 and 70
dpi. Data is presented as log(CFU) of each mouse. 7=5-9 mice/group. ****p<0.0001 compared between
WT and iNOS KO mice at a given infection timepoint, using one-way ANOVA and Sidak’s post-hoc test.
(C) Thymus weight and (D) total thymocyte numbers in non-infected (ninf)and infected mice for 50 and
70 days. Each dot represents one mouse (7=4-9 mice/group from one experiment). ****p<0.0001
compared to non-infected counterparts. In all datasets except B, two-way ANOVA and Sidak’s post-hoc
test were used to determine statistically significant differences. Dexa=positive control for thymocyte

apoptosis.
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Thymocyte death assessment by Annexin V/PI stain in total thymocytes showed a significant
increase in the percentage of viable (Annexin V-/PH and decrease of apoptotic thymocytes (Annexin V:/PI-
and Annexin V:/PI") in INOS KO mice compared to WT at 70 dpi (Fig. 20A), suggesting a partial role for
NO in thymocyte apoptosis upon M. avium 25291 infection, although requiring further confirmation.

Concerning the involvement of the intrinsic apoptosis pathway in thymocyte death in M. avium
25291-infected WT and iNOS KO mice, we found that, while no differences were found in WT, Bax/ Bcl-2
ratio values were decreased in iINOS KO mice at 70 dpi compared to non-infected counterparts. Yet,

variability was high in the non-infected control group.
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FIGURE 20. M. aviurn infection reduces thymocyte viability and induces thymocyte apoptosis, mediated
by iNOS and independent of Bax/ Bcl-2. (A) Percentage of viable (Annexin V/Pl), early apoptotic (Annexin
V+/Pl), apoptotic (Annexin V+/PI~), late apoptotic/necrotic (Annexin V:/Pl*#) and necrotic (Annexin V-/PI+)
total thymocytes. Columns represent mean+SD (/7=4-5 mice/group from one experiment). *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 compared to non-infected counterparts (ninf), ####p<0.0001
compared between mouse genotypes at a given infection timepoint. (B) Bax/ Bcl-2 (pro-apoptotic/anti-

apoptotic genes) ratio (from relative expression values) in the thymus measured by gPCR in WT and
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iNOS KO mice. Relative expression was normalized to /8S and Hprt housekeeping genes. Each dot
represents one mouse (7=4-6 mice/group from one experiment). *p<0.05 compared to non-infected
counterparts. In both datasets, two-way ANOVA and Sidak's post-hoc test were used to determine

statistically significant differences. Dexa=positive control for thymocyte apoptosis.

When analyzing the four main thymocyte populations through Annexin V/PI, no alterations were
observed at 50 dpi. Similarly to what was observed for total thymocytes, iINOS KO mice showed a
significant increase in the percentage of viability and a decrease in the percentage of apoptosis in DP
thymocytes, when compared to WT counterparts (Fig. 21B). This result raises the hypothesis that NO
might be partially mediating M. avium 25291 infection-induced DP thymocyte apoptosis. Consistent with
preceding data, SP thymocytes in WT mice presented a decrease in the percentage of viable thymocytes
and an increase in the percentage of apoptosis only at 70 dpi, which was not observed in iNOS KO mice
(Figs. 21C, 21D). This reinforces that NO is mediating SP thymocyte apoptosis upon infection with M.
avium 25291.
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FIGURE 21. M. avium 25291 infection-sinduced apoptosis is dependent on iNOS in some thymocyte
populations. Percentage of viable (Annexin V-/Pl), early apoptotic (Annexin V:/Pl), apoptotic (Annexin
V+/PIm), late apoptotic/necrotic (Annexin V+-/Pl*#) and necrotic (Annexin V-/PI-) within (A) DN (CD3-CD4
CD8), (B) DP (CD4:CD8), (C) CDA4SP (CD3-CD4:CD8) and (D) CD8SP (CD3:CD4CD8') thymocyte
populations. Columns represent mean+SD (7=4-5 mice/group from one experiment). *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 compared to non-infected counterparts (ninf), using two-way
ANOVA and Sidak’'s post-hoc test. #p<0.05, ###p<0.0002, ####p<0.0001 compared between

genotypes. Dexa=positive control for thymocyte apoptosis.

