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Abstract

Abstract

Lymphotoxin 8 receptor (LTBR) mediated signaling plays an important role in the initiation of
immune responses to a broad range of pathogens, including the obligate intracellular parasite
Toxoplasma gondii (T. gondii). T. gondii resides and replicates in a parasitophorous vacuole
(PV), which protects the parasite from host defence. Infection with the parasite causes
toxoplasmosis; globally, nearly one-third of the world’s human population is infected which
constitutes a serious health problem. Toxoplasmosis usually causes no or only mild flu-like
symptoms, but immunocompromised patients can be severely affected. Also, in a primary
infection during pregnancy, the parasite can cross the placental barrier, leading to miscarriage

or severe birth defects in the child.

In mice, LTBR signaling is crucial for surviving acute toxoplasmosis. Compared to wildtype
(WT) animals, LTBR-deficient (LTBR™) mice show a markedly increased mortality in a T. gondii
infection model: About 90-100 % of the animals succumb to the infection. However, little is
known about the mechanisms responsible for the detrimental loss of immunity in the absence
of the LTBR. Therefore, in the present thesis immune responses, especially cytokine
production, the presence of anti-parasitic effector molecules as well as T- and B cell responses

were investigated in an in vivo T. gondii infection model in LTBR-deficient mice.

This thesis shows that LTBR deficiency dysregulates multiple arms of innate and adaptive
immune responses in a T. gondii infection. Infected LTBR” mice show altered interferon
gamma (IFNy) regulation in lungs, spleen and brain, reduced IFNy-controlled host effector
molecule expression, altered frequencies of immune cell populations and impaired T cell
differentiation/functionality. Furthermore, infected LTBR” mice lack an anti-parasite specific
immunoglobulin (Ig) G response which leads to the loss of immune control. Reconstitution with
toxoplasma immune serum significantly prolongs the survival of T. gondiiinfected LTBR”- mice,
demonstrating an important novel role for LTBR signaling in B cell mediated immune responses
to T. gondii. Ultimately, due to these defects, LTBR™ mice are not able to control the parasite
and succumb to the infection. In addition, transcriptomics suggests a possible and as yet

unreported suppression of the B cell response by T. gondii in WT mice.

These results provide new insights into the role of the LTBR in T. gondii infection and could
provide valuable information for further studies exploring new therapeutic strategies, especially

sorely needed vaccines for human toxoplasmosis.



Zusammenfassung

Zusammenfassung

Die Lymphotoxin B Rezeptor (LTBR) vermittelte SignalUbertragung spielt eine grof3e Rolle in
der Generierung von Immunantworten gegen eine Vielzahl von Pathogenen. Einer dieser
Pathogene ist der obligat intrazellulare Parasit Toxoplasma gondii (T. gondii), welcher
innerhalb einer parasitophoren Vakuole (PV) repliziert, die den Parasiten vor der
Immunantwort des Wirtes schitzt. Eine Infektion mit dem Parasiten flhrt zur sogenannten
Toxoplasmose. Weltweit sind ungefahr ein Drittel der Menschen infiziert, was ein ernst zu
nehmendes Gesundheitsproblem darstellt. In gesunden Individuen aufert sich eine
Toxoplasmose lediglich in leichten Erkaltungssymptomen. In immunkompromittierten
Individuen kann eine Toxoplasmose jedoch zu schwerwiegenden Komplikationen fiihren. Bei
einer Erstinfektion in der Schwangerschaft kann der Parasit die Plazentaschranke

durchqueren, was zu Fehlgeburten oder schweren Geburtsfehlern des Kindes flihren kann.

In Mausen ist die LTBR Signaliibertragung essentiell zum Uberleben einer akuten
Toxoplasmose. LTBRR-defiziente (LTBR”) Mause weisen eine deutlich erhdhte Mortalitat
gegentber Wildtyp (WT) Mausen auf. Circa 90-100% der Tiere versterben an der Infektion.
Bisher ist jedoch sehr wenig Uber die Mechanismen, die fur diesen gravierenden Verlust der
Immunitat verantwortlich sind, bekannt. Deshalb wurden in der vorliegenden Arbeit die
Immunantwort, insbesondere die Zytokinproduktion, das Vorhandensein anti-parasitarer
Effektor Moleklle, und die T- und B-Zell Antwort im Rahmen eines in vivo T. gondii

Infektionsmodelles in LTBR-defizienten Mausen analysiert.

Diese Studie zeigt, dass das Fehlen des LTBR im Rahmen des T. gondii Infektionsmodelles
verschiedene Arme der angeborenen und erworbenen Immunantwort dereguliert. Infizierte
LTBR™ Mause zeigen eine veranderte Interferon gamma (IFNy) Regulation in Lunge, Milz und
im Gehirn, eine verringerte Expression von IFNy induzierten Effektor Molekulen, veranderte
Immunzellpopulationen und eine beeintrachtigte Differenzierung und Funktionalitat von T-
Zellen auf. Des Weiteren fehlt diesen Mausen eine spezifische anti-parasitare immunglobulin
(lg) G Antwort, wodurch die Immunkontrolle nicht mehr gewahrleistet ist. Eine Rekonstitution
mit Toxoplasma Immunserum konnte das Uberleben von LTBR” Mausen signifikant
verlangern, was auf eine wichtige, bisher noch nicht beschriebene Rolle des LTBR in der B Zell
vermittelten Immunantwort auf T. gondii hinweist. Letztendlich sind LTBR” Mause aufgrund
dieser Defekte nicht in der Lage, das Parasitenwachstum zu kontrollieren und erliegen der
Infektion. Daruber hinaus deuten Transkriptomdaten auf eine mdgliche T. gondii vermittelte

Suppression der B Zell Antwort in WT Tieren hin.

Diese Ergebnisse liefern neue Einblicke in die Rolle des LTBR in einer T. gondii Infektion und
liefern wertvolle Hinweise flir weitere Studien zur Erforschung neuer therapeutische

Strategien, insbesondere dringend bendtigter Vakzine flr die humane Toxoplasmose.
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1. Introduction

1. Introduction

1.1 Toxoplasma gondii (T. gondii)

Toxoplasma gondii (T. gondii) is an obligate intracellular protozoan that can infect all nucleated
cells of warm blooded animals, including humans, leading to the disease toxoplasmosis
(Dubey, Lindsay et al. 1998, Flegr, Prandota et al. 2014). Based on their phenotypes in mice,
which differ in growth, migration, transmigration and virulence, T. gondii strains have been
classified into three sub-types (Sibley and Boothroyd 1992, Howe and Sibley 1995, Grigg,
Ganatra et al. 2001, de Moura, Bahia-Oliveira et al. 2006). Type | strains are highly virulent
causing lethal infections, whereas type Il and in particular type Ill strains show only low
virulence in mice (Barragan and Sibley 2003). Several studies showed that type Il strains (e.g.
ME49) are the most prevalent and frequently found in human toxoplasmosis (Sibley and
Boothroyd 1992, Howe and Sibley 1995, Howe, Honore et al. 1997, Schluter, Daubener et al.
2014).

1.1.1 Life cycle

The life cycle of T. gondii (Figure 1) encompasses two reproductive stages: the sexual stage
in definitive and the asexual stage in intermediate hosts. Definitive hosts are felines (Feloidea)
where T. gondii can sexually reproduce only in the epithelium of the digestive tract.
Intermediate hosts are all warm-blooded animals, including humans and livestock, where
asexual reproduction takes places. Infection of humans can occur through oral uptake of cysts
(e.g. raw/undercooked meat from infected intermediate hosts) or oocysts that are contained in
cat feces and contaminated vegetables, water, soil and, of course, cat litter. Ingested oocysts
and tissue cysts release sporozoites and bradyzoites, respectively, which invade the
epithelium of the digestive tract where they differentiate into tachyzoites (Dubey, Lindsay et al.
1998). T. gondii resides and replicates within infected cells in a specialized membranous
compartment called the parasitophorous vacuole (PV) which is derived from the host plasma
membrane. During the acute phase of infection, T. gondii undergoes a fast Iytic cycle (Figure 2)
where infectious tachyzoites spread via the blood stream and lymph. If the PV is disrupted
T. gondii is unable to survive within host cells. Under pressure of the host immune response,
tachyzoites eventually convert to metabolically less active bradyzoites. These reside in tissue
cysts in the central nervous system and muscle where they are able to evade the immune

system, establishing latent toxoplasmosis (Hartmann 2016).
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Figure 1: Life cycle of T. gondii. Infected feloidea (e.g. cats) shed oocysts via their feces into the
environment. These oocysts can contaminate water, soil and vegetables and can be taken up by
intermediate hosts (e.g. livestock) where sporozoites ultimately develop into tissue cysts. Oocysts from
contaminated products as well as tissue cysts from undercooked meat can easily be consumed by
humans. Under pressure of the host immune response infective tachyzoites can convert to bradyzoites
that reside in tissue cysts. Vice versa, in immunocompromised individuals bradyzoites can reactivate
into tachyzoites. In pregnant women tachyzoites are able to cross the placental barrier and can infect
the fetus. The graphic was designed with  Servier Medical Art License
(http://creativecommons.org/licenses/by/3.0/). Changes were made to the provided elements.
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Figure 2: Lytic cycle of T. gondii. During acute infection infectious T. gondii tachyzoites invade host
cells and replicate in parasitophorous vacuoles, resulting in host cell lysis. Motile tachyzoites egress
from the lysed cell and then infect surrounding cells, thus continuing the lytic cycle. The graphic was
designed with Servier Medical Art License (http://creativecommons.org/licenses/by/3.0/). Changes were
made to the provided elements.
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1. Introduction

1.1.2 Toxoplasmosis

Toxoplasmosis is a global infectious disease caused by T. gondii. At least one third of the
human population is infected, making T. gondii one of the most successful parasites (Halonen
and Weiss 2013). The prevalence of human toxoplasmosis varies in different parts of the world
(up to 75%) (Pappas, Roussos et al. 2009), correlating positively with age (Montoya and
Liesenfeld 2004), warm and humid climates (Bojar and Szymanska 2010), low quality of water
resources and hygiene (Jones and Dubey 2010) as well as prevalent consumption of
undercooked meat (Bojar and Szymanska 2010). In immunocompetent individuals
primary/acute toxoplasmosis is usually benign but may cause mild flu-like symptoms or
lymphadenopathy, and the immune response is able to contain the chronic stage of infection.
In immunocompromised individuals, e.g. acquired immune deficiency syndrome (AIDS)
patients, cancer patients undergoing chemotherapy, or as a consequence of
immunosuppressive therapy after transplantation, a primary infection as well as the
reactivation of a latent toxoplasmosis can lead to life-threatening conditions (Howard, Hunn et
al. 2011). While a primary infection is mostly asymptomatic in pregnant women, tachyzoites
are able to cross the placental barrier and infect the fetus. This can lead to congenital
toxoplasmosis or even to miscarriage and stillbirth (Montoya and Liesenfeld 2004, Saadatnia
and Golkar 2012). In addition, there is increasing, albeit controversial, evidence that chronic
infection could contribute to psychiatric and neurodegenerative disorders (Donley, Olson et al.
2016).

1.1.3 Immune response against T. gondii

Innate immunity acts as a first line of host defence in the containment of a T. gondii infection.
Pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), Nod-like receptors
(NLRs), and C-type lectins, detect pathogen-associated molecular patterns (PAMPs) and
ensure both intrinsic and extrinsic recognition of invading pathogens (Beutler, Jiang et al. 2006,
Sasai and Yamamoto 2013). Once T. gondii tachyzoites egress from the primarily infected cell,
PAMPs, primarily profilin, are recognized by antigen presenting cells (APCs) (Figure 3). These
APCs, e.g. dendritic cells (DCs), produce inflammatory cytokines like interleukin 12 (IL-12) and
tumor necrosis factor alpha (TNFa) which are important for the activation of the innate immune
response and the subsequent adaptive immune response. Early in infection, interferon gamma
(IFNy) production is vital for inducing cell autonomous immune responses, resulting in
increased expression of proteins that are essential for parasite containment and later for the
maintenance of the chronic stage of infection (Gazzinelli, Hieny et al. 1993, Hunter, Subauste
et al. 1994, Yarovinsky 2014).
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However, the mechanism by which T. gondii activates these cell types as well as how activation

leads to the induction of acquired immune responses is still not fully understood.
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Figure 3: Innate immune response to T. gondii. T. gondii tachyzoites egress from a primarily infected
cell and pathogen-associated molecular patterns (PAMPSs) are recognized by antigen presenting cells
(APCs) via pattern recognition receptors (PRRs). These APCs produce proinflammatory cytokines such
as interleukin 12 (IL-12) and interferon gamma (IFNy) that in turn lead to stimulation of natural killer (NK)
and T-cell proliferation. Besides T- and NK cells innate lymphoid cells (ILCs), macrophages, and
monocytes are also able to secrete IFNy. The graphic was designed with Servier Medical Art License
(http://creativecommons.org/licenses/by/3.0/). Changes were made to the provided elements.
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1.2 Interferon gamma (IFNy)

Interferons (IFNs) as powerful signaling and regulatory molecules of the immune system
possess potent pleiotropic effects in antimicrobial, antitumor and immunomodulatory
processes by regulating the expression of hundreds of genes (Gresser 1990, Boehm, Klamp
et al. 1997, Pestka, Krause et al. 2004, MacMicking 2012). IFNy, the only type Il interferon, is
a cytokine that has been shown to be crucial for both innate and adaptive immunity against
various pathogens, including parasites. IFNy is typically produced by T cells (Scharton-
Kersten, Nakajima et al. 1998, Denkers 1999) and NK cells (Gaddi and Yap 2007). Whether
other cell populations are also capable of producing interferon gamma has not yet been fully
clarified as the available data are inconclusive. However, studies on the single cell level
demonstrated that also ILCs (Wagage, Harms Pritchard et al. 2015, Ivanova, Denton et al.
2019), DCs (Fricke, Mitchell et al. 2006), macrophages (Darwich, Coma et al. 2009), and
monocytes (Kraaij, Vereyken et al. 2014) can produce IFNy. Besides being produced by
immune cells, IFNy is also involved in the activation and differentiation of T cells, B cells,
macrophages, NK cells as well as other non-immune cells such as fibroblasts and endothelial
cells. A variety of cellular processes are coordinated by IFNy-induced transcriptional regulation
of immune relevant genes via Janus Kinase (JAK)/signal transducer and activator of
transcription (STAT) signaling (O'Shea, Gadina et al. 2002).

1.2.1 The IFNy signaling pathway

The IFNy receptor (IFNyR) consists of two subunits: the ligand binding IFNyR1 and the signal
transmitting IFNyR2 which mediate signal transduction via the JAK/STAT pathway (Figure 4).
IFNy binding leads to receptor dimerization that in turn induces JAK1 and JAK2 activation and
subsequent phosphorylation of a tyrosine residue (Tyr-440) in the intracellular domain of the
IFNyYR1, resulting in STAT1 recruitment, phosphorylation (pSTAT1) and homodimer assembly
(Greenlund, Farrar et al. 1994, Kisseleva, Bhattacharya et al. 2002). These homodimers, also
known as gamma-interferon activation factors (GAFs), then translocate into the nucleus where
they bind to gamma-interferon activated sites (GAS), thereby activating the expression of
primary response genes (Levy, Lew et al. 1990, Decker, Lew et al. 1991). Among these genes
are guanylate-binding proteins (GBPs), indoleamine 2,3-dioxygenase (IDO), inducible nitric
oxide synthase (iINOS) as well as transcription factors such as interferon-regulatory factor 1
(IRF-1) (Degrandi, Konermann et al. 2007, MacKenzie, Heseler et al. 2007, Yarovinsky 2014,
Bogdan 2015). After signal transmission, receptor chains are internalized, they dissociate and
are transported to the cell membrane for recycling. While IFNy signal transduction is mainly
associated with pSTAT1 homodimers, it can also activate the expression of other family

members such as STAT3 or STATS5, leading to the formation of heterodimers that induce
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different subsets of genes. Vice versa, type | and type Il IFN signaling is also able to induce
pSTAT1 homodimer formation (Takaoka, Mitani et al. 2000, Pestka, Krause et al. 2004). In
different autoimmune diseases such as rheumatoid arthritis, that is mostly TNF-mediated
(Feldmann and Maini 2008), dysregulated expression of IFNy could be identified (Nielen, van
Schaardenburg et al. 2004, Schurgers, Billiau et al. 2011, Kim and Moudgil 2017) and is
associated with disease progression (Lee, Kwon et al. 2017). Further, IFNy is described to
influence the tumor microenvironment (Le Poole, Riker et al. 2002), demonstrating the need
for tight IFNy regulation. This tight control is mediated via negative regulators of the JAK/STAT
pathway with suppressor of cytokine signaling (SOCS) proteins being the most prominent
representatives. SOCS expression is induced by IRF-1, establishing a negative feedback loop

to control IFNy signaling (Endo, Masuhara et al. 1997, Starr, Willson et al. 1997).
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Figure 4: The IFNy signaling pathway. The IFNy receptor (IFNGR) consists of two distinct subunits,
the IFNGR1 and IFNGR2, which engage IFNy. Signaling occurs via Janus kinase (JAK)-mediated
phosphorylation and dimerization of signal transducers and activators of transcription 1 (STAT1)
proteins. These phosphorylated (p)STAT1 homodimers, also known as gamma-interferon-activation
factors (GAFs), are primarily but not exclusively associated with IFNy signaling and can also be induced
by type | or type Il IFN signaling. GAFs then translocate into the nucleus where they bind to gamma-
interferon activation sites (GAS) inducing effector gene expression. The graphic was designed with
Servier Medical Art License (http://creativecommons.org/licenses/by/3.0/). Changes were made to the
provided elements.
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1.2.2 Role of IFNy-induced effector molecules in T. gondii infection

Induction of IFNy-mediated effector molecules (Figure 5) is known to play a vital role in
T. gondii infection due to their anti-parasitic effector functions. Expression of IDO (Pfefferkorn,
Rebhun et al. 1986, Murray, Szuro-Sudol et al. 1989) and iINOS (Scharton-Kersten, Yap et al.
1997) are important for restricting parasite replication. Murine GBPs (mGBPs) are known to
be essential for parasite containment (Degrandi, Konermann et al. 2007, Yamamoto, Okuyama
et al. 2012, Steffens, Beuter-Gunia et al. 2020) as they contribute to the disruption of the PV
as well as the T. gondii cell membrane. All of these IFNy induced effector mechanisms
contribute to T. gondii containment, but the extent to which cells use these different

mechanisms is dependent on the cell type (Yarovinsky 2014).

Inhibiton of of PV

T. gondii
replication

Macrophage

Figure 5: IFNy-induced effector molecules in host cell defence against T. gondii. IFNy signaling
results in the induction of expression of effector molecules such as indoleamine 2,3-dioxygenase (IDO),
inducible nitric oxide synthase (iNOS) and guanylate-binding proteins (GBPs), all capable of exerting
anti-parasitic effects. Production of metabolites from both, IDO and iINOS, inhibit T. gondii replication via
depletion of essential amino acids such as tryptophan or arginine. GBPs target the parasitophorous
vacuole (PV), leading to the destruction of the PV and the parasite within. Induction of IFNy-induced
effector mechanism contributes to T. gondii containment; however expression of the specific molecules
differs depending on the cell type. The graphic was designed with Servier Medical Art License
(http://creativecommons.org/licenses/by/3.0/). Changes were made to the provided elements.
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1.2.2.1 Indoleamine 2,3-dioxygenase (IDO)

IDO mediates an antiproliferative effect on T. gondii via conversion of tryptophan into N-
formylkynurenine. This conversion leads to a depletion of the essential amino acid tryptophan
resulting in cell starvation, because T. gondii is tryptophan auxotroph and therefore vulnerable
to this host defence mechanism (Figure 5) (Pfefferkorn 1984, Pfefferkorn, Rebhun et al. 1986).
An effective role of IDO was shown in various T. gondii infected human cell lines such as
fibroblasts (Pfefferkorn 1984), epithelial, and endothelial cells (MacKenzie, Heseler et al.
2007). However, the anti-parasitic role of IDO could not be confirmed in murine macrophages
and mesenchymal stromal cells (Schwartzman, Gonias et al. 1990, Meisel, Brockers et al.
2011). Moreover, susceptibility of IDO1 deficient mice was not affected in an acute T. gondii
infection, indicating it is ineffective as an anti-parasitic defence mechanism in mice (Ufermann,

Domrose et al. 2019).

1.2.2.2 Inducible nitric oxide synthase (INOS)

iINOS does not only lead to the production of nitric oxide (NO), which has microbicidal activities,
but also leads to the depletion of arginine during NO synthesis. Since T. gondii is strictly
arginine auxotroph, the arginine deprivation blocks T. gondii replication (Figure 5) (Fox, Gigley
et al. 2004). iINOS deficient mice revealed a more complex role for NO-mediated host
resistance to T. gondii in vivo, as they control parasite replication during the acute stage of
infection, but show increased susceptibility during the chronic stage of infection (Scharton-
Kersten, Yap et al. 1997). This indicates that INOS is not ultimately required in acute infection
for tachyzoite elimination, but its involvement in the chronic stage suggests that key effector
mechanisms might differ between the acute and the chronic stage of T. gondii infection (Yap
and Sher 1999).

1.2.2.3 Murine guanylate-binding proteins (mMGBPs)

mGBPs are interferon induced GTPases essential for host defence against intracellular
pathogens such as T. gondii (Degrandi, Konermann et al. 2007). Seven human and 13 murine
GBPs have been described so far, the latter being located in two genomic clusters on
chromosomes 3 and 5 (Olszewski, Gray et al. 2006, Kresse, Konermann et al. 2008). Studies
showed that mGBP2, and probably other mGBPs, are able to form homo- and heterooligomers
and cluster in the cytoplasm in vesicle-like structures (VLS) (Vestal, Gorbacheva et al. 2000,
Kravets, Degrandi et al. 2016). Resistance to T. gondii seems to be mediated by accumulation

of GBPs at the PV membrane of the parasite which destabilizes vacuolar integrity (Figure 5)
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(Degrandi, Konermann et al. 2007, Selleck, Fentress et al. 2013, Kravets, Degrandi et al.
2016). Recruitment of the different mGBPs towards the T. gondii PV follows a specific
hierarchical sequence and order (Kravets, Degrandi et al. 2016, Steffens, Beuter-Gunia et al.
2020). Ultimately, different mGBPs act in concert to destroy the PV and the parasite within
(Degrandi, Konermann et al. 2007, Kim, Shenoy et al. 2012, Yamamoto, Okuyama et al. 2012,
Degrandi, Kravets et al. 2013), thus mediating major functions in parasite elimination. In vivo,
high susceptibility of T. gondii infected mGBP2 deficient and mGBP7 deficient mice could be
shown, further underlining the crucial role of mMGBPs in acute T. gondii infection (Degrandi,
Kravets et al. 2013, Steffens, Beuter-Gunia et al. 2020).