In DN1 thymocytes from WT mice, we observed again a progressive decrease in the percentage
of viable thymocytes and an increase in the percentage of the apoptotic ones. As in previous findings,
this alteration did not occur in iINOS KO mice (Fig. 22A). In DN2 and DN3, M. avium 25291 infection
caused a progressive increase in the percentage of apoptotic thymocytes, in both WT and iNOS KO mice
(Figs. 22B, 22C), being coherent with prior data. As for the DN4 population, and similarly to what was
detected before, thymocyte death did not increase with infection, as the percentage of dying thymocytes

(Annexin V+/Pl*#) was even decreased in WT mice and not altered in iNOS KO mice (Fig. 22D).

A B
- 1201
100+ 1%
0 @ 1001
2 80- I B Annexinv/pit
S e 801 Ed o
£ 601 E - B B Annexinv'/pie
= o 601 H 1 -\ psint
= o H |:| AnnexinV"/Pi
= = O AnnexinV*/Pi
32 20+ 2 204
o - AnnexinV/Pi
) . ] . 0-
S N AN N N > . . . .
S R & R Qg S N NN N N >
T N P & X ®F R F G
WT iNOS KO © A o N
|
WT iNOS K
c D iNOS KO
1004
é 100+ é
g i g 801
E 8 £
£ ¢ £ 601
o 60 J
o 404 a 401
£ =
R 201 % 207
0- 0-
é\{\\ L éé\ N Y $~§\\ L @&S\\ L QP
<0Q /\Q <,_)Q /\Q Q <,>Q /\Q (,)Q /\Q Q
WT iNOS KO WT iNOS KO

44



FIGURE 22. M. avium 25291 infection-induced apoptosis is dependent on iNOS in the DN1
subpopulation. Percentage of viable (Annexin V-/PI), early apoptotic (Annexin V+/Pl), apoptotic (Annexin
V+/PI"), late apoptotic/necrotic (Annexin V+/Pl"#) and necrotic (Annexin V/PIl) within (A) DN1
(CD44-CD25), (B) DN2 (CD44-CD25¢), (C) DN3 (CD44-CD25) and (D) DN4 (CD44CD25) thymocyte
populations. Columns represent mean+SD (7=4-5 mice/group from one experiment). *p<0.05,
***p<0.001, ****p<0.0001 compared to non-infected counterparts (ninf), using two-way ANOVA and
Sidak’s post-hoc test. ####p<0.0001 compared between genotypes. Dexa=positive control for thymocyte

apoptosis.

4.3.  Proinflammatory molecules associated with infection-induced thymic atrophy are locally
expressed in the thymus

IFNy, NO via iINOS and glucocorticoids are essential players of M. avium infection-induced thymic
atrophy. Here we evaluated the expression of these molecules in the thymus upon M. avium 25291
infection. Since IL-6 and TNF are involved in thymic atrophy in other models of infection, we also

investigated the thymic expression of these molecules by gPCR.

4.3.1. Expression of atrophy-related molecules upon M. aviuminfection is dependent on strain virulence
and time of infection

In this section, two similar experiments are presented in separate figures due to differences in
the last timepoint of infection (70 vs. 80 dpi).

Our data showed a progressive upregulation of /ros (at 60 and 70/80 dpi) upon infection with
M. avium 25291 but not with 2447 (Figs. 23B, 24B), and a similar tendency in /fng expression (Figs.
23A, 24A). The glucocorticoid receptor (Gr) gene expression, related to glucocorticoid sensitivity,
appeared upregulated only at 80 dpi (Fig. 23C, 24C).

We also found that both /6 and 7nfexpression was upregulated after infection with M. avium
25291 but not 2447, especially at late stages of infection (70 or 80 dpi) (Fig. 23D, 23E; 24D, 24E). Thus,
local alterations in the gene expression levels of these inflammation-related molecules may be associated

and possibly playing a role in M. aviurm 25291 infection-induced thymic atrophy.
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FIGURE 23. M. avium 25291 but not 2447 infection induces thymic gene expression alterations of several
molecules related to infection-induced premature thymic atrophy. Thymic gene expression levels of (A)
Ifng (B) /nos, (C) Gr, (D) //6 and (E) 7nfmeasured by gPCR. Relative expression was normalized to /85
and Hprthousekeeping genes. Each dot represents individual fold change values (7=4-5 mice/group from
one experiment). #p<0.05 compared between M. avium strains at a given infection timepoint, using two-
way ANOVA and Sidak’s post-hoc test. Dashed line on y=0, corresponding to no alterations compared to

non-infected controls.
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FIGURE 24. M. avium 25291 but not 2447 infection induces thymic gene expression alterations of several
molecules related to infection-induced premature thymic atrophy. Thymic gene expression levels of (A)
Ifng; (B) /nos; (C) Gr, (D) //6and (E) 7nfmeasured by qPCR. Relative expression was normalized to 78S
and Hprthousekeeping genes. Each dot represents individual fold change values (7=5-8 mice/group from
one experiment). #p<0.05, ###p<0.001 compared between M. avium strains at a given infection
timepoint, using two-way ANOVA and Sidak'’s post-hoc test. Dashed line on y=0, corresponding to no

alterations compared to non-infected controls.

4.3.2. NO is associated with changes in the gene expression of molecules related to infection-induced
thymic atrophy

We questioned whether, in addition to being a mediator of infection-induced thymocyte apoptosis,
NO could mediate alterations in thymic gene expression of other players like /fng Gr, /6 and Tnf.

In these two experiments, we found that /f1gwas upregulated at 70 dpi both in WT and iNOS KO
mice (Fig. 25A). If gene expression translates to protein levels in this context, these results strengthen
the hypothesis that IFNy per se may not be sufficient to induce the thymocyte apoptosis demonstrated in
previous sections. Data on Grexpression revealed a tendency to upregulation but high variability in thymi
from WT mice infected for 70 days, and no alteration in iNOS KO mice, which presented similar Grlevels
in infected and non-infected mice (Fig. 25C). Similarly to previous results, we found that /6 is not
upregulated in thymi from iNOS KO mice at 70 dpi, contrary to WT counterparts (Fig. 25D). On the other
hand, 7nflevels were upregulated at 70 dpi in both WT and iNOS KO thymocytes (Fig. 25E). These data
suggest that, contrary to /6, 7nfoverexpression may not have a role in the NO-dependent mechanisms

of M. avium infection-induced thymic atrophy.
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FIGURE 25. There are gene expression alterations of molecules related to infection-induced premature
thymic atrophy dependent on iNOS. Thymic gene expression levels of (A) /g (B) /nos, (C) Gr, (D) /6
and (E) 7nfmeasured by gPCR. Relative expression was normalized to /8Sand AHprthousekeeping genes.
Each dot represents individual fold change values (/7=4-5 mice/group, representative from two
independent experiments). *p<0.05 compared between infection timepoints within the same genotype
using two-way ANOVA and Sidak’s post-hoc test. Dashed line on y=0, corresponding to no alterations

compared to non-infected counterparts.

In summary, our results show that thymocyte apoptosis may be a mechanism underlying M.
avium 25291 infection-induced thymic atrophy. Thymocyte apoptosis seems dependent on the local
production of IFNy and iNOS, although requiring confirmation at the protein level. However, the apoptosis
pathway remains unclear. Glucocorticoid signaling, IL.-6 and TNF upregulation may also mediate

apoptosis and/or atrophy.
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5. DISCUSSION

Premature thymic atrophy has been described to occur after infection with several
microorganisms, both in animal models and humans (36). Previous work with M. awvium infection
demonstrated that premature thymic atrophy occurs after infection of C57BL/6 mice with a highly virulent
strain (25291), but not with a strain of intermediate virulence (2447) (108). Further research into the
topic established that M. avium 25291 infection-induced thymic atrophy is mediated by glucocorticoids
and NO production via iINOS by IFNy-activated macrophages (14). Some of the mechanisms underlying
infection-induced thymic atrophy may comprise: 1) Alterations in the BM precursors and/or seeding of
the thymus; 2) Impairment on the ability of thymic stroma to differentiate new T cells; 3) Premature
thymocyte egress; 4) Increased thymocyte death. In this work, we focused on the latter. Thus, we
investigated if alterations in thymocyte apoptosis could have a role in M. avium infection-induced thymic
atrophy, and if so, the role of IFNy and NO in this mechanism.