1.3 The tumor necrosis factor (TNF) / TNF receptor (TNFR) superfamily

The tumor necrosis factor (TNF) / TNF receptor (TNFR) superfamily consists of more than 40
identified ligands and receptors that share structural properties but have distinct functions.
They create a key communication network which is involved in diverse mechanisms in immune
responses and beyond. The family members, expressed by a wide range of cell types, fulfil
multiple, sometimes contradictory roles: in inflammation and host defence, organogenesis of
lymphoid organs, autoimmunity, and tumor immunotherapy as well as in cell differentiation,
proliferation and apoptosis. Core members of this family include TNF and lymphotoxin (LT) as
well as their corresponding receptors, which are described as potent and crucial cytokines
(Locksley, Killeen et al. 2001, Hehlgans and Pfeffer 2005, Ward-Kavanagh, Lin et al. 2016, So
and Ishii 2019).

1.3.1 Core members of the TNF/TNFR superfamily

The ligands TNF (TNFa), LTa (LTas), LTB (LTaiB2; LTazB1), LIGHT (homologous to
lymphotoxins, exhibits inducible expression, and competes with HSV glycoprotein D for herpes
virus entry mediator [HVEM], a receptor expressed by T lymphocytes), BTLA (B- and T
lymphocyte attenuator) and DcR3 (decoy receptor 3) and their cognate receptors TNFRI
(TNFR-p55), TNFRII (TNFR-p75), LTB receptor (LTBR) and HVEM constitute the core
members of the TNF/TNFR superfamily as illustrated in Figure 6 (Mauri, Ebner et al. 1998,
Hehlgans and Pfeffer 2005). They form a complex signaling network in which BTLA and DcR3

play only a minor role for this thesis.

The receptors are characterized as type | transmembrane glycosylated proteins with an

intracellular domain, a transmembrane domain (TMD) and cysteine-rich domains (CRDs) in
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their extracellular domain. CRDs can be seen as the hallmark of the TNFR superfamily, they
are highly conserved and their number varies between one to six, depending on the respective
TNFR superfamily member (Hehlgans and Pfeffer 2005). CRDs mediate receptor specificity
and affinity to the respective ligand(s) (Albarbar, Dunnill et al. 2015). The ligands are
characterized as type Il transmembrane proteins that contain an intracellular N-terminus and
an extracellular C-terminus. Homotrimeric TNF and LIGHT can be either expressed on the cell
membrane or shed via proteolytic cleavage releasing the soluble cytokine. LTa is a soluble
protein only. Secreted LTa will assemble as a homotrimer (LTas) or as a complex with
membrane-bound LT[R to generate two distinct heterotrimers: LTa1f32 and LTazB1 (Idriss and
Naismith 2000, Bodmer, Schneider et al. 2002). One feature of the TNF/TNR superfamily is
that one ligand can bind several receptors and that one receptor can bind several ligands
(Hehlgans and Pfeffer 2005, Albarbar, Dunnill et al. 2015).

TNF is known as a critical factor in the induction of inflammatory events, and signals via two
distinct receptors: TNFRI and TNFRIl (Ware 2003, Walczak 2011). Both receptors can be
engaged by LTas and LTazB+, but while TNFRI contains a TNFR-associated death domain
(TRADD) and can bind soluble and membrane-bound TNF, TNFRII is mainly activated via
membrane-bound TNF (Grell 1995).

HVEM is able to switch between proinflammatory and inhibitory signaling by acting as both
ligand and receptor for multiple ligands and co-receptors thereby creating a complex
communication network. Ligands of HVEM include LTas, BTLA and LIGHT, the latter also
binding to the LTBR (Kaye, Hirst et al. 2008, Murphy and Murphy 2010, Cheung and Ware
2011, Sedy, Bekiaris et al. 2014).

Signal transduction of the TNFR superfamily follows recruitment of TNFR-associated factor
(TRAF) proteins over TRAF binding motifs, except for TNFRI which signals via TRADD. Six
different TRAF proteins have been described as being involved, however, not every receptor
employs every TRAF protein and recruitment of different TRAF proteins leads to distinct
signaling outcomes. Recruitment of adaptor molecules mediates signal transduction and
subsequent activation of canonical and alternative NF-kB (nuclear factor 'kappa-light-chain-
enhancer' of activated B cells) or JNK (¢ Jun N-terminal kinases) pathways which can
ultimately lead to induction of cell death, apoptosis, but also to cell survival or inflammation.
Notably, the signaling outcome is context dependent und differs due to the involved ligands,
receptors, adaptors as well as the specific physiological and biological state of the cell
(Dejardin, Droin et al. 2002, Remouchamps, Boutaffala et al. 2011, Albarbar, Dunnill et al.
2015, Mitchell, Vargas et al. 2016).
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Figure 6: The lymphotoxin-related signaling network. The diagram illustrates the cross — utilization
of ligands and receptors related to lymphotoxins. Arrows define high affinity binding; dotted lines indicate
low affinity binding and arrowheads define signaling directionality, with dual arrowheads specifying
bidirectional signaling. Grey arrows indicate cleavage sites. TNFa, LTas, LTo2B+1, LTa132, and LIGHT as
TNF-related ligands are depicted as trimers expressed on lymphoid cells. Their cognate receptors,
TNFRI, TNFRII, LTBR, and HVEM can be expressed on stromal and myeloid cells. Decoy receptor-3
(DcR3) when secreted binds to Fas ligand (not shown). Signal transduction occurs via recruitment of
TRAF domains, except for the death domain containing TNFRI that also recruits TRADD for signal
transduction, resulting in pathway activation or apoptosis. JNK and NF-kB pathways are the two main
downstream signaling pathways. TNFRI can only signal via the canonical NF-kB pathway, whereas
other receptors like the LTBR are able to signal via both the canonical and alternative NF-kB pathway
with distinct outcomes. The graphic was designed with Servier Medical Art License
(http://creativecommons.org/licenses/by/3.0/). Changes were made to the provided elements.
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1.3.2 The lymphotoxin 3 receptor (LTBR)

The LTBR interacts with the two different LTa/LT heterotrimeric complexes and LIGHT as
ligands, depicted in Figure 7 (Crowe, VanArsdale et al. 1994, Zhai, Guo et al. 1998). While
LTa4B2 is LTBR-specific, LTazB+ — of minor importance compared to LTa132, but with distinct
functions - binds to the LTBR only with low affinity (Androlewicz, Browning et al. 1992, Mauri,
Ebner et al. 1998, Remouchamps, Boutaffala et al. 2011). Both need cell-cell contact for
receptor activation because while the LTa chain is not membrane bound, the LT chain is and
cannot be cleaved from the cell surface. Signal transduction via the LTBR occurs via TRAF
adaptor proteins, TRAF-2, -3 or -5, that produce distinct effects on further downstream
signaling pathways, thus regulating signaling outcome. Generally, LTBR activation mediates
activation of NF-kB signaling via TRAF2 and TRAF5, but TRAF3 is conspicuously associated
with inhibition of NF-kB signaling, subsequent JNK activation and cell death (Nakano, Oshima
et al. 1996, VanArsdale, VanArsdale et al. 1997, Hauer, Puschner et al. 2005, Kim,
Nedospasov et al. 2005, Bista, Zeng et al. 2010).

While TNF receptors mediate gene expression only via the canonical NF-kB signaling
pathway, LTBR signaling is able to induce gene expression via both the canonical and the
alternative NF-kB pathway (Dejardin, Droin et al. 2002). The NF-kB family of transcription
factors consists of 5 members that are active as heterodimers. On the one hand, LTBR
signaling via the canonical NF-kB pathway occurs via context-dependent recruitment of
specific TRAF proteins. These stimuli activate the IkB kinase (IKK) complex, consisting of
IKKa,B and IKKy/NEMO subunits, which phosphorylate and degrade the inhibitory molecule
IkB that activates the dimeric transcription factor p50-RelA. On the other hand, LTBR mediates
signaling via the alternative NF-kB pathway by interrupting constitutive NF-kB-inducing kinase
(NIK) degradation. NIK activity leads to IKKa activation and subsequent conversion of the
inactive dimeric p100-RelB into the active p52-RelB dimer (Dejardin, Droin et al. 2002,
Hehlgans and Pfeffer 2005, Fernandes, Dejardin et al. 2016, Mitchell, Vargas et al. 2016).

The LTBR is expressed on non-lymphoid cells such as fibroblasts, epithelial cells, follicular
DCs (fDCs), hepatocytes and cells of the myeloid lineage (monocytes, DCs and mast cells)
but is absent on lymphocytes (Force, Walter et al. 1995, Ehlers, Holscher et al. 2003).
However, the LTBR specific ligand LTa1f32 is expressed on lymphocytes such as B-, T- and NK
cells (Crowe, VanArsdale et al. 1994, Browning, Sizing et al. 1997, Ansel, Ngo et al. 2000).
Signaling via the LTBR is critically involved in a variety of biological functions, ranging from
organogenesis of peripheral lymphoid tissues and maintenance of secondary peripheral organ
structure, to inflammation and tissue homeostasis to regulation of innate and adaptive immune
responses against a variety of pathogens (Futterer, Mink et al. 1998, Ehlers, Holscher et al.
2003, Spahn, Maaser et al. 2004, Hehlgans and Pfeffer 2005, Sedy, Bekiaris et al. 2014,
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Fernandes, Dejardin et al. 2016). In addition, an important role of LTBR signaling in liver
regeneration and liver tumorigenesis was extensively studied during the last 15 years (Anders,
Subudhi et al. 2005, Scarzello, Jiang et al. 2016, Sorg, Behnke et al. 2016).

—
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NF-kB signaling

Figure 7: LTBR mediated signaling. The diagram illustrates cross-utilization of the LTBR, expressed
on non-lymphoid cells, and its trimeric ligands LTaz2B1, LTa1B2, and LIGHT that are expressed on
lymphoid cells. Arrows define high affinity binding; dotted lines indicate low affinity binding and
arrowheads define signaling directionality. Grey arrows indicate cleavage sites. While LTa1f32 is an
LTBR-specific ligand, the receptor also binds LIGHT and LTaz2f1, the latter with low affinity. Signal
transduction occurs via TRAF adaptor protein recruitment with slightly different outcomes depending on
the TRAF proteins involved. Signaling via TRAF2 and 5 results in activation of NF-kB signaling, whereas
TRAF3 utilization results in inhibition of NF-kB and subsequent activation of JNK signaling. NF-«kB
signaling can occur via both the canonical and the alternative pathway with distinct downstream
outcomes. The graphic was designed with Servier Medical Art License
(http://creativecommons.org/licenses/by/3.0/). Changes were made to the provided elements.
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1.3.3 LTBR deficient (LTBR™) mice

Analysis of gene deficient animals, for instance LTBR deficient (LTBR”") mice, is an important
tool for the functional characterization of single gene products. Furthermore, gene deficient

mice are valuable models for developing new and successful therapeutic approaches in vivo.

LTBR” mice lack lymph nodes, Peyer's patches and gut-associated lymphatic tissue (De
Togni, Goellner et al. 1994, Alimzhanov, Kuprash et al. 1997, Koni, Sacca et al. 1997, Futterer,
Mink et al. 1998, Tumanov, Kuprash et al. 2003, Kabashima, Banks et al. 2005). In addition,
these mice show an altered architecture of the splenic microenvironment (Cheng, Onder et al.
2019). They have enlarged spleens, lack splenic marginal zones, T and B cell segregation and
fDC networks (Futterer, Mink et al. 1998, Endres, Alimzhanov et al. 1999). B cells are no longer
organized in follicles but intermixed with T cells. Moreover, LTBR" mice exhibit lymphocyte
infiltrates in many organs, increased numbers of lymphocytes in the peritoneal cavity and
peripheral blood, the latter reflected by increased B and T cell numbers. In contrast, they have
reduced NK and DC cell numbers as well as impaired immunoglobulin (Ig) affinity maturation
(Futterer, Mink et al. 1998, Wu, Sun et al. 2001). Analysis of LTBR” mice further revealed
dysregulated bile acid homeostasis and a reduced capacity for liver regeneration following
70% hepatectomy (Anders, Subudhi et al. 2005, Sorg, Behnke et al. 2016). All these

characteristics underline the importance of LTBR signaling in a variety of biological functions.

In particular, the LTBR is known for its important role in initiation of immune responses against
various pathogens. LTBR” mice show pronounced defects in the defence against many

pathogens (see below).

1.3.4 Role of the LTBR in infections

The important role of the LTBR in efficient initiation of host responses to a variety of pathogens
has been demonstrated, encompassing bacteria such as Listeria monocytogenes (Ehlers,
Holscher et al. 2003, Kursar, Janner et al. 2008, Kutsch, Degrandi et al. 2008) and
Mycobacterium tuberculosis (Ehlers, Holscher et al. 2003), viruses such as cytomegalovirus
(Banks, Rickert et al. 2006), Zika virus (Jin, Guo et al. 2018), and intracellular parasites such
as Plasmodium chabaudi and P. berghei (Krucken, Braun et al. 2005, Randall and Engwerda
2010) and Leishmania donovani and L. major (Xu, Liu et al. 2007, Stanley, de Labastida Rivera
et al. 2011), and, last but not least T. gondii (Behnke, Sorg et al. 2017).

It has also been shown that other core members of the TNF/TNFR superfamily, namely LTaq,
TNF, and TNFRI, but not TNFRII are vital for host defence against the intracellular parasite
T. gondii (Deckert-Schluter, Bluethmann et al. 1998, Schluter, Kwok et al. 2003, Hunter and
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Sibley 2012). TNF and LTa are crucial for controlling T. gondii in the central nervous system,
since mice deficient for LTa and TNF failed to control intracerebral parasites and succumbed

to acute necrotizing toxoplasma encephalitis (Schluter, Kwok et al. 2003).

Behnke et al. show that LTBR mediated signaling is crucial for the overall survival in T. gondii
infection: Lung and liver tissue of T. gondii infected LTBR™ mice exhibit a marked exacerbation
of organ pathology and increased numbers of cysts (Behnke, Sorg et al. 2017). Furthermore,
a dysregulated expression profile of several cytokines known to be involved in activation of
innate immune responses was observed in the serum of T. gondii infected LTBR”’ mice. The
authors claim that the inability to induce appropriate early IFNy responses as well as an
inadequate upregulation of MGBPs causes the high mortality of T. gondii infected LTBR” mice
(Behnke, Sorg et al. 2017).

However, the pathophysiology responsible for the increased susceptibility of LTBR” mice in
T. gondii infection remains elusive. Further investigations are required to identify the molecular
mechanisms and to aid in developing much needed new treatment and prevention options for

human toxoplasmosis.

1.4 Clinical relevance of LTBR signaling

The LTBR network plays an important role in autoimmune diseases as multiple studies
demonstrated its role in the pathogenesis of experimental autoimmune diseases (Gommerman
and Browning 2003). Pharmacological inhibition of the LT pathway is shown to effectively
reduce clinical severity in murine models of autoimmune diseases including experimental
autoimmune encephalomyelitis (EAE) (Gommerman, Giza et al. 2003, Columba-Cabezas,
Griguoli et al. 2006), collagen-induced arthritis (CIA) (Fava, Notidis et al. 2003), type | diabetes
(Ettinger, Munson et al. 2001, Wu, Salomon et al. 2001), Uveitis (Shao, Fu et al. 2003),
Sjogren’s syndrome (Gatumu, Skarstein et al. 2009), colitis (Mackay, Browning et al. 1998)

and graft vs. host disease (Tamada, Tamura et al. 2002).

Various publications (Benedict, Banks et al. 2001, Banks, Rickert et al. 2005, Kutsch, Degrandi
et al. 2008, Schneider, Loewendorf et al. 2008, Li, Fu et al. 2015) highlight the interactions
between the LTBR and type | IFN pathways, and point towards a pathogenic role of these
pathways in the corresponding human diseases. Since a number of these diseases are
associated with continuous type | IFN production which may be modulated by LT mediated
signaling it will be important to further analyse inhibitors of the LT pathway as potential
therapeutic agents in future treatment strategies (Gommerman, Browning et al. 2014). It is well

known that IFNy is crucial in host protection against pathogens and that the LTBR is important
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for efficient initiation of host responses to a variety of pathogens, suggesting that an interaction
between the LTBR and IFNy, similar to LTBR and type | IFNs, might lead to new treatment
options for different diseases as well as infections like toxoplasmosis. However, an interaction

between the LTBR and the type Il IFN pathways has not been described so far.

Toxoplasmosis is one of the most common infectious diseases, more widespread than malaria
or tuberculosis, which is a serious global health problem (Flegr, Prandota et al. 2014). It affects
about one third of the entire human population and is a severe opportunistic infection in
immunocompromised patients. With the increasing number of immune-compromised patients,
reactivation of latent tissue cysts can be observed more frequently. This is particularly life-
threatening in organ transplant patients, as mortality ranges from 38% - 67% despite treatment
(Gajurel, Dhakal et al. 2015). Over 50 different health disorders and diseases have been
studied in the context of chronic toxoplasmosis e.g. schizophrenia (Torrey, Bartko et al. 2007,
Zhu 2009, Hinze-Selch, Daubener et al. 2010, Tedla, Shibre et al. 2011, Fuglewicz, Piotrowski
et al. 2017), Alzheimer’s disease (Rao, Sridhar et al. 2007, Kusbeci, Miman et al. 2011) and
central diabetes (Yamakawa, Yamashita et al. 1996, Oygur, Yilmaz et al. 1998, Nitta,
Suzumura et al. 2006). To date there is no vaccine available to prevent or a drug to cure human
toxoplasmosis. Anti-parasitic drugs for the treatment of toxoplasmosis are available, but taken
alone these are not powerful enough and have to be taken in combination with other drugs.
Dramatically, these supplemental drugs often have severe side effects such as myelotoxicity
that require discontinuation of the therapy. Most importantly, so far no drug is available to
eliminate quiescent tissue cysts (Djurkovic-Djakovic, Dupouy-Camet et al. 2019,

Konstantinovic, Guegan et al. 2019).

It is therefore desirable to identify potent novel therapeutical candidates that would ideally be
well-tolerated by pregnant women and newborns and could act on both tachyzoites and tissue
cysts (Konstantinovic, Guegan et al. 2019). Understanding the molecular mechanisms of LTBR
signaling could lead to a new understanding of the pathophysiology of toxoplasmosis and aid
in developing sorely needed new treatment and prevention options such as vaccination

strategies for human toxoplasmosis.
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2. Aim of the thesis

The LTBR is known to be critically involved in various immunological processes, encompassing
organogenesis and maintenance of secondary lymphoid organs, autoimmune diseases and
immune responses against diverse pathogens (Futterer, Mink et al. 1998, Hehlgans and
Pfeffer 2005, Gommerman, Browning et al. 2014, Fernandes, Dejardin et al. 2016, Behnke,
Sorg et al. 2017). LTBR signaling has been shown to be crucially involved in efficient immune
responses against T. gondii. Infected LTBR™ mice exhibited virtually absent up-regulation of
mGBPs, marked exacerbation of organ pathology, increased parasite load and deregulated
cytokine expression profiles. This, and the inability to induce appropriate IFNy responses such
as adequate upregulation of IFNy induced effector molecules that mediate essential functions
in host cell defence (e.g. mGBPs) demonstrate that the LTBR is essential for the overall
survival in T. gondii infection (Behnke, Sorg et al. 2017). However, a direct interaction between

LTBR mediated and IFNy signaling has not been identified so far.

Accordingly, the aim of this thesis was to further characterize and to survey innate and adaptive
immune responses of LTBR” mice during T. gondii infection in detail. Therefore, T. gondii
infection experiments of wildtype and LTBR” mice were performed in which cytokine
expression and expression of IFNy-induced effector molecules were extensively studied in
different tissues. Since little is known about splenic immune cell populations in infected LTBR™
mice, a comprehensive analysis of various cell populations as well as T cell functionality was
assessed. Parasite specific antibody responses were investigated. These results subsequently
led to the establishment of a passive immunization model. Finally, transcriptomics were
performed to unravel novel, so far unknown links between LTBR mediated and IFNy pathways

during T. gondii infection and to gain further insights in LTBR orchestrated immune programs.
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3.1 Lymphotoxin B receptor: A crucial role in innate and adaptive immune responses
against Toxoplasma gondii

(manuscript submitted)

3.2 Lymphotoxin B receptor deficiency leads to dysregulation of anti-parasitic effector
functions in Toxoplasma gondii infection

(manuscript to be submitted)

3.3 Indoleamine 2,3-Dioxygenase Activity During Acute Toxoplasmosis and the
Suppressed T cell Proliferation in Mice

(Frontiers in Cellular and Infection Microbiology, 2019, 9:184)

In addition, the following publication has arisen from the present thesis.

Origin and differentiation trajectories of fibroblastic reticular cells in the splenic white
pulp. Cheng HW, Onder L, Novkovic M, Soneson C, Lutge M, Pikor N, Scandella E, Robinson
MD, Miyazaki JI, Tersteegen A, Sorg U, Pfeffer K, Rilicke T, Hehlgans T, Ludewig B. “” Nat
Commun. 2019 Apr 15;10(1):1739. doi: 10.1038/s41467-019-09728-3. PMID: 30988302;
PMCID: PMC6465367.
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Abstract

LTBR mediated signaling plays an essential role in the initiation of immune responses to
intracellular pathogens. In mice, the LTBR is crucial for surviving acute toxoplasmosis,
however, up to now a functional analysis is lacking. Here, we demonstrate that the LTRR is a
key regulator required for the intricate balance of adaptive immune responses. T. gondii
infected LTBR” mice show globally altered IFNy regulation, reduced IFNy-controlled host
effector molecule expression, impaired T cell differentiation/functionality and an absent anti-
parasite specific IgG response resulting in a complete loss of immune control of T. gondii
parasites. Reconstitution of LTBR”- mice with toxoplasma immune serum significantly prolongs
the survival in T. gondii infection. Interestingly, analysis of RNAseq data revealed a
conceivable influence of T. gondii infection on the B cell response and isotype switching
showing an important novel role for LTBR signaling in B cell mediated immune responses to

control T. gondii.