Previous work suggests that IFNy is implicated in thymocyte death upon infection by M. avium
(pathway not determined) (109) and in apoptosis after infection by other microorganisms (80,85,110).
In turn, NO has been reported to induce thymocyte death by oxidative damage (111) and to synergize
with glucocorticoids to cause thymocyte death /in vitro, ex vivo and /n vivo (112,113). There are also
reports implicating both IFNy and NO in the death of splenocytes after 7. cruziinfection (114) and of
CD4- T cells after BCG infection (115).

Data generated in this thesis shows that M. avium 25291 infection progressively causes a
decrease in the viability and an increase in apoptosis of thymocytes, this being particularly severe at late
timepoints of infection (70 dpi). These results suggest that increased thymocyte apoptosis is a mechanism
participating in premature thymic atrophy upon infection with M. avium 25291. This finding is in
accordance with several other studies reporting increased thymocyte apoptosis in models of premature
thymic atrophy induced by infection with other microorganisms (80,83-86,88,96,116). Moreover, here
we show that the decrease in thymocyte viability and increase in apoptosis occurs in virtually all thymocyte
populations (DN1, DN2, DN3, DP, CD4SP and CD8SP), the only exception being DN4. This does not
necessarily mean that this subset is not affected, but could be explained by the fact that, from DN3 to
DN4 stage during T cell differentiation, a burst of proliferation occurs (44), which could act as a
compensatory mechanism for the increase in dying thymocytes.

In respect to caspase 3 activation, we observed that, in non-infected mice, particularly in total,

DN and DP thymocytes, approximately 20% were positive for active caspase 3. It is not surprising that
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caspase 3 is active in thymocytes in homeostatic conditions, as apoptosis is a crucial mechanism during
T cell differentiation; however, this value is considerably higher than reported by others, that is around
2% or less (46,117,118). This could be related to differences between antibody clones used: the one we
used binds to both subunits (12 and 17 kDa) constituting the heterodimer of active caspase 3, while
other commonly used antibody, clone D3E9 from Cell Signaling, specifically detects only the 17 kDa
subunit resulting from the cleavage at residue Asp175. To understand if the difference in antibodies is
causing this discrepancy in active caspase 3 detection, we could compare them by staining thymocytes
with both antibodies in parallel. Anyhow, as the infection progresses, the percentage of active caspase 3-
positive thymocytes decreases or does not alter in WT, IFNy KO and iNOS KO mice. This potentially
means that thymocytes are not dying via caspase 3 but through another mechanism of apoptosis, such
as caspase-independent apoptosis (119), and that IFNy and NO production do not have specific effect on
caspase 3 activation. Alternatively, apoptosis may be occurring through caspase 3 and these thymocytes
are being rapidly cleared by the phagocytes in the infected thymus. Phagocytes, namely macrophages,
are specialized in eliminating microorganisms by phagocytosis but also very efficient at clearing apoptotic
cells and have been reported to bind to apoptotic thymocytes after only 60 min of contact /n vitro (120).
A third hypothesis is that, since caspase 3 activation occurs before phosphatidylserine externalization
(103), activated caspase 3 may not be detected in later stages of apoptosis. Corroborating this hypothesis
is the fact that in the positive control (dexamethasone administration), we were expecting similar
percentages of annexin V-positive and caspase 3-positive thymocytes (as dexamethasone-induced
apoptosis was described to be caspase 3-dependent (105)), but the percentage of annexin V-positive
thymocytes is often higher than the caspase 3-positive ones. An approach to more clearly determine the
role of caspase 3 in M. avium 25291 infection-induced thymocyte apoptosis would be to inhibit caspase
3 activation and evaluate apoptosis by Annexin V/PI stain. Reduction in apoptosis upon caspase 3
inhibition or depletion (by, for instance, infecting caspase 3-deficient mice) would suggest the participation
of caspase 3 in this context.