Introduction

The LTBR, one of the core members of the tumor necrosis factor (TNF)/TNF receptor (TNFR)
superfamily, is known to play an essential role in the organogenesis of peripheral lymphoid
tissues and the maintenance of secondary peripheral organ structures but its function in
mediating innate immune responses to many pathogens is also well-documented™ 2 3. On the
one hand, LTBR deficient (LTBR”) mice lack lymph nodes and Peyer’s patches, and show
reduced NK- and DC cell numbers as well as impaired immunoglobulin (Ig) affinity maturation*
5. On the other hand, LTBR deficiency results in pronounced defects in the defence also against
Listeria monocytogenes, Mycobacterium tuberculosis’, cytomegalovirus®, LCMV’ and Zika
virus®. Since one third of the human population is infected with the obligate intracellular
protozoan Toxoplasma gondii (T. gondii), toxoplasmosis causes a global health and economic
burden®. Acute toxoplasmosis is usually inapparent or presents with mild flu-like symptoms;
however, T. gondii infection can lead to life-threatening infections in immunocompromised
individuals'® "', After immune suppression, reactivation of chronic toxoplasmosis is also a
serious medical complication. Primary infection of pregnant women can lead to congenital
toxoplasmosis or cause miscarriage/stillbirth'®. The early innate immune response to T. gondii
is triggered by recognition of T. gondii associated molecules (e.g. profilin) by leukocytes,
initiating cytokine production that consequently induces IFNy production. Various cell types
including NK cells', T cells'®, ILCs' and macrophages'® have been described to produce
IFNy, which is known to play a vital role in T. gondii infection'® '7:'8 Induction of cell-
autonomous effector mechanisms'® 2%, such as depletion of tryptophan?' and reactive nitrogen

production?? which suppress T. gondii replication, are important for restricting parasite growth.
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In addition, murine Guanylate-Binding Proteins (mGBPs) are known to be essential for
pathogen containment as shown for T. gondii?® 24 2%, Ljsteria monocytogenes?®, Mycobacterium
bovis BCG, Chlamydia muridarum?, Shigella flexneri?” and other intracellular pathogens.
Previous studies have shown that core members of the TNF/TNFR superfamily such as TNF
and its receptors, LTB and its receptor LTBR play an important part in the immune response to
T. gondi?® 2°, While it has been demonstrated that signaling via the LTBR is essential for the
up-regulation of mGBPs after T. gondii infection as well as for overall survival?®®, the
pathophysiology responsible for the increased susceptibility of LTBR” mice to T. gondii
infection is still elusive. Here, we demonstrate that LTBR deficiency results in dramatically
dysregulated IFNy responses, impaired expression of anti-parasite effector molecules, limited
T cell functionality and an abrogated T. gondii specific IgG response. We show that by transfer
of T. gondii immune serum survival of LTBR” mice can be prolonged underlining a pivotal role
for the humoral immune response in T. gondii infection. Furthermore, a transcriptomic based
host-pathogen prediction model suggests that T. gondii negatively regulates the B cell
response. These results lead to a new understanding of the LTBR mediated immunity and the
pathophysiology of toxoplasmosis and will hopefully aid in developing much needed new
treatment and prevention options such as passive vaccination strategies for human

toxoplasmosis.

Results
LTBR deficiency increases parasite burden and dysregulates cytokine expression.

LTBR’ mice were highly susceptible to T. gondii infection succumbing by day 14 compared to
wildtype C57BI/6 (WT) mice (Supplementary Fig. 1). Interestingly, uninfected LTBR” mice
showed increased spleen weight compared to WT mice, but during the course of infection,
spleen weight of WT but not LTBR” mice increased markedly (Supplementary Fig. 2b - c). This
increase was not due to higher splenocyte numbers but to inflammatory tissue swelling
(Supplementary Fig. 2a) since the cellularity of the spleens of LTBR” animals was higher
through day 7 post infection (p.i.) (Supplementary Fig. 2c). These observations suggested that
the enhanced mortality might be reflected in parasite numbers in T. gondii infected animals
during acute infection. We found the parasite burden significantly increased in lung, spleen
and muscle tissue of LTBR” mice on day 10 p.i. (Fig. 1a). The increased parasite burden in
different tissues of LTBR” mice points towards a failure of these mice to control parasite
proliferation in the acute stage of infection. Next, we asked which factors could be responsible
for this increased parasite burden and analyzed cytokine expression patterns in sera of

infected mice (Fig. 1b & ¢). On days 4 and 7, WT mice compared to LTBR” mice showed a
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marked and significant increase in IFNy levels which decreased again by day 10 p.i. whereas
LTBR™ animals showed delayed upregulation in IFNy levels (day 10 p.i.). Compared to WT
mice, LTBR’ mice also showed significantly increased levels of IFNB and MCP-1/CCL2 on day
10 p.i. (Fig. 1b). Interestingly, baseline levels of the pro-inflammatory cytokines IL-1p, IL-6 and
IL-27 (Fig. 1c) were increased in uninfected LTBR” mice compared to WT mice, suggesting a
different immune activation status of these animals. Similar to IFNy, there was a delayed but
subsequently overshooting increase of IL-10 in WT compared to LTBR” animals on day 10 p.i.
IL-1a, IL1-B, IL-6, and IL-23 did not seem to increase in WT animals during infection, but
significantly increased in LTBR” mice (IL-1a & IL-23: day 4 p.i.; IL-1B: day 7 and day 10 p.i.;
IL-6: day 4 - 10 p.i.). IL-27 levels rose only slightly in WT animals during infection whereas
LTBR™ animals showed a significant increase on days 4 and 10 p.i. IL-12p70 and IL-17A levels
did not increase post infection in either cohort. These results indicate a generally

dysregulated/activated immune status in LTBR animals, which seems to be exacerbated after

infection.
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Fig. 1 | LTBR" mice show increased parasite load and dysregulated cytokine expression. a, qRT-
PCR analysis of T. gondii DNA (assessing parasite load) in lung, spleen, muscle and brain tissue of
uninfected (d0) and T. gondii infected (ME49, 40 cysts ip.) WT and LTBR” mice (d0 - 7: n=12,
d10: n=14). Expression of b, interferons, TNFa, and MCP-1 and ¢, interleukins in the serum of
uninfected and T. gondii infected WT and LTBR" mice (dO - 7: n212, d10: n=18) analyzed via qRT-PCR.
Data shown represent four independent experiments; symbols represent individual animals, columns
represent mean values and error bars represent + SEM. Unpaired two-tailed Student's t-test was used
for statistical analysis. *P<0.05, **P<0.01 and ***P<0.001.
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LTBR deficiency leads to dysregulated expression of IFNy-regulated effector molecules.
The invasion of the lung during the acute phase of T. gondii infection (see Fig. 1a) led us to
determine mRNA expression levels of cytokines, interleukins and IFNy-regulated molecules.
Baseline expression levels of IFNy, LTa, LT and TNF were significantly increased in lungs of
LTBR™ animals (Fig. 2a), confirming the general dysregulated immune status described above.
IFNy levels were increased in both cohorts by day 4 p.i. although by day 10 decreased in WT
yet sustained in LTBR” mice. IFN-B, LTa and -3 mRNA expression did not increase in WT

animals during infection, but were significantly elevated at day 10 p.i. in LTBR” animals.
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Fig. 2| Decreased mRNA expression of IFNy-mediated effector molecules in lungs of LTBR™
mice. gRT-PCR analysis of a, interferons, lymphotoxins, TNFa and IL-4, b, murine Guanylate-Binding
Proteins (MGBPs) and ¢, host effector molecules (iNOS, IDO1, NOX2-gp91phox) as well as an IFNy
unregulated GTPase (GTPBP1) in lung tissue from uninfected (d0) and T. gondii infected (ME49,
40 cysts i.p.) WT and LTBR" mice (d0 - 7: n212, d10: n=14; exception: IL-4 n26, IL-12p40 n=4 and IFNy
n=3, d0 — 10 p.i.). Data shown represent four independent experiments; symbols represent individual
animals, columns represent mean values and error bars represent £+ SEM. Unpaired two-tailed Student's
t-test was used for statistical analysis. *P<0.05, **P<0.01 and ***P<0.001. d, Heat map of differentially
expressed mGBPs (“Wald“ test & adjusted p-value of 0.1) based on RNAseq analysis of lung tissue
from uninfected (d0) and T. gondii infected (d7 p.i.) WT and LTBR" mice (n=3).
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Interestingly, uninfected LTBR™ mice showed an increased baseline of TNF mRNA, that was
not increased during the course of infection, in contrast to WT mice, IL-4 expression was not
upregulated during infection in either cohort (Fig. 2a). IFNy-regulated effector molecules are
pivotal in T. gondii elimination®, and have important immune response functions, i.e.
modulating IFNy-induced GTPases. In particular, the roles of mGBPs?* 2 and effector
molecules, such as IDO, INOS and NOX2-gp91phox are well-documented®" 32 33, Therefore,
expression of IFNy-regulated effector molecules was assessed by qRT-PCR. As expected,
MRNA expression of all mMGBPs analyzed increased during the course of infection, but LTBR"
" mice showed significantly reduced expression in all cases (Fig. 2b) for most time points.
Again, baseline expression levels for some mGBPs (mGBP 1, 2, 3, 5, and 8) were slightly but
significantly increased in LTBR™ mice. Expression of the effector molecules iNOS, IDO1 and
NOX2-gp91phox (Fig. 2c) was significantly lower in LTBR” mice on day 10 p.i. Interestingly,
while increased baseline NOX2-gp91phox mRNA expression was detected in LTBR™ mice,
expression did not increase during T. gondii infection in contrast to WT animals which showed
a significant increase (Fig. 2c). As a control, no significant change in expression of the IFNy-
independent GTPase GTPBP1 could be detected in WT or LTBR” mice during infection (Fig.
2¢c)®. RNAseq analysis of lung tissue further confirmed reduced mGBP RNA expression (Fig.
2d). In addition, in vitro experiments using WT and LTBR” mouse embryonic fibroblasts
(MEFs) stimulated with IFNy showed comparable mGBP expression in both cell types
(Supplementary Fig. 3a) as well as similar recruitment of mGBP2 towards the T. gondii
parasitophorous vacuole (PV) (Supplementary Fig. 3b), suggesting that in the presence of
IFNy mGBPs can function normally in LTBR” MEFs.

LTBR deficiency leads to dysregulation of IFNy signaling. To further investigate altered
gene expression, we analyzed lung tissue by RNAseq (Fig. 3a). Transcriptomic data confirmed
differential expression of IFNy regulated genes in T. gondii infected LTBR™ mice (day 7 p.i.)
compared to WT mice. Likewise, gene set enrichment analysis (GSEA) of RNAseq data shows
an up-regulated response to interferons and interferon signaling in T. gondii infected (day 7
p.i.) WT mice (Supplementary Fig. 4). In order to investigate altered IFNy signaling in LTBR™"
mice immunoblot assays were performed to analyze protein expression of prototype genes
involved in IFNyR signaling as well as IFNy-regulated genes in lung tissue (Fig. 3b & c). The
level of STAT1, pSTAT1, pSTAT3, IRF-1, mGBP2, and mGBP7 increased in WT mice during
the course of infection. In contrast, LTBR” animals showed a significant delay in the
upregulation of these proteins. In WT animals, JAK1 and STAT3 expression increased until
day 7 p.i. but decreased by day 10 p.i. In contrast, in LTBR” mice, expression of these proteins
was higher in uninfected animals but did not increase early in infection. This confirms an altered
IFNY/IFNYR signaling axis occurs during infection. Surprisingly, the housekeeping genes [3-

actin and GAPDH showed increased protein expression during the course of T. gondii
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infection. However, expression levels were comparable between WT and LTBR” mice on the

individual days analyzed (Fig. 3b & c).
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Fig. 3| IFNy response in lungs of infected WT and LTBR” mice. a, Volcano plot showing RNAseq
data of lung tissue of infected WT mice correlated to infected LTBR- mice (d7 p.i.; n=3/group). Dashed
horizontal black line represents an adjusted p-value of 0.1. b, Immunoblot analysis of proteins involved
in or induced via the IFNy signaling pathway in lung tissue from uninfected (d0) and T. gondii infected
WT and LTBR” mice. ¢, Quantification of relative signal intensities of the immunoblot protein bands
shown in a using ImagedJ. Data shown in a & b are representative of three independent experiments.

LTBR deficiency does not influence the expansion of T. gondii specific T cells. gqRT-PCR
analysis also revealed significantly increased mRNA expression of T cell markers (CD4 and

CD8a) in lung tissue of uninfected (day 0) LTBR™ mice compared to WT mice as previously
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reported®. In contrast, on day 10 p.i. WT mice showed increased amounts of CD4 and CD8a
mRNA (Fig. 4a).

a b
luny spleen
s - R : Mungated EICD19* EICDS* MICDS:
d0 p.i d10 p.i ECD4+ [ENK1.1* Bl T.gondii specific CD8*
E E T gondii | ——"7 i
B - specific | (7 ) o9
o1 = co8' Y -/ ungated
Z =
WT| & @ 7
7III\I\IHHI\ 7I\II\II\IHH cD3'
tSNE1 SNE
% of all cells
. b d0p. d10p.7.
] = WT |LTBR"| WT |LTBR™
LNLIE R CD3% [32.21) 21.58 43.42| 47.19
MEER,,. ] CD4™ [18.69]13.66] 24.92] 33.83
LTBR 0l [ cps™ 111.76( 7.14 [15.36] 115
] = 7. gondil
] _ ] cpeatic cogt| 073 | 058 | 378 | 2.56
T T T TTTT TTTIT T T TTTT D19 159.03] 71.07) 2.26 | 35.39
tSNE1 tSNE1 NKLT [1.46[ 004 [1.21] 0.04
Cc
spleen
55105 CD3* T cells S activated T cells 355108 CD4*T cells
s 1.
L) 5 “
§ 4x10° s s o Ix10° . . g 310 g
A k Y L 5 5x108 A Fhkk Ay
[=5 A £ (=% X A
u r'vy 8x10* @ A
c 3x10° i i o . c  oxps] A% .
= A L] D i A .
2 o L . o 6x10* d © & 2
T 2x10° - 4 5 2 T 1.5x10° &
P A H A 4x10* N < A
i ol o g wao] [T |4
5 F [=]
g 1x10 P A o 2x10* 2 O 0.5x10° -
. o .
0 - o 0 -
o] 4 7 10 o] 4 7 10 0 4 7 10
CD8' T cells o« WT
2.5x10° 2.5x10*
- " do A LTBR*
& 2«00 i S 2ac
& ‘ . 28
£ 1.5x10° A s S & 1.5x10*
2 & = ¥ 1 ?%)E
?3 1x10° . @ & 52 00
8 4 rs % ©
o 5x10° A o |2 E} 5x10°
») * |8
0 0
0 4 7 10
[d.p.d]
d
R B cells e, p— NKT cells
% X _ X 5 X :-A-** e« WT
et
% 8x10° %‘i 2%10¢ z 8x10°1 o A LTBR..‘.
£ ex10° c 2 6x10°
@ » 2x10° v
o ax108 7 S 4x10°
@ + [S]
D 2x10° = 100 = 2x10°
s} X c
Z X
=z

[d.p.]

Fig. 4| Dysregulated immune cell numbers in LTBR” mice. a, qRT-PCR analysis of CD4 and CD8a
MRNA expression in lung tissue from uninfected (d0) and T. gondii infected (ME49, 40 cysts, i.p.) WT
and LTBR" mice (d0 — 7 p.i.: n28, d10: n=12). b, Representative tSNE plots from splenocytes of
uninfected (d0) and T. gondii infected (d10 p.i.) WT and LTBR” mice. Clustered populations were
identified using the indicated markers. ¢, Absolute cell numbers of CD3*, activated, CD4*, CD8",
T. gondii specific CD8* T cells, and d, B- , NK-, and NKT cells in spleens of uninfected (d0) and T. gondii
infected WT and LTBR” mice (d0 — 7 p.i.: n=12, d10 p.i.: n=6) determined via flow cytometry. Data
shown represent at least three independent experiments; symbols represent individual animals,
columns represent mean values and error bars represent + SEM. Unpaired two-tailed Student's t-test
was used for statistical analysis. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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Since splenomegaly is often observed in patients who die due to T. gondii infection®* and also
in infected WT mice (Supplementary Fig. 2a) we examined the different immune cell types in
the spleen. Since total splenocyte numbers differed significantly between WT and LTBR” mice
(Supplementary Fig. 2b) two different analysis approaches were performed. Splenocytes were
measured using flow cytometry and analyzed either via an unbiased analysis of the data using
tSNE (Fig. 4b) showing cell frequencies or manually via FlowJo (Fig. 4c & d) illustrating
absolute cell numbers in the spleen. Unbiased analysis revealed a marked reduction of B cells
(CD19%) in WT spleens on day 10 p.i., whereas no apparent change was observed in LTRR™
mice between day 0 and day 10 (Fig. 4b, orange cluster). This was confirmed in a more detailed
manual analysis, where LTBR” mice had significantly fewer reduced B cells on days 4 and
10 p.i. compared to WT mice (Fig. 4d). NK and NKT cells numbers were significantly higher in
uninfected WT animals and declined during the course of infection as has been described
previously® (Fig. 4c). As expected, both analyses confirmed the mentioned absence of NK
and NKT cells in LTBR™ mice® *¢ (Fig. 4b & c). The low numbers of NK and NKT cell numbers
did not change significantly in LTBR” mice during the infection. Since T cells are described to
be essential to control T. gondii infection®” %, we analyzed different T cell populations (Fig.
4d). LTBR™ mice showed comparable numbers for CD3* and CD4* T cells on days 0, 7 and
10 p.i. (Fig. 4d). Surprisingly, no differences between WT and LTBR” mice in absolute cell
numbers of CD8" T cells, activated T cells and especially T. gondii specific CD8* T cells could
be detected during T. gondii infection. This demonstrates that deficiency of the LTBR does not
impact the expansion of T cells, especially parasite specific T cells during the acute stage of

T. gondii infection.

Impaired T cell effector function in the absence of the LTBR. LTBR” mice are highly
susceptible to T. gondii infection but possess comparable CD8* and T. gondii specific CD8"*
T cell numbers in the spleen (Fig. 4d). We determined whether T cells are fully functional with
regard to their ability to produce IFNy and cytotoxic granules and to degranulate upon
stimulation. In order to address this question, splenocytes of infected mice (day 7 and 10 p.i.)
remained unstimulated or were restimulated ex vivo with toxoplasma lysate antigen (TLA)
before flow cytometry analysis (Fig. 5). After ex vivo TLA restimulation LTBR” mice compared
to WT mice showed reduced numbers of CD4" IFNy producing T cells (day 7 and 10 p.i.),
increased numbers of CD8" IFNy producing T cells (day 10 p.i.) and comparable numbers of
T. gondii specific IFNy producing T cells (Fig. 5a). While comparable CD8" T cell numbers
(Fig. 4d) and increased numbers of IFNy producing CD8* T cells (Fig. 5a) were detected in the
spleen of LTBR” mice, restimulated splenocytes also showed reduced frequencies of
granzyme B and perforin containing cytotoxic granules in CD8* T cells (day 7 p.i.) as well as
reduced frequencies of degranulating CD8* T cells (day 10 p.i.; supplementary Fig. 5a). Also,

after ex vivo TLA restimulation, slightly reduced frequencies of cytotoxic granule containing
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IFNy producing CD8* T cells could be determined in LTBR” mice on day 7 p.i. (Supplementary
Fig. 5b). Compared to WT mice, reduced frequencies of T. gondii specific T cells containing
granzyme B or perforin (day 7 p.i.), but comparable frequencies on day 10 p.i. could be
identified in spleens of LTBR” mice following ex vivo TLA restimulation (Fig. 5b). In addition,
LTBR™ mice showed significantly reduced frequencies of degranulating parasite specific
T cells on day 10 p.i. (Fig. 5b). Together, these results demonstrate that in LTBR” mice T cell

effector functionality is impaired after T. gondii infection in the CD4 well as CD8 T cell
compartments.
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Fig. 5| Reduced T cell functionality of LTBR” splenocytes. Intracellular staining of a, CD4*, CD8*
and T. gondii specific CD8* IFNy producing absolute T cells numbers and b, frequencies of cytotoxic
granule (granzyme B or perforin) containing and degranulating (CD107a) T. gondii specific CD8* T cells
of unstimulated and toxoplasma lysate antigen (TLA) ex vivo restimulated splenocytes from T. gondii
infected (d7 and 10 p.i.) WT and LTBR” mice (d7: n26, d10: n=10). Representative data of at least two
independent experiments; symbols represent individual animals, columns represent mean values and

error bars represent + SEM. Unpaired two-tailed Student's f-test was used for statistical analysis.
*P<0.05 and ****P<0.0001.

LTBR deficiency abrogates 7. gondii specific isotype class switching. RNAseq data of
lung tissue from uninfected (day 0) and T. gondii infected (day 7 p.i.) WT and LTBR” animals
was filtered for differentially expressed genes. Hierarchical clustering was performed,
illustrated in supplementary Fig. 6a as sample dendrogram plus trait heat map for identification
of possible outliers. All tested samples showed adequate clustering and could accordingly be
clustered into uninfected and infected WT and LTBR” mice. Gene expression data was

condensed into ten module eigengenes (MEO - ME9; supplementary Fig. 6b) and used to
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generate a host-pathogen network prediction model (Fig. 6a) displaying the relationship
between modules (ME) and experimental conditions. This model captures the influence of
T. gondii infection (Infection), LTBR genotype (Genotype), on host gene modules and total T.

gondii genes (represented by “X”) detected in each sample.
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Fig. 6|Abrogated parasite specific isotype class switching and reconstitution of mice with
T. gondii specific immune serum. a, Host-pathogen network prediction model generated on RNAseq
data of lung tissue of uninfected (d0) and T. gondii infected (ME49, 40 cysts; d7 p.i.) WT and LTBR"
mice (n=3/group). GmicR was used to detect relationships between module eigengenes (ME) and
experimental conditions. x represents total T. gondii gene expression data for each sample, infection
and genotype were included as variables. Red lines indicate inverse and black lines positive
relationships. Representative gene ontologies and hub genes reported by GmicR for each module are
shown in the summary table. b, T. gondii specific IgM and 1gG antibody response in serum of uninfected
(d0) and T. gondii infected (ME49, 40 cysts i.p.) WT and LTBR" mice (d4 and d7 p.i.: n=15, d10 p.i.:
n=20). Shown is a representative result of four independent experiments, bars represent mean values
+ SEM. ¢, Transfer of serum (red arrows; d-1, 3, 7 and 11 p.i.) from uninfected donor WT mice (control
serum) or from T. gondii infected donor WT mice (immune serum) into WT and LTBR acceptor mice.
On day 0, acceptor mice (n=6/group) were infected with T. gondii (ME49, 10 cysts, i.p.) and survival was
evaluated. IFNyR" mice (n=3) served as infection controls. Data shown in ¢ represent one experiment.
b & c, Unpaired two-tailed Student's t-test was used for statistical analysis. *P<0.05 and n.d.= not
detected.
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Inspection of this model showed that LTBR being assigned to ME6 is suppressed by the LTBR™
genotype, which fits with our experimental design. This model also predicts that high
expression of ME6 genes in the WT mice, suppresses ME4 (Top GO “B cell receptor signaling
pathway”), while enhancing ME3 (Top GO “lymphocyte differentiation”). This means that the
loss of the LTBR slightly increases ME4 levels (supplementary Fig. 6¢; Top GO “B cell receptor
signaling pathway”) containing genes for “immunoglobulin production” and “humoral immune
response mediated by circulating immunoglobulin” during T. gondii infection. Furthermore, the
network predicts that in LTBR™ mice T. gondii infection reduces ME3 levels (supplementary
fig. 6d; Top GO “lymphocyte differentiation”) containing genes for “B cell activation” and
“isotype switching” (Fig. 6a). Due to this highly surprising prediction, as well as increased B cell
frequencies in the spleen on day 10 p.i. (Fig. 4c), we then asked whether an altered B cell
mediated humoral immune response could be directly involved in the high mortality of LTBR™
mice after T. gondii infection. To analyze the role of antibodies as well as the capability of
B cells for isotype switching in the immune response to T. gondii infection, the presence of
immunoglobulin (Ig) M and IgG antibodies specific for T. gondii proteins was determined using
line blots coated with specific recombinant T. gondii tachyzoite and bradyzoite antigens
(ROP1c, GRA7, GRAS8, p30 and MAGH1). Surprisingly, LTBR” mice, as compared to WT mice,
showed a delayed and reduced T. gondii specific IgM and an abrogated T. gondii specific IgG
antibody response in serum during infection (day 4, 7, and 10 p.i.; Fig. 5b) that is in line with
the prediction of the host-pathogen network. Since it has been described that a T. gondii
specific IgG response is required for a reduction of the parasite burden®®, we treated LTBR™"
mice with immune serum (serum from T. gondii infected WT animals) and monitored the
survival after T. gondii infection (Fig. 5c). In fact, our experiment showed that reconstituted
LTBR’ mice treated with immune serum exhibit prolonged survival (up to day 14 p.i.) compared
to littermates that received control serum (from uninfected WT donor mice) which died by day
11 p.i. Furthermore, all reconstituted WT mice treated with immune serum (Fig. 5¢) survived
until day 21 p.i. compared to control animals (WT mice + control serum) where one animal
succumbed to T. gondii infection by day 21, demonstrating the relevance of a T. gondii specific
IgG antibody response. IFNyR” mice served as infection control and succumbed as expected

around day 8 p.i.*°.
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Discussion

The results obtained in this study have revealed a profoundly deficient immune response of
LTBR” mice to T. gondii. This deficiency is characterized by a dysregulated IFNy driven
antimicrobial response, an impaired effector T cell response and a virtually abrogated
immunoglobulin 1gG class switching. Furthermore, serum transfer from infected WT donor
mice showed a protective effect on survival. Importantly, T. gondii challenged LTBR” mice
revealed an unsuspected role for the humoral immune response in protection from

toxoplasmosis.