Our data on Bax/ Bcl-2 ratio assessment showed no differences between infected and non-
infected WT mice. Yet, absolute ratio values vary greatly between experiments. In iNOS KO mice, we
observed a decrease at 70 dpi when compared to levels from non-infected counterparts; still, this
difference may not be biologically relevant, as the control group presents high dispersion on the ratio
values. In general, ratios are similar irrespective of time of infection and genotype, indicating that the
intrinsic apoptosis pathway is not involved in M. avium 25291 infection-induced thymocyte apoptosis.

Yet, this would benefit from confirmation at the protein level by, for example, western blotting.
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We found that both IFNy and NO via iNOS are involved in the decrease in thymocyte viability and
increase in apoptosis upon infection with M. avium 25291. The role of these molecules seems to be
thymocyte population-specific. Curiously, infection-induced apoptosis in the most immature thymocytes,
the DN1, and in the most mature populations, CD4SP and CD8SP, is dependent on both IFNy and NO.
Data on DP thymocytes is variable thus far: IFNy and NO seem to partially mediate an increase in
apoptosis, although this result is not clear in both experiments and requires further experimental
replication. Concerning DN2, only IFNy shows a role, while in DN3 neither of them seems to impact on
apoptosis upon infection. It is worth reinforcing that the alterations that are equally observed in mice
lacking IFNy or iNOS (as it is the case for DN1 and SPs) may be due to NO action alone, as IFNy KO
mice also lack the activation of INOS. This means that, in these specific populations, increased thymocyte
apoptosis can potentially be attributed to NO.

Regarding the increase in apoptosis of DN1 thymocytes, this could be influenced by the fact that
BM T cell precursors are already altered and more prone to die. Results from our laboratory suggest that
BM T cell precursor alterations are IFNy-dependent and iNOS-independent (109), however more recent
data may implicate NO as affecting in some way BM T cell precursors before they reach the thymus.
Alternatively, three additional scenarios may be the underlying cause: 1) NO production in the thymus
alone is affecting thymocyte viability; 2) NO effect in the thymus together with previous IFNy-dependent
alterations in the BM; 3) NO-induced alterations in the thymus together with IFNy-dependent alterations
both in the BM and in the thymus. Nevertheless, this result adds to the data on BM T cell precursors
alterations, as it supports the concept that M. avium 25291 infection affects very early stages of T cell
differentiation. In DN2 thymocytes, IFNy but not iNOS plays a role in infection-induced thymocyte
apoptosis, thus supporting the hypothesis that IFNy-induced alterations in BM T cell precursors may be
impairing thymocyte differentiation. Curiously, in the DN3 subset, an effect of these two molecules is not
observed. It appears that, throughout T cell differentiation, especially from DN3 onwards, other players
besides IFNy and NO may have a role in infection-induced apoptosis. This may also be the case for DP
thymocytes, as our data did not demonstrate a clear function for IFNy or NO. This could be related to
glucocorticoids action, since they also play an important role in M. avium 25291 infection-induced thymic
atrophy and affect mainly DP thymocytes (14,121). In fact, the synergy between NO and glucocorticoids
has been reported before to induce apoptosis of DP thymocytes (113). At the most mature stage of T cell
differentiation (CD4SP and CD8SP), before T cells exit to the periphery, IFNy and NO also mediate

infection-induced apoptosis, hinting at a local action of these molecules. Thus, M. avium 25291 infection
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induces thymocyte death in all stages of differentiation, challenging thymocytes throughout the entire
process.

Considering our data in caspase 3 activation and Bax/ Bcl-2 ratio, we were not able to unravel
the underlying apoptosis mechanism induced by M. avium 25291 infection. There is a study showing
that NO, together with glucocorticoids, induces caspase 3-dependent apoptosis (112). However, our
results point to a caspase 3-independent apoptosis mechanism. Actually, NO has been reported to induce
thymocyte apoptosis /7 wvifro (122,123), in a caspase 3-independent and caspase 1-dependent
mechanism (124), making it an interesting target for further exploration. However, these studies (122-
124) only evaluated DNA fragmentation to identify apoptosis. In fact, caspase 1-induced cell death was
shown to constitute a distinct type of programmed cell death: pyroptosis (125). Thus, it is possible that
reports associating NO to caspase 1-dependent thymocyte apoptosis were actually observing pyroptosis.
Yet, we found increased NO-dependent apoptosis and not pyroptosis, as thymocytes undergoing
pyroptosis are positive for both Annexin V and Pl and we observed an increase in Annexin V positive and
PI negative cells after infection (126).

The fact that INOS KO mice infected with M. avium 25291 do not have premature thymic atrophy
even with an altered BM suggests that, in the absence of NO, BM precursors are able to recover when
reaching the thymus. This strengthens the importance of the NO-mediated thymocyte apoptosis in
premature thymic atrophy presented in this thesis. Yet, NO may also induce other mechanisms of thymic
atrophy still to be uncovered. For instance, it is unknown if NO can lead to an impaired ability of the
thymic stroma to differentiate new T cells. NO can also be inducing alterations on T cell BM precursors
that we were not yet able to explore. Finally, NO may also be associated with the production of other
molecules that can act as players of M. avium 25291 infection-induced thymic atrophy, a hypothesis we
started to explore by evaluating /6 and 7nfgene expression in WT and iNOS KO mice (discussed below).

Following the observation that IFNy and NO-dependent thymocyte apoptosis may be associated
with infection-induced thymic atrophy, two main questions were raised: 1) is IFNy and NO effect in
thymocytes from local or systemic origin?; 2) since increased apoptosis in certain thymocyte populations
occurs regardless of IFNy or NO, do other pro-inflammatory molecules have a role?. Together, our data
on thymic gene expression show that in WT mice, /fng and /nos are upregulated at late timepoints of
infection with M. avium 25291 but not with M. avium 2447, suggesting that its local overexpression is
linked to infection-induced thymic atrophy. In iINOS KO mice, we found that /fgis still upregulated at late

infection timepoints. As these mice still present IFNy-dependent and iNOS-independent apoptosis in some
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thymocyte populations, this result supports that [FNy might be causing thymocyte apoptosis by itself or
by inducing the production of other molecules.

We observed an upregulation of Gr after infection of WT mice with M. avium 25291 (mainly at
80 dpi). This upregulation is in accordance with the fact that mice infected with M. avium 25291 present
increased serum corticosterone and 2447-infected mice do not (14). In mice lacking iNOS expression,
Gr upregulation is abrogated, hinting at an association between NO production and glucocorticoid
sensitivity. It is now important to measure the levels of serum corticosterone in infected mice lacking
iNOS.

Our work also revealed a coherent upregulation of /6in the thymus at late timepoints of infection
with M. avium 25291 but not 2447, suggesting that /6 gene overexpression might be associated with M.
avium 25291 infection-induced thymic atrophy. Furthermore, /6 is not upregulated in iINOS KO mice,
indicating that NO and IL-6 production may be associated. An increase in IL-6 mRNA levels was previously
described during HIV-1 infection-induced thymic atrophy and associated with thymocyte apoptosis
(82,96), but, to our knowledge, it is the first time being associated with NO production in a model of
infection-induced thymic atrophy. Since IL-6 is usually produced at initial phases of inflammation, its
upregulation so late in infection indicates dysregulated production that may be contributing to chronic
inflammation and consequent tissue damage (127). Regarding 7nfexpression, our results demonstrate
its upregulation in the thymus of WT mice after infection with M. awium 25291 but not with 2447,
suggesting a possible role in premature thymic atrophy. Yet, in this case, 7nfupregulation also occurs in
iNOS KO mice, indicating that NO and TNF production are not linked. Thus, TNF production is probably
not sufficient to cause M. avium 25291 infection-induced thymic atrophy. Nevertheless, mRNA transcript
levels do not always directly translate into protein levels, as mRNA may undergo modifications (e.g.
alternative splicing) and proteins may be subjected to post-translational regulation (128). Further studies
are needed to better understand the role of IL-6 and TNF during M. avium infection-induced thymic
atrophy.