Our results support the idea that the LTBR pathway regulates the protective IFNy response to
T. gondii. In the absence of the LTBR-IFNy response the parasite burden increases
corresponding to a significant delay in IFNy and altered gene upregulation detected in the lung
after infection. By day 10 p.i. IFNy levels in WT animals are markedly decreased, most
probably reflecting control of parasite proliferation and transition to the chronic phase of
infection. In contrast, IFNy regulated expression of molecules important for cellular effector
functions, such as iINOS, IDO1 and NOX2-gp91phox, as well as the upregulation of mGBPs,
which are essential for an efficient immune response to T. gondii?* 2541

are significantly reduced in LTBR” mice. Although LTBR” mice showed comparable IFNy
levels to WT mice in lung tissue during the early phase of infection, IFNy signaling
(STAT1/pSTAT1, IRF-1) and target gene expression (MGBP) were significantly delayed. The
delayed IFNy response in LTBR™ mice is in line with the finding that LTBR™ mice lack NK cells
(Fig. 4)>“2. We interpret our data in light of the NK cell deficiency that the delayed IFNy
response in LTBR™ mice is caused in part by the absence of IFNy producing NK cells, which
are known to be an essential innate immune response to T. gondii**. Importantly, the reduced
number of IFNy producing CD4* T cells and functional CD8* cytotoxic lymphocytes (granzyme,
perforin) strongly implies that cytotoxic T cell mediated killing is severely impaired in LTBR™
animals. This further aggravates the LTBR insufficiency in host defense. Neither NK or T cells
express the LTBR indicating the effect is indirect perhaps mediated by chemokines and
adhesion proteins to attract and localize effector cells to the infected microenvironment. The
equivalent response of infected WT and LTBR” MEFs to IFNy argues that the LTBR deficiency
does not impair signaling and downstream effector mechanisms. Thus the production of IFNy
is the critical point of the LTBR mechanism of action. Together these results suggest that the
dysregulation of the early, IFNy dependent immune response pathway is responsible for the
increased susceptibility of LTBR” mice to T. gondii infection. These data establish the LTBR
signaling mediated immune control of intracellular pathogens depends on IFNy production.
Our results indicate a role for the LTBR in regulating the production of protective antibodies to

T. gondii. LTBR™ mice lack lymph nodes and have disorganized architecture in the spleen®.
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The loss of LTBR expression and signaling in antigen-presenting dendritic cells and chemokine
secretion by specialized stromal cells (follicular reticular cells) may hamper the ability to
coordinate the germinal center reaction** 4% required for immunoglobulin class switch and
affinity maturation*. Protective B cells appear to play a significant role in chronic rather than
the acute T. gondii infection in some models®” % 3946 The host-pathogen network prediction
model we generated from T. gondii infected mice indicates the loss of the LTBR inhibits B cell
responses including isotype switching in T. gondii infection. We validated the predictive ability
of the network model by demonstrating that T gondii infected LTBR” mice produced less IgM
compared to WT mice, and no detectable specific IgG. Since IgG producing B cells migrate
from the spleen into the bone marrow, it is conceivable that mature B cells cannot emigrate
from the spleen into the bone marrow due to missing class switch, which would explain the
less reduced B cell numbers in spleens of infected LTBR”- mice compared to WT mice (Fig. 4b
& d). LTBR™ mice express reduced amounts of IFNy which is known to stimulate the isotype
class switch to IgG2a*’. However, the absence of the ability to perform class switching may
not (only) be due to reduced IFNy production but also to the absence of the required
microenvironment, since LTBR” mice lack germinal centers in the spleen. Indeed, the fact that
the survival of LTBR” animals can be significantly prolonged by transfer of immune serum,
containing T. gondii specific antibodies emphasizes the importance of a B cell-mediated
immune response in the defense against T. gondii. Furthermore and unexpectedly, our host-
pathogen prediction network indicates that T. gondii infection suppresses B cell responses in
WT animals. This result points towards an unknown T. gondii strategy to evade the host
immune system. T. gondii specific suppression of B cell responses, may allow dissemination

and cyst formation the brain or muscle tissue to establish chronic infection®.

To summarize, we show that the loss of LTBR signaling results in a depressed IFNy response,
impaired T cell functionality and the failure to induce parasite protective IgG antibodies leading
to an increase in parasite burden and fatal T. gondii infection. Accordingly, we conclude that
both intact T and B cell responses are essential for parasite clearance and survival. Thus, a
deficiency in LTBR controlled pathways leads to a form of severe combined immune deficiency.
Further understanding of this complex interplay between LTBR and IFNy will provide new
insights into the pathogenesis of T. gondii and provide novel therapeutics and vaccine

strategies.
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Methods

Mice. LTBR’ mice were previously described* and are backcrossed for at least 10 generations
onto a C57BL/6 background. Wild-type (WT) littermates were used as controls. Mice were kept
under specific pathogen-free conditions (SPF) in the animal facility at the Heinrich Heine
University Dusseldorf and were 8-16 weeks old for experiments. Cysts of the ME49 strain
(substrain 2017) of T. gondii were collected from the brain tissue of chronically infected CD1
mice. All animal experiments were conducted in strict accordance with the German Animal
Welfare Act. The protocols were approved by the local authorities (Permit# 84-
02.04.2013.A495, 81-02.04.2018.A406 and 81-02.05.40.18.082). All applicable international,

national, and institutional guidelines for the care and use of animals were followed.

Toxoplasma gondii infection experiments. Mice were intraperitoneally infected with 40
cysts (ME49 strain) and weighed and scored daily for the duration of the experiments. Mice
were euthanized on days 4, 7 and 10 post infection (d.p.i), uninfected mice served as controls.
After euthanasia (100 mg/kg Ketamin, 10 mg/kg Xylazin, Vétoquinol GmbH) blood was taken

from the Vena cava inferior and spleen, lung and muscle tissue was harvested for analysis.

Detection of parasite load. Total DNA was isolated from tissues using a DNA isolation kit
(Genekam) according to the manufacturer’s protocol. qRT-PCR was performed on a Bio-
Rad CFX-96 Touch-Real-Time Detection System. TgB1 primers and probe (Metabion) were
used to amplify a defined section of the 35-fold repetitive B1 gene from T. gondii and are listed
in Supplementary Table 1. The T. gondii standard curve was used to determine B1

amplification for calculation of parasite load.

Cytokine measurement. Cytokines MCP-1, IFNy, IFNB, IL-1a, IL-1, IL-6, IL-10, IL12p70, IL-
17A, IL-23, IL-27, and TNF were measured using the LEGENDplex™ Mouse Inflammation

Panel (BioLegend®) according to the manufacturer’s protocol.

Real-time gRT-PCR. Total RNA was isolated from tissues using the TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. cDNA was reversely transcribed using
M-MLYV reverse transcriptase (Invitrogen). gqRT-PCR was performed on the Bio-Rad CFX-96
Touch-Real-Time Detection System. Primer sequences and corresponding probes (Metabion,
Roche & TipMoIBIOL) are listed in Supplementary Table 1. Results are expressed relative to

expression in untreated WT mice normalized to B-actin (2"24CT).

RNAseq analysis. Lung tissue of uninfected (d0) und T. gondii infected (ME49 strain, 40 cysts,
i.p.) WT and LTBR” mice was obtained and RNA sequencing was performed on a HiSeq3000
device. Mouse and T. gondii transcripts were quantified from fastq files using Salmon with

default settings and GCbias compensation. For transcriptome models, Mus musculus
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GRCm38 cDNA (ensembl.org, release-97) and TgondiME49 Annotated Transcripts
(toxodb.org, ToxoDB-45) were used. Mouse transcripts from pseudogenes or with retained
introns were excluded prior to conversion to gene counts by the DESeq2 package. Non-protein
encoding T. gondii transcripts were excluded prior to conversion to gene counts. DEseq2 was
used to test for Genotype-specific responsiveness to infection with the following model:
~ Genotype * Infection. To calculate WT-specific responsiveness, we used the following model:
~ Genotype + Genotype: Infection. For significance the Wald test with an adjusted p-value of

0.1 was used.

Host-pathogen network generation. Previously developed analytic tools for ‘omics datasets
were used to generate the host-pathogen network as described*. Prior to network generation,
the VST-normalized data were filtered for genes that showed significant differential expression
for at least one contrast. This produced an expression matrix for 10,748 genes. The GmicR
package was then used for module detection, using a minimum module size of 30,
mergeCutHeight of 0.3, and Rsquared cut of 0.80. To detect relationships between modules
and infection, VST-normalized data T. gondii expression levels for each sample were
aggregated by sum and then this numeric data was merged to module eigengenes using the
Data_Prep function of GmicR [Supplementary Figure 6]. Genotype and infection conditions
were merged with the discretized data. A white list indicating the parent to child relationship
from “Genotype” to “MEB” corresponding to the module containing LTBR was included in the
Bayesian network learning process. A final network was generated using the bn_tabu_gen
function with 500 bootstrap replicates, “bds” score, and iss set to 1. Inverse relationships
between nodes were detected using the InverseARCs function from GmicR with default

settings.

Immunoblot analysis and antibodies. Tissues were homogenized in PBS containing
cOmplete™ Protease Inhibitor Cocktail (Roche) using the Precellys® homogenizer (Bertin).
Protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo
Scientific™) according to the manufacturer’s protocol. Samples [10 ug/lane] were separated
by 4-12% SDS-PAGE, followed by electrophoretic transfer to nitrocellulose membranes before
blocking and incubation with primary antibodies listed in Supplementary Table 2. HRP-labeled
anti-rabbit or anti-mouse antibodies (Cell Signaling Technologies) were used as secondary

antibodies. Relative signal intensity of protein bands was quantified using Imaged (NIH).

tSNE. The cloud-based platform Cytobank®® (Mountain View) was used for visualization of
flow cytometry data. 60,000 events per sample were analyzed (parameters: iterations 2,400,

perplexity 80, Theta 0.5) before overlaid dot plots were generated.
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Flow cytometry. Single-cell suspended splenocytes were stained with the Fixable Viability
Dye eFluor® 780 (eBioscience™). Surface staining with antibodies specific for CD3e (145-
2c11), CD4 (RM4-5), CD8a (53-6.7), CD19 (6D5), CD25 (3C7), and NK1.1 (PK136) all
purchased from BioLegend (expect for CD4 purchased from BD Bioscience), was performed.
For intracellular staining splenocytes were incubated for 20 h with toxoplasma lysate antigen
(TLA, 15 ug/ml) before adding brefeldin A (eBioscience™) for an additional 4 hours. After
surface staining with anti-CD4 (RM4-5), anti-CD8a (53-6.7), anti-CD107a (1D4B), and anti-
TCRb (H57-597) cells were fixed, permeabilized and stained with anti-IFNy (XMG1.2), anti-
granzyme B (QA16A02), and anti-perforin (S16009A) (all purchased from BioLegend) using
Fix & Perm® Cell Permeabilization Kit (Life Technologies) according to the manufacturer’s
protocol. Major histocompatibility complex class | - SVLAFRRL pentamer was purchased from
Prolmmune and used in experiments as indicated. BD Calibrate beads (BD Bioscience) were

added to the samples before acquisition with a BD LSRFortessa.

Detection of T. gondii specific antibodies. RecomLine Toxoplasma IgG/IgM kit (Mikrogen
Diagnostik) was used to detect IgM and IgG antibodies against T. gondii in serum. Anti-human
IgM and IgG conjugates provided within the kit were replaced with anti-mouse IgM-HRP-
labeled (Invitrogen) and anti-mouse IgG-HRP-labeled (Invitrogen) conjugates. Otherwise, the

assay was performed according to the manufacturer’s protocol.

Serum transfer. Serum from naive donor mice (control serum) or WT mice infected with
20 cysts of the ME49 strain of T. gondii (immune serum) was collected. Acceptor WT and
LTBR’ mice were reconstituted intraperitoneally with 0.2 ml serum one day prior to infection
(d-1) as well as on days 3, 7 and 11 p.i. Acceptor (WT and LTBR’ mice) as well as IFNy”
control mice were intraperitoneally infected with 10 cysts (ME49 strain) and weighed and
scored daily for the duration of the experiment. T. gondii specific antibodies were detected via
Line Blots to confirm the presence and assess the amount of T. gondii specific antibodies in

control and immune serum.

Statistical analysis. Data were analyzed with Prism (Version8, GraphPad) using two-tailed
Student’s f-test. Symbols represent individual animals, bars show mean values + SEM.
P values of <0.05 were considered statistically significant and marked with asterisks. P values

of 20.05 were considered statistically not significant and were not specifically marked.

Life Science Reporting Summary. Further information on experimental design and reagents

is available in the Life Sciences Reporting Summary.

Data availability. The data that support the findings of this study are available from the

corresponding author.
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Supplementary Figure 1 | Increased susceptibility to T. gondii. Survival of T. gondii infected (ME49,
40 cysts, ip.) WT; (n=15) and LTBR" (n=13) mice. Data shown represent three independent
experiments. Unpaired two-tailed Student's t-test was used for statistical analysis. ****P<0.0001.
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Supplementary Figure 2| Decreased spleen weight but increased splenocyte numbers. a,
Depiction of representative spleens from uninfected (d0) and T. gondii infected (ME49, 40 cysts, i.p.)
WT and LTBR" mice (d0 — 7 p.i.: n=9, d10 p.i.:.n29). Ruler indicated for scale [cm]. b, Spleen weight and
c, absolute splenocyte numbers from uninfected (d0) and T. gondii infected WT and LTBR” mice (d0 —
7 p.i.. n=15, d10 p.i.: n=19). Data shown in b and ¢ represent four independent experiments; symbols
represent individual animals, columns represent mean values and error bars represent + SEM. Unpaired
two-tailed Student's t-test was used for statistical analysis. *P<0.05, **P<0.01, ***P<0.001 and
****P<0.0001.
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Supplementary Figure 3| mGBP upregulation and recruitment. a, qRT-PCR analysis of mGBP
mRNAs expression of uninfected WT and LTRR- MEFs stimulated with IFNy (7.5 ng/ml) for 8h (all n=3,
except for mGBP1 where n=2). Each symbol represents an individual techniqual replicate; columns
represent mean values and error bars represent + SEM. b, Representative immunofluorescence
analysis of T. gondii tachyzoite (MOI 1:40) infected WT and LTBR"- MEFs. Cells were prestimulated with
IFNy [7.5 ng/ml] for 16h before infected with T. gondii tachyzoites for 2h. T. gondii surface antigen SAG1
was visualized using a Cy3-conjugated and mGBP2 using an Alexa Fluor 633-conjugated secondary
antibody for detection of mGBP2 recruitment towards the T. gondii PV. Cell nuclei were stained using
DAPI. Data shown in a & b represent at least two independent experiments.
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Supplementary Figure 4| GSEA. a, GSEA generated from RNAseq data from lung tissue of T. gondii
infected (ME49, 40 cysts; d7 p.i.) WT mice correlated to infected LTBR” mice (n=3/group). GO
(Biological Process) molecular signatures were obtained using the msigdr package in R. Gene-level
differential expression statistics from infected (d7 p.i.) WT mice were tested for geneset enrichment

using the fgsea package, with an adjusted p-value of 0.1.
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Supplementary Figure 5| T cell differentiation and degranulation. Intracellular staining of a,
cytotoxic granule (granzyme B or perforin) containing and degranulating (CD107a) CD8* T cells as well
as b, IFNy* T cells of unstimulated and toxoplasma lysate antigen (TLA) ex vivo restimulated
splenocytes from T. gondii infected (d7 and d10 p.i.) WT and LTBR" mice (d7: n26, d10: n=10). Data
shown represent at least two independent experiments; symbols represent individual animals, columns
represent mean values and error bars represent £ SEM. Unpaired two-tailed Student’s t-test was used
for statistical analysis. *P<0.05, **P<0.01 and ***P<0.001.
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Supplementary Figure 6| Samples, modules and bayesian interference of key relationships from
RNAseq analysis. a, Sample dendrogram (hierarchical clustering) and trait heatmap of RNAseq data
from lung tissue of uninfected (d0) and T. gondii infected (ME49, 40 cysts; d7 p.i.) WT and LTBR"- mice
(n=3). Expression data was filtered for differentially expressed genes (all conditions ~10,000 genes).
Hierarchical clustering is illustrated as sample dendrogram including a trait heat map (red and yellow
bars) for sample classification. For infection, the yellow bar shows clustering of uninfected (d0) and the
red bar shows clustering of infected (d7 p.i.) animals. For genotype, yellow bars show clustering of WT
and the red bar shows clustering of LTBR- animals. b, For module detection GmicR package in R was
used, using a minimum module size of 30, mergeCutHeight of 0.3, and Rsquared cut of 0.80. Gene
expression data was condensed into ten module eigengenes (ME0-9) before being used for generation
of a host-pathogen network. ¢, The probability of ME4 levels during infection for WT and LTBR"- mice is
shown. ME4 shows a slight increase to the probability of being in a high expression level (represented
as “H”) in LTBR" mice. d, The probability of ME3 levels during infection for WT and KO mice is shown.
MES3 shows reduced probability of being in a high expression level (represented as “H”) in LTBR"- mice.
Bayesian inference of the GmicR network was carried out using the bnlearn and gRain packages.
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Supplementary Table 1: List of probes and primer sequences for amplification in qRT-PCR.

46

Gene Probe [FAM] Sequence [5° -> 3’]
mGBP1 41 fwd CAGACTCCTGGAAAGGGACTC
rev CTTGGACCTGGAACATTCACTGAC
mGBP2 17 fwd TGAGTACCTGGAACATTCACTGAC
rev AGTCGCGGCTCATTAAAGC
mGBP3 21 fwd GGCTGAGGACTGTCCCTGT
rev CATGGTCCACTCGGAAGC
mGBP5 48 fwd TCACTGAAGCTGAAGCAAGG
rev GCGTCAAAAACAAAGCATTTC
mGBP6/10 6TM* fwd ATATTTCAACATTTTTTGTTCCTTGT
rev GAAATGGGAGAAAAAATAAATGAAGC
mGBP7 93 fwd GCAGAGAATCCGGTGCAG
rev TTTCCACTAGGCACACAGGA
mGBP8 8TM* fwd AAGAAGCTGAAGGAACAAAAGGC
rev GAAATGGGAGAAAAAATAAATGAAGC
mGBP9 9TM* fwd TTCCAAAACTTTCTCCAGTCACAGTA
rev GGCACGCTCCTCTGCAA
GTPBP1 75 fwd GGTGCAGAGCAAAGATGATG
rev ATCTGGAATATCGGGCACAT
IFNy 63 fwd ATCTGGAGGAACTGGCAAAA
rev TTCAAGACTTCAAAGAGTCTGAGGTA
IFNB 95 fwd CAGGCAACCTTTAAGCATCAG
rev CCTTTGACCTTTCAAATGCAG
IL-12p40 27 fwd GATTCAGACTCCAGGGGACA
rev TGGTTAGCTTCTGAGGACACATC
iNOS 13 fwd CTTTGCCACGGACGAGAC
rev TGTACTCTGAGGGCTGACACA
IL-4 2 fwd CATCGGCATTTTGAACGAG
rev CGAGCTCACTCTCTGTGGTG
LTa 62 fwd TCCCTCAGAAGCACTTGACC
rev GAGTTCTGCTTGCTGGGGTA
LTB 76 fwd CCTGGTGACCCTGTTGTTG
rev TGCTCCTGAGCCAATGATCT
TNFa 49 fwd TCTTCTCATTCCTGCTTGTGG
rev GGTCTGGGCCATAGAACTGA
NOX2 20 fwd TGCCAACTTCCTCAGCTACA
rev GTGCACAGCAAAGTGATTGG
IDO1 2 fwd GGGCTTCTTCCTCGTCTCTC
rev TGGATACAGTGGGGATTGCT
CD3 108 fwd TCCCAACCCAGACTATGAGC
rev GCGATGTCTCTCCTATCTGTCA
CD4 99 fwd AAAGAACTGGTTCGGCATGA
rev CGCTGACTCTCCCTCACTCT
CD8a 92 fwd TGCTGTCCTTGATCATCACTCT
rev ACTAGCGGCCTGGGACAT
B-actin 106 fwd TGACAGGATGCAGAAGGAGA
rev CGCTCAGGAGGAGCAATG
TgB1 TgB1* fwd GCTAAAGGCGTCATTGCTGTT
rev GGCGGAACCAACGGAAAT

Primer (Metabion); numbered probes (Universal Probelibrary, Roche,);TM
(TipMoIBIOL); TgB1 probe (Metabion):

6TM [5’ ->3’]: FAM-AGT CAT GTT CAA TCT TCT CCC TCT TGT CC-BHQ1
8TM [5’ ->3’]: FAM-TGT TTC AGT TGC TGT ATC TCT CCG TCC A-BHQ1
9TM [5’ ->3’]: FAM-CCA GCA GTG AGG GCT CTA TCT GCC T-TMR
TgB1 [5->3’]: FAM-ATC GCA ACG GAG TTC TTC CCA GAC GT-BHQ1

probes
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Supplementary Table 2: List of primary antibodies used in immunoblot analyses.

Primary antibodies

Host species

Supplier

anti-Jak1 (D1T6W)

anti-STAT1

anti-p-STAT (Tyr701)

anti-IRF-1 (D5E4) XP®

anti-STAT3 (79D7)

anti-p-STAT3 (Tyr705) (D3A7) XP®
anti-mGBP2

anti-mGBP7

anti-B-Actin (8H10D10)

anti-GAPDH (14C10)

mouse

rabbit

rabbit

rabbit

rabbit

rabbit

rabbit

rabbit

mouse

rabbit

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Eurogentec

Eurogentec

Cell Signaling Technology

Cell Signaling Technology
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Abstract

LTBR mediated signaling is critically involved in the early immune response to intracellular
pathogens such as T. gondii. In mice, LTBR signaling is essential to survive toxoplasmosis;
however, the mechanisms responsible for the fatal loss of immunity in the absence of the LTBR
are still not fully understood. Here, we provide evidence that LTBR deficiency dysregulates the
immune responses in multiple organs including spleen, lung and brain tissue. LTBR” mice
show altered numbers of immune cell populations in the spleen, increased IFNy production in
serum and fewer parasites in the brain. LTBR deficiency did not affect IFNy protein expression
in lung and brain tissue, but altered global gene expression in lung tissue and clearly affected
IFNy mediated gene as well as protein expression in lung and brain tissue. We also established
the baseline parameters for an immune serum transfer model showing that transfer of T. gondii
specific antibodies can rescue LTBR™ mice after infection, demonstrating the importance of a
function humoral immune response for the defence against T. gondii. These results provide
new insights into the role of the LTBR in T. gondii infection and could provide valuable
information for further studies exploring new therapeutic strategies, especially urgently needed

vaccines.
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Introduction

Toxoplasma gondii (T. gondii) is an obligate intracellular protozoan parasite that infects about
one-third of the human population, causing a global health problem’. T. gondii can infect all
nucleated cells of warm-blooded animals including humans which results in the disease
toxoplasmosis?. During the acute phase of infection, T. gondii undergoes a fast lytic cycle
where infectious tachyzoites replicate within infected cells and spread into various tissues via
the blood and lymph3. Under pressure of the host immune response, tachyzoites convert to
metabolically less active bradyzoites that reside in tissue cysts, primarily in the brain and
muscle tissue, where they are able to evade the host immune system and establish chronic
toxoplasmosis*. Acute toxoplasmosis usually causes no or mild flu-like symptoms, but can lead
to life-threatening infections in immunocompromised individuals. In these patients, reactivation
of chronic toxoplasmosis is also a potentially lethal medical complication. Primary infection of
pregnant women can lead to congenital toxoplasmosis or cause miscarriage/stillbirth?, as
tachyzoites are able to pass through the placental barrier. The early, innate immune response
to T. gondii is characterized by recognition of T. gondii associated molecules by immune cells,
triggering cytokine production that in turn induces IFNy production. IFNy is typically produced
by natural killer (NK) cells® and T cells® 7. Whether other cell populations are also capable of
producing interferon gamma has not yet been fully clarified as the available data is unclear.
However, studies on the single cell level demonstrated that also dendritic cells (DCs)2,
monocytes®, and macrophages'® can produce IFNy, which is known to play a vital role in
T. gondii infection™: 1213 Induction of anti-parasite effector molecules' ', such as production
of indoleamine 2,3-Dioxygenase 1 (IDO)'® " and inducible nitric oxide synthase (iNOS)'® '° as
well as generation of reactive oxygen species (ROS)?* 2! which suppress T. gondii replication??
2,24 are important for restriction of parasite growth. In addition, murine guanylate-binding
proteins (mGBPs) are known to be critical for controlling pathogens, as shown for Listeria
monocytogenes?®, Mycobacterium bovis BCG, Chlamydia muridarum?® and Shigella flexneri?’.
Studies show that core members of the tumor necrosis factor (TNF)/TNF receptor (TNFR)
superfamily such as TNF and its receptors, lymphotoxin (LT) B and its receptor LTBR are
crucial players in the immune response to T. gondii?® 23 1t is well documented that the LTRR
plays an essential role in the organogenesis of peripheral lymphoid tissue, the maintenance of
secondary peripheral organ structures as well as in innate immune responses to many
pathogens3? 33 34 LTBR deficiency (LTBR™) results in a lack of lymph nodes and Peyer’s
patches, reduced NK- and DC cell numbers as well as impaired immunoglobulin (Ig) affinity
maturation® %, Furthermore, LTBR” mice show conspicuous defects in the defence against
Listeria monocytogenes, Mycobacterium tuberculosis®?, cytomegalovirus®, Zika virus®®, and,
T. gondii?®. It has been shown that LTBR deficiency results in dramatically dysregulated IFNy

responses, impaired anti-parasite effector molecule expression and limited T cell functionality.
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An abrogated T. gondii specific IgG response has been reported, highlighting the pivotal role
of the LTBR also in the humoral immune response in T. gondii infection®. However, the
pathophysiology causing the increased susceptibility of LTBR™ mice to T. gondii infection is
still not completely understood. Here, we demonstrate that LTBR deficiency dysregulates the
numbers of immune cell populations in the spleen, increases IFNy production in the serum and
leads to a decrease of the parasite burden in the brain. It does not affect IFNy protein
expression in lung and brain tissue, but alters global gene expression in lung tissue and clearly
affects IFNy mediated gene as well as protein expression in lung and brain tissue. In addition,
we provide initial data for developing an immune transfer model to assess the part that LTBR
signaling plays in the humoral immune response to T. gondii. These results highlight the
complex role of the LTBR in T. gondii infection and identify multiple starting points for further
research that is necessary to gain new insights into the pathophysiology of toxoplasmosis and
aid in developing much needed new treatment and prevention options, e.g. vaccination

strategies, for human toxoplasmosis.

Results

LTBR deficiency dysregulates immune cell populations in the spleen. Initially,
susceptibility of LTBR” mice to T. gondii infection was confirmed, the results showed that all
mice succumbed to infection by day 14%. Interestingly, uninfected LTBR” mice showed
increased spleen size compared to wildtype (WT) mice. During the course of infection, the
spleen size of WT mice increases dramatically whereas those of LTBR” mice increases to a
lesser extent®. This increase in WT animals is not only due to higher splenocyte numbers but
also to inflammatory tissue swelling since splenocyte numbers in LTBR”- animals are actually
higher through day 7 post infection®®. Since splenomegaly is also often present in patients who
die due to T. gondii infection*?, splenocytes of uninfected (d0) and T. gondii infected (d4 —d10

p.i.) WT and LTBR™ mice were analyzed via flow cytometry to determine their lineage (Fig. 1).

As total splenocyte numbers differed significantly between WT and LTBR”- mice® absolute cell
numbers were calculated (Fig. 1). Here, comparable absolute cell numbers of total DCs
(CD11c*MHCII"), macrophages [total (MHCII™CD11b*), resident (F4/80*Ly6C’) and
inflammatory (F4/80*Ly6C")], eosinophils (Ly6C™SSCM9"), neutrophils (Ly6C"F4/80-CD11b*)
and inflammatory monocytes (Ly6C*F4/80*CD11b*) were detected in uninfected WT and
LTBR™ mice. In contrast, infected LTBR” mice exhibited significantly reduced numbers of
these cell populations, with the exception of resident and inflammatory macrophages, on day
10 post infection. Furthermore, LTBR” mice showed reduced numbers of DCs on day 4 post
infection as well as significantly reduced numbers of classical (c) DCs (CD11c""MHCII*) and
plasmacytoid (p) DCs (BST2*CD11b-CD11c™) on all days analyzed. Even though WT and
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LTBR” mice possess comparable numbers of macrophages, the number of tissue resident
macrophages was significantly increased in LTBR” mice on day 4 post infection. While WT
animals showed increased numbers of eosinophils and neutrophils on day 10 post infection,

their numbers did not increase in LTBR”" mice during infection.
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Fig. 1 | Dysregulated immune cell numbers in spleens of LTBR” mice. Absolute cell numbers of
DCs (CD11c*MHCIIa"), cDCs (CD11cMshMHCII*), pDCs (BST2*CD11b-CD11c™"), macrophages
(MHCIIMCD11b*), resident (F4/80*Ly6C-) and inflammatory (F4/80*Ly6C*) macrophages, eosinophils
(Ly6CintSSChigh), neutrophils (Ly6CintF4/80-CD11b*) and inflammatory monocytes
(Ly6C*F4/80*CD11b*) in spleens of uninfected (d0) and T. gondii infected WT and LTBR" mice (d0 —
10 p.i.: n29) determined via flow cytometry. Data shown in b are from at least three independent
experiments; symbols represent individual animals, bars show mean values + SEM. Unpaired two-tailed
Student's t-test was used for statistical analysis. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.

Unbiased, multidimensional tSNE clustering analysis of representative uninfected (d0) and
T. gondii infected (d7 p.i.) WT und LTBR” mice was performed (Fig. 2). Here, comparable
frequencies of CD11¢c*MHCII?" (all DCs) and BST1*CD11b"CD11c™ (pDCs) cells (Fig. 2a) as
well as similar frequencies of MHCIIMCD11b* (macrophages) and Ly6C"F4/80°C11b*
(neutrophils) cells (Fig. 2b) were detected in uninfected and infected WT and LTRR™ mice.
Furthermore, tSNE analysis showed slightly reduced frequencies of CD11c"9"MHCII* (cDCs)
cells in infected and uninfected LTBR” mice (Fig. 2a) as well as reduced frequencies of
Ly6CMSSCM9" (eosinophils) cells (d7 p.i.; Fig. 2b) compared to WT mice.
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Fig. 2|tSNE analysis of splenocytes. a and b, Representative tSNE plots from splenocytes of
uninfected (d0) and T. gondii infected (d7 p.i.) WT and LTBR"- mice (n29). tSNE analysis was performed
on pregated non T and non B cells and clustered populations were identified using the indicated
markers. Uncolored schemes of clusters are included for identification of cell populations. Data shown
represent one of at least three independent experiments.

Due to the observation that LTBR deficiency influences various immune cell populations in
T. gondii infected mice T cell subsets were further analyzed for memory, naive and effector
CD4* (Fig. 3a) and CD8" (Fig. 3b) T cells. To this end, splenocytes of infected mice (d7 and
d10 p.i.) remained unstimulated or were restimulated ex vivo with toxoplasma lysate antigen
(TLA) before analysis using flow cytometry. LTBR” mice compared to WT mice showed
increased numbers of memory and naive CD4" T cells on day 10 post infection under

unstimulated conditions and increased naive CD4" T cells following TLA restimulation.
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Fig. 3|Altered T cell subsets in spleens of LTBR” mice. Intracellular staining of T cells of
unstimulated and toxoplasma lysate antigen (TLA) restimulated splenocytes of T. gondii infected (d7
and 10 p.i.. n25) WT and LTBR" mice. a, Absolute cell numbers of memory and naive CD4* T cells as
well as IL2*, IL4* and TNFa* CD4* T cells. b, Absolute cell numbers of memory and naive CD8* T cells
as well as IL2*, IL4* and TNFa* CD8* T cells. All data shown are from at least two independent
experiments; symbols represent individual animals, bars show mean values £+ SEM. Unpaired two-tailed

Student's t-test was used for statistical analysis. *P<0.05 and **P<0.01.

CD47IL-2* T cell numbers were comparable, whereas reduced numbers of CD4*IL-4* and
CD4*TNFa* effector T cells were detected in LTBR” mice on day 7 post infection compared to
WT mice (Fig. 3a). Comparable numbers of memory, naive and IL-4* and CD8* T cells were
detected in WT and LTBR” mice. LTBR” mice showed increased numbers of unstimulated
CD8*IL-2* (d7 p.i.) in unstimulated splenocytes and decreased numbers of CD8"TNFa* effector

T cells (d10 p.i.) in TLA restimulated splenocytes compared to WT mice.

LTBR deficiency does not affect IFNy protein expression in lung tissue. Since T. gondii

replicates during the acute phase of infection within the lung, IFNy protein expression was
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analyzed via ELISA (Fig. 4a) next. Comparable amounts of IFNy were detected in lung tissue
of uninfected (d0) and T. gondii infected (d4 — d10 p.i.) WT and LTBR™ mice. IFNy production
increased during infection until day 7 post infection in both cohorts. Because suppressor of
cytokine signaling (SOCS) proteins, especially SOCS1 and SOCS3, are involved in inhibition
of IFNy mediated JAK-STAT signaling by inhibiting JAK phosphorylation of signal transducer
and activators of transcription (STAT), mMRNA expression of both genes was analyzed via qRT-
PCR (Fig. 4b)*"-42, LTBR™ mice compared to WT mice showed significantly increased SOCS1
and SOCS3 mRNA expression in lung tissue of uninfected (d0) animals as well as increased

SOCS1 expression in T. gondii infected LTBR™ mice on day 10 post infection.
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Fig. 4| IFNy response in lungs of LTBR” mice. a, IFNy ELISA (d0 — 7 p.i.: n28, d10 p.i.: n=12) and b,
gRT-PCR analysis of SOCS family members (d0 — 7 p.i.: n=9, d10 p.i.: n=12) in lung tissue of uninfected
(d0) and T. gondii infected WT and LTBR" mice. Data shown are from four independent experiments;

symbols represent individual animals, bars show mean values + SEM. Unpaired two-tailed Student's ¢-
test was used for statistical analysis. *P<0.05.

LTBR deficiency alters global gene expression in lung tissue. Next, RNAseq analysis of
lung tissue of uninfected (d0) and T. gondii infected (d7 p.i.) WT and LTBR” mice was
performed. Figure 5a shows a heatmap depicting the top 40 differentially expressed genes.
On the one hand it indicates an increased activation status of uninfected LTBR” mice
compared to the uninfected WT mice and on the other hand it highlights a lack of global
upregulation in LTBR™ mice after T. gondii infection, which can be clearly observed in infected
WT mice. This is reflected on a global level when referring to the corresponding 3D principal

component analysis (PCA, Fig. 5b) that clearly identified four different clusters: uninfected WT
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(green) and LTRR™ (orange) mice as well as T. gondii infected WT (pink) and LTBR” (purple)
mice. The arrangement of the clusters demonstrates that gene expression of WT and LTBR™
differs as widely in uninfected WT vs. LTBR™ as in infected WT vs. LTBR” mice.
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Fig. 5| Altered gene activation status in lungs of LTBR” mice. a, heat map of the top 40 differentially
expressed genes and b, 3D principal component analysis (PCA) based on RNAseq analysis of lung
tissue of uninfected (d0) and T. gondii infected (d7 p.i.) WT and LTBR” mice (n=3). DEseq2 was used
to test for differential expression, “Wald” test and an adjusted p-value of 0.1 were used to determine
significance.

To further investigate altered gene expression in lung tissue RNAseq data was analyzed,
visualized as a volcano plot and gene set enrichment analysis (GSEA) was performed.

This analysis (Fig. 6a) reports differential expression of genes due to LTBR deficiency alone.
Data of lung tissue from uninfected and T. gondii infected (d7 p.i.) LTBR’ mice was correlated
to data from uninfected WT mice to identify differential basal gene expression. Data from
infected LTBR” mice was included to find genes that are differential expressed due to LTBR

deficiency, but do not respond to infection.
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Fig. 6| Altered gene expression in lungs of uninfected and infected LTBR” mice. Analysis of
RNAseq data of lung tissue of uninfected (d0) and infected (d7 p.i.) LTBR” mice (n=3) depicted as a,
volcano plot and b, GSEA analysis. Dashed horizontal black line represents p=0.05. For RNAseq data
mouse transcripts from pseudogenes or with retained introns were excluded prior to conversion to gene
counts. DEseq2 was used to test for differential expression and GO (Biological Process) molecular
signatures were obtained using the msigdr package in R. Gene-level stats for each differential
expression contrast were tested for geneset enrichment using the fgsea package, with an adjusted p-

value of 0.1.

Particularly immunoglobulin (Ig) chain variants are massively upregulated in LTBR™ mice. This
is confirmed in the GSEA where LTBR™ mice show up-regulation in pathways such as “antigen
receptor mediated signaling”, “B cell receptor signaling” and “humoral immune response

mediated by circulating immunoglobulin” which include Ig chain variants (Fig. 6b).
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Preliminary analysis of transcriptome data (Supplementary Fig. 1a), illustrating differentially
expressed genes in T. gondii infected (d7 p.i.) LTBR” mice compared to uninfected LTRR™
mice, also showed a global lack of transcript up-regulation in infected LTBR™ mice in contrast
to uninfected animals. Specifically, expression of histones, IFNy-regulated genes and
cytokines seemed to be affected. Also the corresponding GSEA analysis (Supplementary Fig.
1b) of LTBR™ animals on day 7 post infection showed that they do not up-regulate genes
involved in “response to interferon gamma” and “interferon gamma mediated signaling

pathway”.

LTBR deficiency affects expression of genes involved in IFNy signaling in lung tissue.
It is known that IFNy-regulated effector molecules are pivotal in T. gondii containment*3. Our
results demonstrate that LTBR deficiency does not only affect IFNy expression itself but also
IFNy related signaling pathways. In order to investigate a possible interaction between LTBR
and IFNy signaling in uninfected mice the impact of LTBR deficiency on the IFNy signaling
network was assessed via pathway analysis using MetaCore. This form of analysis depicts a
known network of protein interactions (a reference guide describing the different symboils is
provided in Supplementary Figure 2 & 3) and superimposes the results of an RNAseq analysis.
Genes with significant differential expression in LTBR™ animals are annotated with a small
thermometer symbol, red for increased, blue for decreased expression. Figures 7 depicts the
role of IFNy in macrophage activation. Also IFNy signaling via MAPK, via JAK-STAT & PLCy
and via PI3K & NFkB is shown (Fig. 8-10). While the IFNy signaling network is too complex to
make it feasible to describe all possible interactions comprehensively, a few salient points can

be made:

LTBR deficiency leads to a slight increase in basal IFNy expression that could modulate
signaling via the IFNyR (Fig. 7). Within the macrophage activation pathway network this
receptor binding could increase and activate JAK1 and JAK2 expression that in turn could
result in increased STAT1 activation, transcriptional expression and phosphorylation.
Enhanced STAT1 expression would then explain the increased expression of cytokines (IL-
123, TNF), chemokines (IP10, CCL2, CCL5) and the surface protein CD40, a member of the
TNF/TNFR superfamily. This would (positively) influence, either directly or more indirectly, the
inflammatory response (black arrows). The depicted increased expression of IRF-8, c-Rel and
PU.1 genes could be responsible for the increase in gp91-phox and p67-phox expression, two

molecules known to be involved in the synthesis of reactive oxygen species (blue arrows).
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Fig.7 | Impact of LTBR deficiency on IFNy signaling in macrophage activation. The impact of LTBR
deficiency on IFNy pathways is visualized using MetaCore. Lung tissue of uninfected (d0) WT and
LTBR” mice was used for RNA sequencing. Significant differential gene expression data is
superimposed onto the map and visualized as thermometer-like symbols. Upward pointing
thermometers are depicted in red and describe upregulated gene expression and downward pointing
(blue) thermometers describe downregulated gene expression. Colored lines indicate activation (green),
inhibition (red) or unspecified (grey) interactions between the molecules. Interactions that are in the
network base, but not the network generated by integrated gene expression data are highlighted in
yellow. DEseq2 was used to test for differential expression, “Wald” test and an adjusted p-value of 0.1
were used to determine significance. The object shapes correspond to specific molecule types and all
symbols and arrows etc. are described in supplementary figures 2 & 3. The most strongly affected
pathways are marked by bold arrows.

Increased IFNy expression that could modulate signaling via the IFNyR could also increase
and activate p38 MAPK expression (Fig. 8) in LTBR™ cells via increased activation and
phosphorylation via various kinases. p38 MAPK expression activates MAPKAPK2 that inhibits
downstream phosphorylation, thus possibly increasing TNF and IP10 expression. This

increased expression could exacerbate the inflammatory response in LTBR” mice.
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Fig. 8| Impact of LTBR deficiency on IFNy signaling via MAPK pathway. The impact of LTBR
deficiency on IFNy pathways is visualized using MetaCore. Lung tissue of uninfected (d0) WT and
LTBR" mice was used for RNA sequencing. Significant differential gene expression data is
superimposed onto the map and visualized as thermometer-like symbols. Upward pointing
thermometers are depicted in red and describe upregulated gene expression and downward pointing
(blue) thermometers describe downregulated gene expression. Colored lines indicate activation (green),
inhibition (red) or unspecified (grey) interactions between the molecules. Interactions that are in the
network base, but not the network generated by integrated gene expression data are highlighted in
yellow. DEseq2 was used to test for differential expression, “Wald” test and an adjusted p-value of 0.1
were used to determine significance. The object shapes correspond to specific molecule types and all
symbols and arrows etc. are described in supplementary figures 2 & 3. The most strongly affected
pathways are marked by bold arrows.

In addition, the increased expression of IRF-9, possibly due to increased STAT1 activation and
expression, would influence the cellular response to type | interferons and ultimately also
contribute to inflammatory processes (black arrows). c-Jun mediated expression of Ifi205a, a
transcriptional regulator, IFI16, a transcriptional repressor and TREX1, a DNA binding protein,
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could also further modulate the basal inflammatory activation status (blue arrows) as
previously described on the basis of the heatmap (Fig. 5a). Next, the impact of LTBR deficiency
in IFNy signaling via JAK-STAT and PLCy was assessed (Fig. 9).

Immune response - IFNy signaling via JAK-STAT & PLCy
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Fig. 9| Impact of LTBR deficiency on IFNy signaling via JAK-STAT & PLCy pathways. The impact
of LTBR deficiency on IFNy pathways is visualized using MetaCore. Lung tissue of uninfected (d0) WT
and LTBR” mice was used for RNA sequencing. Significant differential gene expression data is
superimposed onto the map and visualized as thermometer-like symbols. Upward pointing
thermometers are depicted in red and describe upregulated gene expression and downward pointing
(blue) thermometers describe downregulated gene expression. Colored lines indicate activation (green),
inhibition (red) or unspecified (grey) interactions between the molecules. DEseq2 was used to test for
differential expression, “Wald” test and an adjusted p-value of 0.1 were used to determine significance.
The object shapes correspond to specific molecule types and all symbols and arrows etc. are described
in supplementary figures 2 & 3. The most strongly affected pathways are marked by bold arrows.

Increased JAK2 gene expression in lungs of LTBR” mice could induce increased FAK2 and

Fyn expression that in turn could indirectly result in increased XAF1 and NOXA as well as
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decreased C/EBPd expression, possibly affecting apoptosis and IFNy induced transcription,

respectively (black arrows).
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LTBR" mice was used for RNA sequencing. Significant differential gene expression data is
superimposed onto the map and visualized as thermometer-like symbols. Upward pointing
thermometers are depicted in red and describe upregulated gene expression and downward pointing
(blue) thermometers describe downregulated gene expression. Colored lines indicate activation (green),
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differential expression, “Wald” test and an adjusted p-value of 0.1 were used to determine significance.
The object shapes correspond to specific molecule types and all symbols and arrows etc. are described
in supplementary figures 2 & 3. The most strongly affected pathways are marked by bold arrows.
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PLCy expression could be responsible for the increased expression of ME2b/c, two important
transcription factors in muscle, and BAFF, a member of the TNF/TNFR superfamily that is

important in lymphocyte proliferation and differentiation (yellow arrows).