In this thesis, we showed that M. avium 25291 infection-induced thymic atrophy is associated
with an increase in thymocyte apoptosis, which is most likely mediated /n7 /oco by IFNy and NO. This adds
a new piece to the puzzle of the mechanisms underlying premature thymic atrophy induced by these
mycobacteria. As human thymocyte apoptosis through NO participation has already been reported (111),
this may become relevant, for instance, during treatment of persistent pulmonary hypertension in
premature babies, that are subjected to NO inhalation therapy (129). At this age, thymus activity is at its

peak and the peripheral pool of T cells is still under formation, thus premature thymic atrophy could lead
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to a certain degree of immunodeficiency (74). Additionally, NO donor drugs are also used in adults in
high concentrations for the treatment of cardiovascular diseases (130) and cancer (131). Cancer patients
may already be immunocompromised as a consequence of certain therapies; in this case, a possible NO-
induced thymic atrophy would aggravate immunodeficiency, as the remaining thymic function would be
compromised. For these reasons, NO production in similar contexts of chronic infection should be further
studied. We also uncovered the potential involvement of other cytokines that might be contributing to
thymic atrophy in this model of infection. Taken together with previous data, these new results illustrate
the complexity of the host-pathogen interaction and the need to dissect its mechanisms to improve

scientific knowledge and potentially find new therapeutic approaches.
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7. ANNEXES

Annex 1 - Gating strategies for flow cytometry analysis of thymocyte death
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FIGURE 1. Schematic representation of the gating strategy used to analyze thymocyte death within
thymocyte populations by Annexin V/PI flow cytometry staining. Single cells (singlets) were selected on
total events, based on the fact that the size (FSC-A) and height (FSC-H) of a single cell are proportional.
Total thymocytes were gated within singlets, and debris (very low size (FSC-A) and complexity (SSC-A))
was excluded. Thymocyte populations were defined according to CD4 and CD8 expression and further
selected according to CD3 expression (DN: CD3CD4CDS8; DP: CD4:CD8+; CDASP: CD3:CD4-CDS;
CD8SP: CD3-CD4-CD8&-). DN thymocytes were divided into four subpopulations based on CD25 and CD44
expression (DN1: CD44-CD25; DN2: CD44-CD25+; DN3: CD44-CD25+; DN4: CD44-CD25). Annexin V
and PI fluorescence was evaluated within all populations (total thymocytes, DN, DP, CD4SP, CD8SP,
DN1, DN2, DN3 and DN4). According to Annexin V and PI expression, five populations were considered:
viable (Annexin V-/Pl), early apoptotic (Annexin V+/PI), apoptotic (Annexin V:/Pl=), late apoptotic/necrotic
(Annexin V+/Pl*) and necrotic (Annexin V-/Pl) thymocytes. Gate design for Pl, Annexin V, CD44 and
CD25 was defined taking into consideration the FMO control.
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FIGURE 2. Schematic representation of the gating strategy used to analyze thymocyte death within
thymocyte populations by Caspase 3/LiveDead flow cytometry staining. Single cells (singlets) were
selected on total events, based on the fact that the size (FSC-A) and height (FSC-H) of a single cell are
proportional. Total thymocytes were gated within singlets, and debris (very low size (FSC-A) and
complexity (SSC-A)) was excluded. Thymocyte populations were defined according to CD4 and CD8
expression and further selected according to CD3 expression (DN: CD3:CD4-CD8&; DP: CD4-CD8+; CD4SP:
CD3:CD4+-CD8&; CD8SP: CD3-CD4-CD8&-). DN thymocytes were divided into four subpopulations based on
CD25 and CD44 expression (DN1: CD44-CD25; DN2: CD44:CD257; DN3: CD44-CD257; DNA4:
CD44-CD257). Caspase 3 and Live/Dead expression were evaluated within all populations (total
thymocytes, DN, DP, CD4SP, CD8SP, DN1, DN2, DN3 and DN4). According to Caspase 3 and Live/dead
expression, four populations were considered: viable (Casp3/Live Dead~), early apoptotic via caspase 3
(Casp3+/Live Dead™), late apoptotic via caspase 3 (Casp3+/Live Dead") and dead/dying cells not via
caspase 3 (Casp3/LiveDead"). Gate design for Caspase 3, CD44 and CD25 was defined taking into

consideration the FMO control.
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