Since the LTBR signals via the canonical as well as the alternative NFkB pathway3* we were
interested whether LTBR deficiency might also affect IFNy signaling via PI3K and NFkB
pathways (Fig. 10). On the one hand, increased IFNy, JAK2 and Fyn but decreased GAB2
gene expression could be detected. However, LTBR deficiency led to elevated PI3K cat class
IA expression, which might ultimately modulate translation positively (blue arrows). On the
other hand, increased JAK1 and IkB gene expression could be observed possibly explaining
the strongly increased expression of IP10, a chemokine and PD-L1, a ligand that blocks T cell

activation (black arrows).

LTBR deficiency leads to a decrease of the parasite burden and significantly alters
frequencies of T cell subpopulations in brain tissue. We asked whether the enhanced
mortality of LTBR™ mice might be reflected in increased parasite numbers in brain tissue of
T. gondii infected animals and determined the parasite burden using qRT-PCR. Surprisingly,
significantly fewer parasites were detected in brain tissue of T. gondii infected LTBR” mice
compared to WT mice on day 10 post infection (Fig. 11a). Since it is known that IFNy induces
cell autonomous immune responses*®, IFNy protein expression was analyzed via ELISA (Fig.
11a). Comparable amounts of IFNy were detected in brain tissue of uninfected (d0) and
T. gondiiinfected (d4 —d10 p.i.) WT and LTBR™ mice. We then asked which other factors could
be responsible for the decreased parasite burden and analyzed cytokine and T cell surface
marker mRNA expression in brain tissue via gqRT-PCR (Fig. 11c & d). LTa, LT, IL-4 and IL-
12p40 mRNA expression stayed comparable between WT and LTBR” mice and rose only
slightly during T. gondii infection in both cohorts, but LTBR” mice compared to WT mice
exhibited significantly reduced TNF mRNA expression on day 10 post infection. gRT-PCR
analysis also revealed significantly decreased mRNA expression of T cell markers (CD3, CD4
and CD8a) in brain tissue of T. gondii infected LTBR” mice compared to WT mice on days 7
and 10 p.i. (Fig. 11d), even though uninfected LTBR™ (d0 p.i.) mice showed significantly
increased CD8 T cell mMRNA expression compared to WT mice. This indicates an influence of
LTPBR signaling on the frequencies of T cell subpopulations in the brain of T. gondii infected

animals.
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Fig. 11 | Reduced parasite load and less T cell mRNA in brains of LTBR” mice. a, qRT-PCR
analysis of T. gondii DNA in brain tissue of uninfected (d0) and T. gondii infected WT and LTBR" mice
(d0O—7 p.i.. n212, d10 p.i.: n=14). b, IFNy ELISA of brain tissue of uninfected and T. gondii infected WT
and LTBR" mice (d0 — 7 p.i.: n=9, d10 p.i.: n210). ¢, MRNA expression of lymphotoxins, TNFa, and
interleukins and d, T cell markers in brain tissue of uninfected and T. gondii infected WT and LTBR"
mice (d0 — 7 p.i.: n=9, d10 p.i.: n=13; exception: IL-4, IL-12p40 dO — 7 p.i.: n=3, d10 p.i.: n=7) analyzed
via qRT-PCR. Data shown are from at least three independent experiments; symbols represent
individual animals, bars show mean values + SEM. Unpaired two-tailed Student's t-test was used for
statistical analysis. *P<0.05, **P<0.01 and ***P<0.001.

LTBR deficiency leads to decreased expression of IFNy-regulated molecules in brain
tissue. IFNy-regulated effector molecules are pivotal for containment of T. gondii*’, and the
important role of IFNy-induced GTPases, in particular mGBPs?> 2 and effector molecules such
as IDO, INOS and NOX2 in various tissues is well documented?® 444546 Although comparable
amounts of IFNy were detected in brain tissue via ELISA (Fig. 11a) mRNA expression of IFNy-
regulated molecules in brain tissue was analyzed via qRT-PCR. Interestingly, while mRNA

expression of all mMGBPs analyzed increased during the course of infection (d0 — d10 p.i.) in
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WT animals, LTBR” mice showed significantly reduced expression of mGBP1, mGBP2,
mGBP3, mGBP8, and mGBP9 already on day 7 post infection and significantly reduced

expression for all mMGBPs in brain tissue on day 10 post infection (Fig. 12a).
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Fig. 12| Decreased mRNA expression of IFNy-mediated effector molecules in the brain of LTBR™"
mice. gRT-PCR analysis of a, mGBPs, b, host effector molecules (iNOS, IDO1, NOX2-gp91phox) as
well as an IFNy unregulated GTPase (GTPBP1) and ¢, interferons, SOCS1 and 3 in brain tissue of
uninfected (d0) and T. gondii infected WT and LTBR" mice (dO — 7 p.i.: n=9, d10 p.i.: n213; exception:
IFNy dO — 10 p.i. n28,). Data shown in a, b, and ¢ are from at least three independent experiments;
symbols represent individual animals, bars show mean values + SEM. Unpaired two-tailed Student's ¢-
test was used for statistical analysis. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. d,
Representative immunoblot analysis of proteins induced via the IFNy signaling pathway in brain tissue
of uninfected and T. gondii infected WT and LTBR" mice (one experiment, with d0 — 7 p.i.: n=3, d10 p.i.:
n=>5).
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Surprisingly, mGBPS is the only mGBP showing increased mRNA expression in brain tissue
of uninfected (d0) LTBR” mice compared to WT mice. Expression of other effector molecules
such as iINOS, IDO1 and NOX2-gp91phox (Fig. 12b) was also significantly reduced in brain
tissue of LTBR” mice on day 10 post infection. Interestingly, while increased NOX2 mRNA
expression was detected in LTBR” mice (d0 and d4 p.i.), expression did not increase during
T. gondii infection (d7 and d10 p.i.) in contrast to WT animals which showed a significant
increase (Fig. 12b). No significant change in expression of the IFNy-independent GTPase
GTPBP1 could be detected in brain tissue of WT or LTBR” mice during infection (Fig. 12b).
Although decreased mRNA expression of IFNy-regulated molecules could be detected, IFNy
mRNA expression in brain tissue (Fig. 12c) stayed comparable between WT and LTBR” mice
throughout T. gondii infection. In addition, equivalent mMRNA expression of IFN as well as
SOCS1 could be detected in brain tissue of both genotypes, but for SOCS3, LTBR™ mice
showed decreased mRNA expression on day 10 post infection. Immunoblot assays were
performed to analyze protein expression of prototype genes involved in IFNyR signaling as
well as IFNy-regulated genes in brain tissue (Fig. 12d). Levels of STAT1, pSTAT1, IRF-1,
mGBP2 and mGBP7 rose in WT mice during the course of infection. LTBR” mice showed only
minor expression for these proteins in brain tissue on day 10 post infection compared to WT

mice.

Establishing a protocol for an immune serum transfer experiment to prolong survival of
T. gondii infected LTBR mice. Since comparable amounts of IFNy were detected in lung
and brain tissue of LTBR” mice we also analyzed IFNy expression in sera of uninfected (d0)
and T. gondii infected (d4 — d10 p.i.) WT and LTBR™ mice via ELISA (Fig. 13a). LTBR™ mice
showed continually increasing amounts of IFNy (dO — d10 p.i.) compared to WT mice which
showed already reduced IFNy on day 10 post infection. Since IFNy is involved in B cell
activation and differentiation we also wanted to investigate the humoral immune response to
T. gondii infection. Previously, we have shown that T. gondii infected LTBR” mice cannot
mount an IgG response. We therefore decided to establish an immune serum transfer model
to assess the immunoglobulin (Ig) M and IgG response to T. gondiiin LTBR mice and monitor

survival in treated vs. untreated mice.

To this end, control serum (from uninfected WT donor mice) and immune serum (from T. gondii
infected WT donor mice) was collected on day 14 post infection. The presence of IgM and IgG
antibodies specific for T. gondii proteins in the immune serum was determined using line blots
(Fig. 13b) coated with specific recombinant T. gondii tachyzoite and bradyzoite antigens
(ROP1c, GRA7, GRAS, p30 and MAGH1). Different batches of immune serum showed slightly
different antibody titers (Fig. 13b). Visual evaluation of the original line blots suggested higher

T. gondii specific IgG antibody titer in experiment | compared to experiment Il. In experiment |,
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light band intensities were still visible at a serum dilution of 1:1,600, whereas in experiment Il
no signal could be visual detected at this dilution. Neither IgM nor IgG antibodies specific for
T. gondii were detected in control sera but were clearly detectable in immune serum. Two
different experimental setups (I & Il) were tested to determine the optimal time points for serum
transfer (indicated by red arrows) from WT donor mice (control and immune serum) into WT

and LTBR™ acceptor mice to achieve the protection of T. gondii infected LTBR mice (Fig. 13c).
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Fig. 13| Increased IFNy levels in serum of LTBR” mice and optimization of serum transfer
experiments. a, IFNy ELISA of serum from uninfected and T. gondii infected WT and LTBR mice (d0 —
7 p.i.: n210, d10 p.i.: n=18). b, Detection of IgM and IgG antibodies against T. gondii in diluted serum
(1:100 — 1:25,600) of uninfected (control serum) and T. gondii infected (immune serum ME49, 20 cysts,
i.p.) donor WT mice. Survival experiments of ¢, serum transfer (indicated by red arrows) from uninfected
donor WT mice (control serum) or from donor WT mice infected with T. gondii (immune serum) into WT
and LTBR" acceptor mice. On day 0 acceptor mice (n=6) were infected with T. gondii (ME49, 10 cysts,
i.p.) and survival was evaluated. IFNyR" mice (n=3) served as infection controls. Data shown in b and
¢ show two independent experiments. Data shown in a are from four independent experiments; symbols
represent individual animals, bars show mean values + SEM. Unpaired two-tailed Student's t-test was
used for statistical analysis. ****P<0.0001.
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On day 0 acceptor mice were infected with T. gondii and survival was evaluated. These
experiments demonstrate that an immune serum transfer every five days (one day prior to
infection and days 4, 9 and 14 p.i.) is less effective compared to immune serum transfer every
three days (one day prior to infection and days 2, 5 and 8 p.i.), demonstrated by an initially
slightly better survival rate of T. gondii infected LTBR™ mice. IFNyR” mice served as infection
control and succumbed around day 8 or 9 post infection*’, indicating successful T. gondii

infection.

Discussion

The results obtained in this study have revealed that LTBR deficiency dysregulates the immune
responses in multiple organs including spleen, lung and brain tissue. LTBR™ mice show altered
numbers of immune cell populations in the spleen, increased IFNy production in serum and
fewer parasites in the brain. LTBR deficiency did not affect IFNy protein expression in lung and
brain tissue, but altered global gene expression in lung tissue and clearly affected IFNy

mediated gene as well as protein expression in lung and brain tissue.

Since we previously showed that infected WT compared to LTBR” mice have increased spleen
weight, but reduced splenocyte numbers early in infection (d0 — d7 p.i.)%*, we analyzed immune
cell populations in infected animals. Our results show increased numbers of immune cells in
spleens of WT mice compared to LTBR” mice, they therefore cannot be responsible for the
reduced splenocyte count in WT animals. Further analysis of splenocytes will be necessary to
clarify the cause of the decreased cellularity of the spleens of infected WT animals and
increased numbers of splenocytes in infected LTBR” animals respectively. Preliminary
observations suggest that LTBR” mice have significantly increased numbers of apoptotic cells
(data not shown). Increased numbers of apoptotic splenocytes are also observed in T. gondii
infected aryl hydrocarbon receptor deficient mice (personal communication, |. Férster and

S. Cengiz, LIMES Institute, University of Bonn).

Flow cytometry data shows significant differences between LTBR”™ and WT mice in the
composition of splenic cell populations, which can be explained by the role of LTBR signaling
in the generation and homeostasis of the architecture of secondary lymphoid organs and in
the differentiation and maturation of immune cell populations®. The differences observed
during the course of infection, e.g. the absence of increasing DC or macrophages numbers
late in infection in LTBR” animals is probably due to the dysregulation of IFNy dependent
processes which is discussed in detail below. Interestingly, tSNE analysis shows a slightly
different picture: Here, infected and uninfected LTBR” and WT animals do not show very

obvious differences. Numbers of DCs seem similar, the only marked differences between the
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two genotypes at any given time point are the reduced numbers of neutrophils and the almost
complete lack of eosinophils in infected LTBR” animals. One explanation for these
discrepancies is of course the fact that Flow cytometry data depicts absolute cell numbers and
tSNE data shows cell frequencies. tSNE analysis is an unbiased machine learning algorithm
that integrates the data of many cell markers simultaneously. It can therefore be used to better
visualize the subtle shifting of populations. This can be observed for macrophages (Fig. 2b)
where in uninfected animals nearly all cells that express the appropriate markers (orange) are
on the right hand side, whereas in infected animals approximately half of these cells appear
on the left side. This indicates that the repertoire of surface markers has changed, either by
expression of additional markers or by a reduction of marker expression. Notably, in LTBR”
animals the analyzed cell populations show the same shift in cell populations as WT animals,
suggesting, that in LTBR™ animals changes of the surface marker repertoire are mostly
unaffected, suggesting unimpaired cell differentiation.

Numbers of naive CD4* T cells in spleens of LTBR” mice did not decrease from day 7 to day
10 post infection as observed in WT mice (Fig. 3a). This decrease of naive CD4* T cells is
expected due to the fact that naive precursor T cells develop into memory and effector T cell
subtypes. It is possible that in LTBR deficient mice naive T cells are not able to migrate into
secondary lymphoid tissues (i.e. lymph nodes) as they do in WT mice where naive T cells

interact with DCs in secondary lymphoid tissues*®.

It is known that IFNy and IL-6 activate STAT1 and STAT3 which in turn leads to SOCS1 and
SOCS3 transcription. Expression of both SOCS1 and SOCS3 then inhibit JAK phosphorylation
of STAT proteins thus creating a negative feedback loop®?. We previously described®
increased IFNy mRNA expression in lung tissue of uninfected and infected LTBR” mice. In this
study, we found increased SOCS1 and SOCS3 mRNA expression in uninfected LTBR™ mice
and, unexpectedly, comparable IFNy protein expression between WT and LTBR" mice during
T. gondii infection. These somewhat conflicting data suggests on the one hand, that IFNy
expression must be regulated on a post-transcriptional level and on the other hand that SOCS1

and 3 upregulation could, at least in part, be IFNy independent.

Transcriptomic data was analysed by PCA and a heatmap was created (Fig. 5). This data
uncovered a different activation status of genes in uninfected LTBR” compared to WT mice.
Possibly the lack of LTBR signaling is compensated by excess upregulation of other genes
(e.g. TNF) which in turn activates or even necessitates induction of negative feedback loops
to avoid or mitigate excessive upregulation of the immune system. This could explain the
generally ‘upregulated’ state in the LTBR” compared to the WT mice, that was also observed

in a volcano plot. Visualization of transcriptomic data as a volcano plot and corresponding
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GSEA (Fig. 6) revealed that LTBR deficiency affects Ig gene expression, B cell signaling, and
antigen presentation. Preliminary analysis of transcriptome data (Supplementary Fig. 1)
reports downregulated IFNy responses and reduced expression of histones in infected (d7 p.i.)
compared to uninfected LTBR” animals. This could influence chromatin assembly and
nucleosome organization as well as post-translational modifications of histones such as
acetylation, methylation, phosphorylation and ubiquitination*® %°, These post-translational
modifications play important roles in gene regulation, DNA repair as well as mitosis and
meiosis®'. This could also be one cause of the generally different activation status of uninfected
LTBR” mice and might contribute to a less efficient immune response to T. gondii infection.
We hypothesize that while LTBR” mice do not show an overt phenotype in controlled housing
conditions (specified pathogen-free) and are able to compensate for the lack of LTBR mediated
signaling, this is a precarious balance that is profoundly disturbed when the animals are

challenged with a pathogen.

Previously, we have shown that uninfected LTBR” mice show an increased expression of
cytokines®® and confirm in this study that these animals possess an increased genes
expression pattern (Fig. 5a & 6a) compared to WT mice, suggesting a higher activation status
of these animals in homeostasis. In contrast, after infection LTBR” mice show an overall
diminished upregulation of gene expression (Fig. 5a) compared to WT animals. These data
are consistent with the hypothesis that in T. gondii infection the upregulation of the
immunologic processes initiated to contain the parasite results in a higher activation of the
immune response, further dysregulating this precarious balance and resulting in a paralysis of
the whole system. It could also explain not only why uninfected WT and LTBR” mice are so
dissimilar in the PCA (Fig. 5b) but also why their infected counterparts show a markedly
different gene expression profile. It has also to be kept in mind that these data show the
responsiveness of infected LTBR™ mice on day 7 post infection, experimental data paints an
even more obvious picture on day 10 post infection. To summarize, RNAseq analysis revealed
fundamental differences in gene expression patterns of uninfected and T. gondii infected
LTBR™ mice compared to uninfected and infected WT mice.

In an attempt to assess the RNAseq data in a more global context MetaCore pathway analysis
was performed to investigate the possible interactions between LTBR and IFNy signaling.
Notably, the lack of LTBR signaling seems to slightly increase IFNy expression that could
activate and increase downstream signaling. IFNy is a well-described key regulator of many
pathways involved in innate and adaptive immunity. IFNy production is upregulated in most
viral, bacterial and parasitic infections to initiate an immune response. A slight increase in IFNy
signaling in LTBR™ mice could - even in the absence of pathogens - induce a lowgrade

proinflammatory status®?. Increased TNF and IP10 expression (induced via JAK/STAT and
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MAPK pathways), increased CD40 and CCL2 expression (via STAT1) and an increased type |
interferon response expression could all contribute towards this inflammatory status, without
actually leading to a manifest phenotype in unchallenged LTBR” mice. In addition, STAT1
mediated signaling could be responsible - via IRF8 — for increased expression of gp91-phox
and p67-phox both involved in the production of reactive oxygen species (ROS)%, ultimately
also contributing to the proinflammatory status. On the other hand, ROS can reinforce pro-
apoptotic signaling, which may already be enhanced by STAT3 and NFkB mediated signals.
These interactions could explain the shift in the various immune cell lineages seen in LTRR™
mice. Moreover, this pathway analysis reveals a so far undescribed specific interaction
between STAT1, IRF8 and mGBP4. However, since it has been reported that the mGbp4 gene
is not translated into a functional protein in C57BL/6 mice, this connection is probably
irrelevant®®. BAFF upregulation via PLCy which would influence lymphocyte and especially B
cell activation and differentiation could explain the major dysregulation of the humoral immune
response observed in T. gondii infected mice. For all of that, it has to be kept in mind that a
pathway analysis correlates experimental mRNA expression data with published protein
interactions. Regulation of translational processes and post-translational modifications are not
taken into account. While the MetaCore pathway analysis clearly demonstrates that LTBR
deficiency could affect IFNy signaling via multiple pathways it cannot answer the question of

how LTBR signaling interacts with IFNy signaling on a molecular level.

Increased susceptibility of LTBR” mice to T. gondii infection and increased parasite numbers
in lung, spleen und muscle tissue have been reported? 3°. The trigger for the migration of
infectious T. gondii tachyzoites into the brain is not completely understood. However, it is clear
that under pressure of the host immune response, tachyzoites convert to metabolically less
active bradyzoites. These reside in tissue cysts, preferentially in the brain and musculature,
where they are able to evade the immune system establishing chronic toxoplasmosis*. The
significantly lower parasite numbers detected in the brain of LTBR” mice on day 10 post
infection (Fig. 11 a) could be due to the lack of specific cell populations (e.g. DCs or
macrophages) that are used by the parasite as a “Trojan horse” to shuttle into the brain5® 5657,
Reduced numbers of DCs in LTBR™ mice were reported®®. In alignment with this, the number
of DCs (d4 p.i.), especially cDCs and pDCs (d0 —d10 p.i.) were significantly reduced in spleens
of LTBR™ mice (Fig. 1b & Fig. 2) suggesting that due to fewer DCs fewer parasites are being
shuttled to the brain. This “Trojan horse” hypothesis is not limited to T. gondii. Leishmania
major, another intracellular parasite, is described to hijack neutrophil granulocytes and
inflammatory DCs to invade its hosts macrophages, where it survives and multiplies resulting
in disease progression®® 6% €' On the other hand, lower parasite numbers could (also) be due

to the lack of timely immune pressure to force the parasite into the chronic stage of infection.
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In addition, LTBR"- mice demonstrated reduced expression of CD4 and CD8 mRNA expression
in brain tissue. This implies that T cell mediated immune responses are probably not
responsible for the lower parasite burden in the brain. So far, a protective role of CD4* T cells
in T. gondii infection could be shown only in splenocytes®?, but the role of CD4* T cells in the
brain of T. gondii infected mice is largely unexplored. On the other hand, it has been shown
that perforin-mediated CD8* T cell activity can eliminate T. gondii cysts from the brain in an
IFNy independent manner®. In this context it is interesting to note that IFNy levels in the brain

of WT animals do not increase during infection (Fig. 11b).

IFNy regulated expression of molecules important for cellular effector functions such as iNOS,
IDO1 and NOX2, as well as the upregulation of all mGBPs which are essential for an efficient
immune response to T.gondii?® 2+ 64 65 is significantly reduced in brain tissue of LTBR” animals
(Fig. 12). Interestingly, the brain tissue of WT mice did not show increased IFNy expression
on the mRNA or protein level during infection. Therefore, the increased expression of anti-
parasitic effector molecules observed in brain tissue of infected WT mice must be independent
of IFNy upregulation. The lack of upregulation of anti-parasitic effector molecules in infected
LTBR' animals points to additional signaling defects in these animals. The role of IFNy induced
effector molecules such as mGBPs in the brain of T. gondii infected mice is largely unknown
especially in terms of conversion to and maintenance of the chronic phase of infection.
Increased parasite numbers, reduced mMRNA and protein expression of IFNy-regulated effector
molecules as well as reduced IFNy in serum early in infection in lung tissue of T. gondii infected
(d0 —d10 p.i.) LTBR” mice were previously reported®®. These mice also lack a significant NK
cell population, leading to the hypothesis that the delayed IFNy response in LTBR™ mice is at
least in part caused by the absence of IFNy production by NK cells®*® which is one of the initial

and essential steps in the immune response to T. gondii®® ©7.

LTBR™ animals do not mount an IgG response against T. gondii*®. Initial experiments (Fig. 13b
and c) were performed to determine the optimal experimental parameters to achieve prolonged
survival. The fact that an earlier start of transferring immune serum and shorter intervals of
serum transfer only resulted in slightly improved survival rates of acceptor LTBR™ mice is most
probably due to the quality of the immune serum: This assumption is based on the observation
that donor animals used for the collection of immune serum for experiment Il showed signs of
a more severe acute T. gondii infection than donor mice used for experiment |, leading us to
assume that their immune response was not as efficient. While exact quantification of relative
signal intensities of parasite specific antibodies was not performed, relative antibody titers were
visually assessed, suggesting higher antibody titers in experiment | compared to experiment 1.
One out of six acceptor LTBR™ animals that received control serum (Fig. 13c, experiments Il)

survived until day 15 post infection. We believe that this mouse is an outlier, most probably
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due to a technical error (e.g. was possibly injected with fewer cysts), because we have never
observed a T. gondii infected LTBR™ animal surviving until that time point. This underscores

the need for further refining this promising in vivo infection model.

The data shows that LTBR deficiency dysregulates immune cell populations in the spleen,
concomitantly increases IFNy production in serum but decreases parasite numbers in the
brain. It does not affect IFNy protein expression in lung and brain tissue, but alters global gene
expression in lung tissue and clearly affects gene as well as protein expression involved in
IFNy signaling in lung and brain tissue. In addition, a serum transfer model for T. gondii
infection was established. This work highlights the complex role of the LTBR in T. gondii
infection and identifies multiple starting points for further research that is necessary to gain
new insights into the pathology of T. gondii, which could provide new therapeutic strategies for

the treatment of human toxoplasmosis.

Methods

Mice. LTBR” mice were previously described® and have been backcrossed for at least 10
generations onto a C57BL/6 background. Wild-type (WT) littermates were used as controls.
Mice were kept under specific pathogen-free conditions (SPF) in the animal facility at the
Heinrich Heine University Dusseldorf and were 8-16 weeks old for experiments. Cysts of the
MEA49 strain (substrain 2017) of T. gondii were collected from the brain tissue of chronically
infected CD1 mice. All animal experiments were conducted in strict accordance with the
German Animal Welfare Act. The protocols were approved by the local authorities (Permit#
84-02.04.2013.A495, 81-02.04.2018.A406 and 81-02.05.40.18.082). All applicable
international, national, and institutional guidelines for the care and use of animals were

followed.

Toxoplasma gondii infection experiments. Mice were intraperitoneally infected with 40
cysts (ME49 strain) and weighed and scored daily for the duration of the experiments. Mice
were euthanized on days 4, 7, and 10 post infection (d.p./), uninfected mice served as controls.
After euthanasia (100 mg/kg Ketamin, 10 mg/kg Xylazin, Vétoquinol GmbH) blood was taken

from the Vena cava inferior and spleen, brain and lung tissue was harvested for analysis.

Detection of parasite load. Total DNA was isolated from brain tissue using a DNA isolation
kit (Genekam) according to the manufacturer’s protocol. gqRT-PCR was performed on the Bio-
Rad CFX-96 Touch-Real-Time Detection System. TgB1 primers and probe (Metabion) were

used to amplify a defined section of the 35-fold repetitive B1 gene from T. gondii
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(Supplementary Table 1). A T. gondii DNA standard curve was generated and used to

determine B1 amplification for calculation of parasite load.

Real-time gRT-PCR. Total RNA was isolated from tissues via the TRIzol reagent (Invitrogen)
according to the manufacturer’'s protocol. cDNA was reversely transcribed using M-MLV
reverse transcriptase (Invitrogen). qRT-PCR was performed on the Bio-Rad CFX-96 Touch-
Real-Time Detection System. Primer (Metabion) sequences and corresponding probes
(Metabion, Roche & TipMoIBIOL) are listed in Supplementary Table 1. Results are expressed

relative to expression in untreated WT mice normalized to B-actin (2-22°T).

ELISA. Serum as well as protein preparations isolated from brain and lung tissue were
analyzed for IFNy using DuoELISA (DY485, R&D Systems) according to the manufacturer’s

protocol.

RNAseq analysis. Lung tissue of uninfected (d0) und T. gondiiinfected (ME49 strain, 40 cysts,
i.p.) WT and LTBR” mice was obtained and RNA sequencing was performed on a HiSeq3000
device. Mouse and T. gondii transcripts were quantified from fastq files using Salmon with
default settings and GCbias compensation. For transcriptome models, Mus musculus
GRCm38 cDNA (ensembl.org, release-97) and TgondiME49 Annotated Transcripts
(toxodb.org, ToxoDB-45) were used. Mouse transcripts from hypothetical genes or from
pseudogenes or with retained introns were excluded prior to conversion to gene counts by the
DESeq2 package. Non-protein encoding T. gondii transcripts were excluded prior to
conversion to gene counts. DEseq2 was used to test for Genotype-specific responsiveness to
infection with the following model: ~ Genotype + Genotype: Infection. For determining

significance the Wald test with an adjusted p-value of 0.1 was used.

Gene Set Enrichment Analysis. For GSEA, GO (Biological Process) molecular signatures
were obtained using the msigdr package in R. Gene-level stats for each differential expression
contrast were tested for geneset enrichment using the fgsea package, with an adjusted p-value
of 0.1.

Pathway analysis. The web-based bioinformatics suite MetaCore (Clarivate Analytics;
https://portal.genego.com) was used to perform integrated pathway and network analysis.
Differential gene expression data of RNAseq analysis from uninfected (d0) WT and LTBR™
mice were used as input and illustrated as pathway maps. DEseq2 was used to test for
differential expression, the Wald test with an adjusted p-value of 0.1 was used for determining

significance.

Immunoblot analysis and antibodies. Brain tissue was homogenized in PBS containing

cOmplete™ Protease Inhibitor Cocktail (Roche) using the Precellys® homogenizer (Bertin).
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Protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo
Scientific™) according to the manufacturer's protocol. Samples were separated by 4-12%
SDS-PAGE, followed by electrophoretic transfer to nitrocellulose membranes before blocking
and incubation with primary antibodies listed in Supplementary Table 2. HRP-labeled anti-
rabbit or anti-mouse antibodies (Cell Signaling Technologies) were used as secondary

antibodies.

Flow cytometry. Single-cell suspended splenocytes were stained with the Fixable Viability
Dye eFluor® 780 (eBioscience™). Surface staining with antibodies specific for MHC Il
(M5/114.15.2), CD11¢c (N418), CD11b (M1/70), BST2 (927), F4/80 (BM8), Ly6C (RB6-8C5) all
purchased from BiolLegend, was performed. For intracellular staining, splenocytes were
incubated for 20 h with toxoplasma lysate antigen [TLA, 15 pg/ml] before adding brefeldin A
(eBioscience™) for an additional 4 hours. After surface staining with anti-CD4 (RM4-5), anti-
CD8a (53-6.7), anti-CD44 (IM7), and anti-CD62L (MEL-14) cells were fixed, permeabilized and
stained with anti-IL.-2 (JES6-5H4), anti-IL-4 (11B11), and anti-TNFa (MP6-XT22) (all
purchased from BioLegend) using Fix & Perm® Cell Permeabilization Kit (Life Technologies)
according to the manufacturer’s protocol. BD Calibrate beads (BD Bioscience) were added to

the samples before acquisition with a BD LSRFortessa.

tSNE. The cloud-based platform Cytobank®©% (Mountain View) was used for visualization of
flow cytometry data. Analysis was performed on pregated non T and non B cells using 27,000
events per sample (parameters: iterations 1,008, perplexity 80, Theta 0.5) before overlaid dot

plots were generated.

Detection of T. gondii specific antibodies. RecomLine Toxoplasma IgG/IgM kit (Mikrogen
Diagnostik) was used to detect IgM and IgG antibodies against T. gondii in serum. Anti-human
IgM and IgG conjugates provided within the kit were replaced with anti-mouse IgM-HRP-
labeled (Invitrogen) and IgG-HRP-labeled (Invitrogen) conjugates. Otherwise, the assay was

performed according to the manufacturer’s protocol.

Serum transfer. Serum from naive donor mice (control serum) or WT mice infected with 20
cysts of the ME49 strain of T. gondii (immune serum) was collected, and 0.2 ml of serum was
transferred intraperitoneally to acceptor WT and LTBR™ mice one day prior to infection (d-1)
as well as on days 4, 9 and 14 p.i. (serum transfer experiment |) or on days -1, 2, 5 and 8 p.i.
(serum transfer experiment |1), respectively. Acceptor (WT and LTBR” mice) as well as IFNy”
control mice were intraperitoneally infected with 10 cysts (ME49 strain) and weighed and
scored daily for the duration of the experiment. T. gondii specific antibodies were detected via
Line Blots to confirm the presence and assess the amount of T. gondii specific antibodies in

control and immune serum.
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Statistical analysis. Data were analyzed with Prism (Version8, GraphPad) using two-tailed

Student’s t-test. Symbols represent individual animals, bars show mean values * SEM.

P values of <0.05 were considered statistically significant and marked with asterisks. P values

of 20.05 were considered statistically not significant and were not specifically marked.

Data availability. The data that support the findings of this study are available from the

corresponding author.
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Supplementary Fig. 1| Altered gene expression in lungs of infected LTBR” mice. Preliminary
RNAseq analysis of lung tissue of T. gondii infected (d7 p.i.) LTBR’ mice (n=3) depicted as a, volcano
plot and b, GSEA analysis. Dashed horizontal black line represents p=0.05. For RNAseq data mouse
hyptothetical genes were excluded prior to conversion to gene counts. DEseq2 was used to test for
differential expression and GO (Biological Process) molecular signatures were obtained using the
msigdr package in R. Gene-level stats for each differential expression contrast were tested for geneset
enrichment using the fgsea package, with an adjusted p-value of 0.1.
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Supplementary Table 1: List of probes and primer sequences for amplification in qRT-PCR.

Gene Probe [FAM] Sequence [5’ -> 3’]
mGBP1 41 fwd CAGACTCCTGGAAAGGGACTC

rev CTTGGACCTGGAACATTCACTGAC
mGBP2 17 fwd TGAGTACCTGGAACATTCACTGAC

rev AGTCGCGGCTCATTAAAGC
mGBP3 21 fwd GGCTGAGGACTGTCCCTGT

rev CATGGTCCACTCGGAAGC
mGBP5 48 fwd TCACTGAAGCTGAAGCAAGG

rev GCGTCAAAAACAAAGCATTTC
mGBP6/10 6TM* fwd ATATTTCAACATTTTTTGTTCCTTGT

rev GAAATGGGAGAAAAAATAAATGAAGC
mGBP7 93 fwd GCAGAGAATCCGGTGCAG

rev TTTCCACTAGGCACACAGGA
mGBP8 8TM* fwd AAGAAGCTGAAGGAACAAAAGGC

rev GAAATGGGAGAAAAAATAAATGAAGC
mGBP9 9TM* fwd TTCCAAAACTTTCTCCAGTCACAGTA

rev GGCACGCTCCTCTGCAA
GTPBP1 75 fwd GGTGCAGAGCAAAGATGATG

rev ATCTGGAATATCGGGCACAT
IFNy 63 fwd ATCTGGAGGAACTGGCAAAA

rev TTCAAGACTTCAAAGAGTCTGAGGTA
IFNB 95 fwd CAGGCAACCTTTAAGCATCAG

rev CCTTTGACCTTTCAAATGCAG
IL-12p40 27 fwd GATTCAGACTCCAGGGGACA

rev TGGTTAGCTTCTGAGGACACATC
iNOS 13 fwd CTTTGCCACGGACGAGAC

rev TGTACTCTGAGGGCTGACACA
IL-4 2 fwd CATCGGCATTTTGAACGAG

rev CGAGCTCACTCTCTGTGGTG
LTa 62 fwd TCCCTCAGAAGCACTTGACC

rev GAGTTCTGCTTGCTGGGGTA
LTB 76 fwd CCTGGTGACCCTGTTGTTG

rev TGCTCCTGAGCCAATGATCT
TNFa 49 fwd TCTTCTCATTCCTGCTTGTGG

rev GGTCTGGGCCATAGAACTGA
NOX2 20 fwd TGCCAACTTCCTCAGCTACA

rev GTGCACAGCAAAGTGATTGG
IDO1 2 fwd GGGCTTCTTCCTCGTCTCTC

rev TGGATACAGTGGGGATTGCT
CD3 108 fwd TCCCAACCCAGACTATGAGC

rev GCGATGTCTCTCCTATCTGTCA
CD4 99 fwd AAAGAACTGGTTCGGCATGA

rev CGCTGACTCTCCCTCACTCT
CD8a 92 fwd TGCTGTCCTTGATCATCACTCT

rev ACTAGCGGCCTGGGACAT
SOCSs1 74 fwd CAGCCGACAATGCGATCT

rev CGAAGACGAGGACGAGGA
SOCS3 83 fwd ATTTCGCTTCGGGACTAGC

rev AACTTGCTGTGGGTGACCAT
B-actin 106 fwd TGACAGGATGCAGAAGGAGA

rev CGCTCAGGAGGAGCAATG
TgB1 TgB1* fwd GCTAAAGGCGTCATTGCTGTT

rev GGCGGAACCAACGGAAAT

Primers (Metabion); numbered probes (Universal ProbeLibrary, Roche,); TM probes
(TipMoIBIOL); TgB1 probe (Metabion):

6TM [5 ->3']: FAM-AGT CAT GTT CAA TCT TCT CCC TCT TGT CC-BHQ1

8TM [5 ->3']: FAM-TGT TTC AGT TGC TGT ATC TCT CCG TCC A-BHQ1

9TM [5 ->3']: FAM-CCA GCA GTG AGG GCT CTA TCT GCC T-TMR

TgB1 [5->3’]: FAM-ATC GCA ACG GAG TTC TTC CCA GAC GT-BHQ1
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Supplementary Table 2: List of primary antibodies used in immunoblot analyses.

Primary antibodies

Host species

Supplier

anti-STAT1
anti-pSTAT (Tyr701)
anti-IRF-1 (D5E4) XP®
anti-mGBP2
anti-mGBP7
anti-B-actin (8H10D10)

anti-GAPDH (14C10)

rabbit

rabbit

rabbit

rabbit

rabbit

mouse

rabbit

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Eurogentec
Eurogentec
Cell Signaling Technology

Cell Signaling Technology
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Indoleamine 2,3-Dioxygenase
Activity During Acute Toxoplasmosis
and the Suppressed T Cell
Proliferation in Mice

Christoph-Martin Ufermann, Andreas Domrése ', Timo Babel !, Anne Tersteegen’,
Sevgi Can Cengiz?, Silvia Kathrin Eller!, Katrin Spekker-Bosker?, Ursula Regina Sorg’,
Irmgard Férster? and Walter Daubener ™

T Institute of Medical Microbiology and Hospital Hygiens, Heinrich-Heine-University Dilssaldorf, Dilsssldorf, Garmany,
2 [mmunclogy and Environment, Life and Medical Sciences [LIMES) Instituts, University of Bonn, Bonn, Garmany

Toxoplasma gondi (1. gondi) is an obligate intracellular parasite and belongs to the
phylum Apicomplexa. 1. gondii is of medical and veterinary importance, because 1.
gondif causes the parasitic disease toxoplasmosis. In human cells, the interferon-gamma
inducible indoleamine 2,53-dioxygenase 1 (IDO1) is an antimicrobial effector mechanism
that degrades tryptophan to kynurening and thus limits pathogen proliferation in witro.
Furthermore, IDO is described to have immunosuppressive properties, e.q., regulatory
T cell differentiation and T cell suppression in humans and mice. However, there is only
little known about the role of IDCT in mice during acute toxoplasmosis. To shed further
light on the role of MIDOA i vivo, we have used a specifically adjusted experimental
model. Therein, we infected mIDO1-deficient IDO /) C57BL/8 mice and appropriate
wild-type (WT) control mice with a high dose of T. gondii ME49 tachyozoiles (type |l
strain) via the intraperitoneal route and compared the phenotype of IDO~/~ and WT mice
during acute toxoplasmeosis. During murine 1. gondii infection, we found mIDO1 mRNA
and miDO1 protein, as well as mIDO1 -mediated tryptophan degradation in lungs of WT
mice. IDO~/~ mice show no tryptophan degradation in the lung during infection. Even
though T. gondii is tryptophan auxotroph and rapidly replicates during acute infection, the
parasite load was similar in IDO~/~ mice compared to WT mice 7 days post-infection.
DO is described to have immunosuppressive properties, and since T cell suppression is
observed during acute toxoplasmosis, we analyzed the possible involvement of miDOT.
Here, we did not find differences in the intensity of ex vivo mitogen stimulated T cell
proliferation between WT and IDO~/~ mice. Concomitant nitric oxide synthase inhibition
and interleukin-2 supplementation increased the T cell proliferation from both genotypes
drastically, but not completely. In sum, we analyzed the involverment of mIDO1 during
acute murine toxoplasmosis in our specifically adjusted experimental model and found
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a definite mIDO1 induction. Nevertheless, mIDO1 seems to be functional redundant as
an anliparasitic defense mechanism during acute toxoplasmosis in mice. Furthermore,
we suggest that the systemic T call supprassion observed during acute toxoplasmosis
is influenced by nitric oxide activity and IL-2 deprivation.

Keywords: Toxopfasma gondii, IDO, T cell suppression, mouse, kynurenine

INTRODUCTION

The apicomplexan parasite Toxoplasma gondii (T. gondii)
is, due to the fact that it can infect nearly all warm-
blooded animals, considered to be the most successtul parasite
worldwide. A primary T. goudii infection in humans is usually
asymptomatic, but can cause congenital toxoplasmosis and can
thus lead to fatal consequences for the fetus or newborn. In
immunocompetent individuals, T. gondii establishes a chronic
infection and will thus persist lifelong in the host. Reactivation
of a chronic T. gondii infection in humans—e.g., during
immunosuppression—results in cerebral toxoplasmosis in most
cases (Schltter et al, 2014). A recent study by Wilking
et al. (2016) showed that T. gondii infection, while depending
on demographic factors, is highly prevalent in Germany;
about 55% of the representative cohort was seropositive
for T. gondii.

Defense mechanisms directed against T. gondii are intensively
studied. In addition, extensive data were obtained analyzing
murine toxoplasmosis since the mouse model is the preferred
animal model to study toxoplasmosis i vive (Gazzinelli et al,
2014; Yarovinsky, 2014; Sasai et al., 2018).

Many different effector mechanisms are described to be
involved in the defense against T. gondii, including iron
depletion (Dimier and Bout, 1998) and enhanced autophagy
(Krishnamurthy et al., 2017). However, the most frequently
studied mechanisms directed against intracellular parasites
in mice are the enhanced production of nitric oxide (NO)
by inducible nitric oxide synthase (INOS) (Adams et al,
1990; Khan et al, 1997) and the activity of GTPases,
enzymes that can hydrolyze guanosine triphosphate (Hunn
et al, 2011; Degrandi et al., 2013; Sasai et al, 2018). In
humans, tryptophan depletion by indoleamine 2,3-dioxygenase
(IDO) is the most frequently described defense mechanism
(Pfefferkorn, 1984; MacKenzie et al., 2007).

iINOS was found to be effective against T. gowndii in cell
cultures, e.g., murine macrophages (Adams et al, 1990) or

Abbreviations: ConA, concanavalin A; CpG B, class B phosphate linked cytosine
and guanine oligonucleotide; DC, dendritic cell; dpi, days post-infection; EDTA,
ethylenediaminetetraacetic acid; FBS, fetal bovine serum; GBF, guanylate binding
protein; GTPase, enzyme that hydrolyzes guanosine triphosphate; HFF, human
foreskin fibroblasts; HPLC, high-performance liquid chromatography, i p.,
intraperitoneal; IDO, indoleamine 2,3-dioxygenase; IL-2, interleukin-2; IMDM,
Isocoves Modified Dulbecco’s Medium; inf, infected; IFN-y, interferon gamma;
iNOS, inducible nitric oxide synthase; IRG, immunity-related GTPase; MLN,
mesenteric lymph node; n.d., not detectable; n.s., not significant; NOMMA, NG
monomethyl-L-arginine; NO, nitric oxide; PBS, phosphate-buffered saline; qRT
PCR, quantitative real-time polymerase chain reaction; SD, standard deviation;
SEM, standard error of the mean; TDO, tryptophan 2,3-dioxygenase; WT, wild
type; 1-L-MT, 1-methyl-L-tryptophan.

murine mesenchymal stem cells (Meisel et al., 2011), and
more importantly, in in vivo studies using iINOS-deficient mice
(Khan et al., 1997). However, in contrast to these findings,
NO production favored the growth of T. gondii in cytokine-
activated human uroepithelial cells (Ddubener et al., 1999),
human hepatocytes (Bando et al, 2018), and human retinal
pigment epithelial cells (Spekker-Bosker et al., 2019).

Another important antiparasitic effector mechanism directed
against T gondii is the induction of GTPases such as
immunity-related GTPases (IRGs) (Hunn et al, 2011) or
murine guanylate binding proteins (mGBPs) (Degrandi et al.,
2013; Sasai et al., 2018). In humans, there is only one IRG
present, and this human IRG is not interferon inducible
{(Bekpen et al, 2005). Furthermore, human GBP-mediated
antiparasitic mechanisms differ from those of murine GBPs
(Hunn et al., 2011; Johnston et al., 2016).

The role of the interferon-gamma (IFN-y) inducible IDO
in the defense against T. gowndii was first recognized in
vitro using human fibroblasts (Pfefferlkorn, 1984) and has
been confirmed in other human cell lines (e.g., epithelial
and endothelial cells) (MacKenzie et al., 2007). In contrast,
in murine cells, mIDO does not mediate defense against
intracellular T. gowdii tachyzoites after IFN-y stimulation
as shown in macrophages and mesenchymal stroma cells
(Schwartzman et al.,, 1990; Meisel et al., 2011). Interestingly,
another isoform of IDO has been reported, named indoleamine
2,3-dioxygenase 2 (IDO2). IDO2 has a lower tryptophan
affinity than IDO1 in vifro, and its induction, expression, as
well as distribution are described to be different from 1DO1
(Yeung et al., 2015).

Despite the abovementioned differences in the IDO-mediated
antiparasitic effects between human and murine cells, IDO-
mediated immunoregulatory effects have been described in both
murine and human cells. For example, the group of Munn
and coworkers found an important function for IDO in the
development of immune tolerance in allogeneic pregnancy in
mice and described a profound immunosuppression mediated
by IDO-positive human macrophages (Munn et al., 1998, 1999).
Furthermore, they described the tryptophan depletion as a
possible reason for the inhibited T cell proliferation (Munn
et al., 1998, 1999); thus, we suggest that this local reduction of
tryptophan could also cause a local antimicrobial environment.
The immunosuppressive activity of IDO has been confirmed
by several groups and is of interest in transplant medicine as
well as in tumor immunology and autoimmunity as reviewed
previously (Lob et al., 2009). In sum, it was found that IDO-
positive dendritic cells (IDCs) are able to induce tolerance
during T cell activation, while within the tissue, [DO-positive
non-professional antigen-presenting cells such as fibroblasts and
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endothelial cells could inhibit the effector function of T cells
(Lee et al., 2017).

Since the aforementioned effector mechanisms directed
against T. gondii are differentially regulated in different species
as well as cell types, we decided to investigate the influence of
IDO on acute toxoplasmosis in a specifically adjusted murine
experimental in vive model.

MATERIALS AND METHODS

Cell Line and Parasite Strain Cultivation
Human foreskin fibroblasts (HFF; ATCC® SCRC-1041™,
Wesel, Germany) and the murine macrophage cell line

(RAW 264.7; ATCC® TIB771TM, Wesel, Germany) were
cultured in Iscoves modified Dulbeccos medium (IMDM; Life
Technologies, Carlsbad, USA), supplemented with 5% (vol/vol)
heat-inactivated fetal bovine serum (FBS; BioWhittaker®, Lot
N°: 9SB003, Lonza, Basel, Switzerland). Cells, as well as isolated
cells for ex vivo cultivation, were kept in a humidified Heraeus
BB 6220 CO; incubator {Thermo Fisher Scientific, Waltham,
USA) (37°C, 5% CO3). HFF cells were passaged after confluency
was reached using 0.05% trypsin/ethylenediaminetetraacetic acid
(EDTA), (Life Technologies, Carlsbad, USA). Confluent HFF
monolayers were used as host cells.

T. gondii strain MEA9 tachyzoites (ATCC® 50611, Wesel,
Germany) were maintained in vitro by serial passages in HFF.
For infection experiments, parasites were propagated in HFF (for
42-48h). Parasites were harvested by scraping off parasitized
HFEFs in phosphate-buffered saline (PBS) (Life Technologies,
Carlsbad, USA). Intracellular parasites were syringe-released and
dissociated from host cells debris by differential centrifugation
[85xg, room temperature (RT), 5min; 780xg, RT, 5min].
Parasites were resuspended in PBS, counted, and adjusted to 5
2 10° tachyzoites/ml.

Animals and Infection Experiments

mIDO1 -deficient (IDO~~) mice (B6.129-Ido ™M) were
originally obtained from the Jackson Laboratory (Bar Harbor,
Maine, USA) and had a C57BL/6 genetic background. TDO~/~
mice were bred and kept under specific pathogen-free (SPEF)
conditions in the Central Unit for Animal Research and Animal
Welfare Affairs of the Heinrich-Heine-University Dusseldorf.
C57BL/6 (C57BL/6JRj) mice purchased from Janvier Labs (Le
Genest-Saint-Isle, France) were used as wild-type (WT) controls.
All experiments were performed with age- and sex-matched
cohorts. Mice were infected intraperitoneally (ip.) with 10°
T. gondii MEA9 tachyzoites in 200 pl of PBS. Naive control
mice and infected mice were kept under SPEF conditions
and were checked daily. For sample collection, mice were
euthanized by cervical dislocation 7 days post-infection (dpi).
This study was performed in strict compliance with the German
Animal Welfare Act. The experiments were authorized by the
North Rhine-Westphalia State Agency for Nature, Environment
and Consumer Protection (Permit# 84-02.04.2013.A271, 84-
02.04.2013.A495, and 84-02.04.2016.A508). All efforts were made
to minimize animal suffering during the experiments.

Sample Collection

Blood samples were taken by cardiac puncture, and the sera were
generated from clotted blood samples (4°C overnight) in two
centrifugation steps (20,000 x g 4°C, 10min). Organs [lung,
brain, liver, spleen, and mesenteric lymph nodes (MLNs)] were
collected and washed in PBS. Whole lung, brain, and liver were
homogenized in PBS using the Percellys® lysing kit CK28 and the
Percellys® Minilys® tissue homogenizer (Bertin Instruments,
Montigny-le-Bretonneux, France). All samples were stored at
—80°C for further processing.

Western Blot Analyses

The protein contents of supernatants from centrifuged tissue
homogenates or cell lysates generated by freeze-thaw were
determined viaz the Bradford assay (Bio-Rad Laboratories,
Hercules, USA). Electrophoretic separation of proteins (30 ug
protein per lane) was done with 10% NuPAGE Novex Bis-Tris
Mini gels in the appropriate electrophoresis system (Thermo
Fisher Scientific, Waltham, USA). Proteins were semi-dry blotted
on nitrocellulose membranes (CarboGlas, Schleicher & Schiill,
Dassel, Germany). Membranes were blocked in 5% (w/v) skim
milk powder in PBS for 1 h at RT. For specific protein detection,
the primary antibodies for murine f-actin (1:10,000) (AC-
15, Sigma-Aldrich, Munich, Germany), murine iINOS (1:1,000)
(1131-1144, CalBiochem®, Munich, Germany), or murine IDO
(1:500) (AB9900, Chemicon, Merck Millipore, Billerica, MA,
USA) were diluted in 0.5% (w/v) skim milk powder in PBS.
Membranes were incubated for 1.5h at RT and were washed
three times with PBS (5 min each). The peroxidase-conjugated,
secondary antibodies goat anti-mouse IgG (for mf-actin} or
goat anti-rabbit IgG (for mIDO and miNOS) (1:10,000-70,000,
Jackson ImmunoResearch Laboratories, Dianova, Hamburg,
Germany) were diluted in 0.5% (w/v) skim milk powder in PBS.
Membranes were incubated for 2 h at RT and were washed three
times with PBS (5 min each). Labeled proteins were detected by
enhanced chemiluminescence (Amersham Pharmacia Biotech,
Freiburg, Germany).

qRT-PCR Analysis of Transcript Levels

Total RNA was extracted according to the TRI Reagent protocol
(Merck, Darmstadt, Germany). Briefly, total RNA was extracted
from 50 pl of lung tissue homogenate with 500 pl of TRI
Reagent and 100 pl of chloroform followed by precipitation
with isopropyl alcohol. Extracted RNA was dissolved in 40
pl of UltraPure™ distilled water (Thermo Fisher Scientific,
Waltham, USA) and RNA concentration was determined via
NanoDrop (Thermo Fisher Scientific, Waltham, USA). Reverse
transcription of 1.5 pg of total RNA to ¢cDNA was performed
with M-MLV reverse transcriptase and oligo(dT) 12-18 primers
according to the manufacturers instruction (Thermo Fisher
Scientific, Waltham, USA). PCR primers to amplify the genes of
interest were designed using the Universal ProbeLibrary Assay
Design Center (Roche, Basel, Switzerland) and are listed in
Supplementary Table $1. Real-time PCR was performed with
the Takyon NoRox Probe MasterMix dTTP (Eurogentec, Liittich,
Belgium) on a BioRad CFX96 Touch Real-Time PCR Detection
System (Bio-Rad Laboratories, Hercules, USA). Quality of gPCR
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analysis was verified by technical replicates for each sample in
each run. Each well of a multiplate 96-well PCR plate contained 5
ul of cDNA template, 12.5 pul of Takyon NoRox Probe Master
Mix dTTP. 0.3 pl of primer (10 wM each), 0.5 pl of probe
(10 M), and 6.4 pl of H>O for a total reaction volume of 25 pl.
The PCR conditions were 7 min at 95°C and 40 cycles of 95°C for
20 s and 60°C for 1 min.

Tryptophan and Kynurenine Quantification
We used high-performance liquid chromatography (HPLC)
analysis to quantify total free tryptophan and kynurenine in
mice serum and lung tissue. To precipitate existing proteins
within the samples, they were mixed with trichloroacetic acid
(2.5% final concentration; Sigma-Aldrich, Munich, Germany).
To monitor measurement quality, all samples were mixed with
3-nitro-L-tyrosine {Sigma-Aldrich, Munich, Germany) with final
concentrations of 2.5 or 10pg/ml for lung tissues or sera,
respectively, as internal standard. All samples were filtered (pore
size 0.22 pm) prior to injection.

Analysis was performed with a System Gold® HPLC system
{Beckman Coulter, Krefeld, Germany) under usage of a module
166 UV/VIS detector. For separation, a reverse-phase Cl18§
column cartridge (Purospher® STAR RP-18 endcapped, Sorbent
Lot No. FC095368, 3-pm particle size, 55-mm length, 2-mm
diameter; Merck, Darmstadt, Germany) with an adequate guard
column (Purospher® STAR RP-18 endcapped, Sorbent Lot No.
HX435803, 5pum particle size, 4 mm length, 4 mm diameter;
Merck, Darmstadt, Germany) was used in a manuCART® 55.
mm cartridge holder (Merck, Darmstadt, Germany). The mobile
phase consisted of 50 mM sodium acetate (Merck, Darmstadt,
Germany) adjusted to pH 4.2 with acetic acid (Merck, Darmstadt,
Germany) with 5 or 2% acetonitrile (Merck, Darmstadt,
Germany) for tryptophan and kynurenine analysis, respectively,
using a flow of 0.5 ml/min. All eluents were purchased at least
as gradient grade and underwent a vacuum degassing as well as
a filtration with a 2 pum filter. The absorbance was measured at
280 nm for tryptophan and 360 nm for kynurenine; calculation
occurred on the basis of previously measured calibration curves
with purchased highly pure L-tryptophan and L-kynurenine
(Sigma-Aldrich, Munich, Germany).

gPCR Analysis of the Parasite Load

DNA was extracted from lung tissue homogenate by proteinase
K digestion. In brief, 500 1] of digestion buffer (1% proteinase K
(200 pg/mL; Qiagen, Venlo, Netherlands) in lysis buffer [100 mM
Tris/HCl (pH 8.5), 5mM EDTA (pH 8), 0.2% SDS, and 200 mM
NaCl] was added to 20 pl of lung tissue homogenate and
was incubated at 56°C and 1,100 rpm on a thermo-shaker for
90 min. DNA was precipitated with 500 1l of isopropyl alcohol
and washed with 500 pl of 70% ethanol. Extracted DNA was
dissolved in 50 pl of UltraPure” " distilled water and the DNA
concentration was adjusted to 100 ng/pl. Quantitative real-time
PCR (qPCR) was performed with the abovementioned detection
system. For parasite quantification, a standard curve with
adjusted T. gondii genomic DNA concentrations was established.
The oligonucleotides and template-specific probe that were used
are listed in Supplementary Table $1. These oligonucleotides

bind to a sequence segment of the 35-fold repetitive B1 gene of
T. gondiithat is commonly used in diagnostics (Burg et al., 1989;
Pelloux et al., 1998). Quality of qPCR analysis was verified by
technical replicates for each sample in each run. Each well of a
multiplate 96-well PCR plate contained 5 pl of DNA template,
12.5 pl of Takyon NoRox Probe Master Mix dTTFE, 2.5 ul of
primer (3 M each), and 2.5 pl of probe 2pM) for a total
reaction volume of 25 pl. The PCR conditions were 10 min at
95°C and 45 cycles of 95°C for 155 and 60°C for 1 min.

Isolation and Cultivation of Murine Cells

From Spleen and Mesenteric Lymph Nodes
For ex vive lymphocyte proliferation experiments, cells from
spleen and MLN tissues were digested using 1 mg/ml collagenase
(€2139, Sigma-Aldrich, Munich, Germany) and 180 U/ml DNase
(Roche, Basel, Switzerland) in PBS for 30 min at 37°C. Digested
tissues were passed through 70-pm nylon sieves (Falcon®
Corning Inc.; Corning, New York, USA) followed by erythrocyte
lyses (MORPHISTO GmbH; Frankfurt am Main, Germany).
Cells were resuspended in medium [IMDM with 5% FBS
and 100 U/ml penicillin/100 pg/ml streptomycin (Biochrom
GmbH, Berlin, Germany)] and counted using trypan blue
(0.4%; Sigma-Aldrich, Munich, Germany). Cells were seeded in
low-evaporation lid 96-well flat-bottom plates (Corning Inc.,
Corning, New York, USA) at 3 x 10° cells per well.

Lymphocyte Proliferation Assay

Lymphocyte proliferation was stimulated with the mitogens
concanavalin A (ConA; 1pg/ml; Sigma-Aldrich, Munich,
Germany,) and the class B phosphate-linked cytosine and guanine
oligonucleotide ODN1826 (CpG B; 0.1 uM; Invivogen; San
Diego, CA, USA) as indicated. Additional supplementation with
recombinant human interleukin-2 (IL-2; 5 ng/mL; R&D Systems,
Minnesota, USA) and the NOS inhibitor NG-monomethyl-L-
arginine (NCMMA; 100 pg/ml; Merck, Darmstadt, Germany)
was performed in the concentrations indicated.

Lymphocyte proliferation was determined by the “H-
thymidine incorporation method. In brief, *H-thymidine (74
kBq per well; GE Healthcare Buchler GmbH & Co. KG,
Braunschweig, Germany) was added 48h post-stimulation.
Lymphocyte proliferation was stopped after additional 24h
of cultivation by freezing. Lymphocyte proliferation was
determined by measuring incorporated *H-thymidine using
liquid scintillation spectrometry (1205 Betaplate, PerkinElmer,
Jugesheim, Germany).

Indirect Nitric Oxide Estimation

NO production was measured via the Griess assay (Ding et al.,
1988). Here, nitrite—a stable breakdown product of NO—is
measured. In brief, 100 pl of cell culture supernatant was used
after 72h of in vitro cultivation. The Griess assay was performed
as described before (Meisel et al., 2011). The nitrite content was
calculated by extrapolation from a sodium nitrite standard curve
assayed parallel to each measurement.
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Statistical Analysis

Results are indicated as means & SD or = SEM as indicated
in figure legends. Statistical significances of differences in mean
values were analyzed by using the unpaired two-tailed Student’s
t-test (GraphPad Prism). Significant differences were indicated
with asterisks (*p < 0.05; **p < 0.001; **p < 0.0001).

RESULTS

Expression of mIDO1 mRNA and Protein in

Lungs of Infected Mice

To clear up potentially different murine indoleamine 2,3-
dioxygenase 1 (mIDO1) distribution among various murine
tissues within WT and TDO~/~ mice, Western blot analyses
were performed. Here, no mIDO protein was detectable in liver,
brain, or lung tissue of naive WT mice, while infection induced
strong mIDO1 expression in lung tissue as well as a slight
expression in liver tissue. As suggested in IDO~/~ mice, in all
tested conditions and tissues, no mIDO protein was detectable
(Figure 1A). Further quantitative real-time PCR experiments
with the lung tissues were conducted to detect mIDO1 mRNA.
Shown data represent the relative gene expression of infected
to naive mice in WT and IDO™/~, respectively. Expression of
mGBP2 was equally strong in WT and IDO~/~ mice 7 dpi, as
expected. Upon T. gondii infection, mIDO1 mRNA expression
is strongly upregulated in WT mice. As expected, we did not
detect any mIDO1 expression in infected IDO ™/~ mice. Murine
mIDO2 was measured as well to exclude mIDO2 as a responsible
candidate for results shown further on. mIDO2 is only marginally
increased during T. gondii infection in a few infected mice
and there is no significant difference between WT and DO/~
mice (Figure 1B). Additionally, we measured miNOS expression
in lungs of WT and IDO™/~ mice at different time points
post-infection via quantitative real-time PCR and Western blot
analysis (Supplementary Figure S1). Relative miNOS expression
in infected WT mice was increased in a time-dependent manner
(Supplementary Figure S1A). However, differences between
WT and IDO™/~ on day 7 post-infection were not significant
(Supplementary Figure $1B). miNOS protein was absent in
lungs of naive WT and TDO™/~ mice. Infected IDO~/~ mice
were positive for miNOS protein at 7 and 9 dpi and infected WT
mice only at 9 dpi (Supplementary Figure S1C).

Comparison of mIDO1-Based Tryptophan
Degradation and Parasite Loads of Naive
and Infected WT and IDO~/~ Animals

We explored the antiparasitic properties influenced by mIDO1
during T. gondii infection by comparing the tryptophan
degradation as well as the parasite load.

Therefore, we determined tryptophan and kynurenine
concentrations in sera via HPLC analyses to analyze the systemic
distribution of these metabolites. Furthermore, we analyzed lung
tissue via HPLC, since we previously identified lung tissue as one
center of mIDO1 protein and mRNA expression.

With 153 and 17.7pg/ml, naive WT and DO/~
mice exhibit no significant differences in mean tryptophan
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FIGURE 1 | Exprassion of mIDO1 in murine lung tissue during Toxoplasma
gondii infection. Gene and protein expression in tissues from naive or 7. gondii
ME49-infected wild-type (WT) and indoleamine 2,3-dioxygenase 1-deficient
(IDO~/~) mice. Western blot analysis shows murine IDO (mIDC) and p-actin
protein in lung, liver, and brain tissue of naive (-) and infected (+) WT and
IDO~/~ mice (A). Expression of murine guanylate binding protein 2 (MGBP2),
mIDO1, and mIDO2 in lung tissue homogenates of infected mice relative to
their expression in naive control samples (B). Data were normalized to the
housekeeping gene -actin and were represented as 2~ AACT (naive vs.
infected) in scattered dot plots and means =+ standard deviation. The
Student's t-test (unpaired, two-tailed) was used to determine statistical
differences marked with asterisks (n.s., not significant; ***p < 0.0001).

concentrations in serum. On day 7 after T. gondii infection,
serum tryptophan concentrations drop significantly to 7.5
and 102 pg/ml in WT and IDO~/~ animals, respectively.
Concomitantly with this serum tryptophan drop, the serum
kynurenine concentration in the WT rises significantly from
0.23 to 0.94pg/ml. Even though the serum tryptophan
concentration drops in the IDO™/~ animals similar to the W,
the serum kynurenine concentration is unaltered (<0.1 pg/ml)
in the IDO™/~ animals (Figure2A). The lung tryptophan
concentrations of naive WT and IDO™/~ mice behaved like
the serum tryptophan concentrations without significant
differences, but with 7.7 and 7.3 pg/ml, they are overall lower.
Infected WT animals show a significant drop in lung tryptophan
concentration (from 7.7 to 2.4 pg/ml) paired with a significant
increase in the lung kynurenine concentration (from 0.4 to
6.7 ug/ml). In contrast, infected IDO™/~ animals exhibit
no significant difference in lung tryptophan concentrations
compared with the naive group. Kynurenine concentrations in
lungs of naive and infected IDO™/~ animals are likewise low
(<0.1 pg/ml) as in sera (Figure 2B).

To draw a conclusion regarding the previously mentioned
potential antiparasitic properties of mIDOI1, we determined
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FIGURE 2 | mIDO1 activity in murine lung tissue during Toxoplasma gondli infection. Serum and lung samples were collected from naive or T. gondii ME49-infected
wild-type (WT) and indoleamine 2,3-dioxygenase 1-deficient (IDO~/~) mice. Free tryptophan and kynurenine was measured via high-performance liquid
chromatography in serum (A) and lung tissue homogenate samples (B). Comparison of the 7. gondii load (determined by B1-gene detection) in lungs of naive or
infected WT and IDO~/~ mice (C). Data are represented as scattered dot plots and means (+standard error of the mean for RT-PCR data). For the RT-PCR data,
each dot represents the mean of duplicate measurements of a single mouse lung tissue sample. The Student's t-test (unpaired, two-tailed) was used to determine
statistical differences marked with asterisks (n.s., not significant; *p < 0.05, *p < 0.001, and ***p = 0.0001).

the parasite load in lung tissues via real-time PCR from the
same samples we analyzed beforehand. Here, we used specific
oligonucleotides to detect the 35-fold repetitive B1 gene of T.
gondii. As expected, there was no detection of T. gondii in naive
WT and IDO™/~ mice. We measured a significant amount of
parasites in the lungs of WT and IDO™/~ mice 7 dpi; however,
the parasite load in WT and IDO™/~ mice was not significantly
different (Figure 2C).

Suppressed T Cell Proliferation Responses

During Acute T. gondii Infection

Splenocytes were isolated from naive and infected WT mice
to analyze the proliferative responses of lymphocytes during
acute toxoplasmosis. We performed initial T cell proliferation
experiments to analyze the suitability of our specifically adjusted
experimental model (Supplementary Figure S2). Therefore, we
infected WT mice i.p. with in vitro cultivated tachyzoites or
bradyzoites isolated from lysed brain cysts propagated in vivo.

Here, we could not detect any differences in mitogen-stimulated
T cell proliferation responses (Supplementary Figure S2A).
Furthermore, we tested the time-dependent mitogen-
stimulated T cell proliferation responses. The results shown
in Supplementary Figure S2B clearly illustrate that the
proliferation responses are not impaired at 3 dpi, are reversibly
impaired at 7 dpi, and are irreversibly impaired at 10 dpi
(Supplementary Figure $2). The proliferation of T cells
and B cells was induced by stimulation with the mitogens
concanavalin A (ConA) and the class B CpG oligonucleotide
ODN1826, respectively (Figure 3A). Untreated splenocytes from
infected WT mice show a weak basal proliferation compared
to splenocytes from naive mice. Mitogen stimulation of naive
splenocytes induced a potent lymphocyte proliferation response,
whereas splenocytes from infected mice have a low proliferation
response. In more detail, CpG B stimulation showed that
the B cell proliferation response was slightly reduced by
approximately 28% during acute T. gondii infection. However, T

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

94

June 2019 | Volume 9 | Article 184



3.3 - Publications

Ufermann et al
A spleen
s & e [J WT naive
® % ' ' [l WT infected
S
el *%
o x 4 | o
@
£5 5]
82
= 2
g *
= | ]
= 0 —_ =]
untreated ConA CpGB
B - MLN
8 e— | o=
_:E [] WT naive
" B WT infected

[cpm x 104]
s

lymphocyte proliferation

n.s.
—
ol = = Ha
untreated ConA

FIGURE 3 | Mitogen-stimulated lymphocyte proliferation is impaired during
acute toxoplasmosis in WT spleen and MLN-derived cells. Spleen (A) and
mesenteric lymph nodes (MLN) (B) were isolated from naive or T. gondii
ME49-infected wild-type (WT) mice. Cell cultures were supplemented with the
mitogen concanavalin A (ConA; 1 1g/ml), the class B phosphate linked
cytosine, and guanine oligonucleotide ODN1826 (CpG B; 0.1 pM) to stimulate
T cell and B cell proliferation ex vivo or were left untreated. Lymphocyte
proliferation was determined with the SH-thymidine method. Data were
represented as means of triplicate measurements (n = 7-8) &+ standard error
of the mean. The Student’s {-test (unpaired, two-tailed) was used to determine
statistical differences marked with asterisks (n.s., not significant; *p < 0.05, **p
= 0.001 and ***p = 0.0001).

cell stimulation with ConA showed a very prominent impaired T
cell proliferation response (>90% reduction). ConA stimulation
of MLN cells from naive and infected WT mice resulted in
the same phenotype (Figure 3B). In detail, MLN-derived T
cells also showed a very weak proliferative response to ex vivo
ConA stimulation during acute T. gondii infection (>90%
reduction) as observed in the stimulation of splenic T cells.
Thus, further experiments were conducted with splenocytes to
perform more profound analyses of the T cell responses during
acute toxoplasmosis.

IL-2 Availability and NOS Activity, but Not
mIDO1 Influence T Cell Proliferation

Responses During Acute Toxoplasmosis
The role of mIDOI in the suppressed T cell proliferation
responses during acute toxoplasmosis is not known. Thus,

IDO1 During Acute Murine Toxoplasmosis

splenocytes were isolated from naive and T. gondii-infected WT
and IDO~/~ mice 7 dpi.

Splenic T cells from naive WT and TDO " mice respond
comparably strong to mitogen stimulation (Figure 4A). During
acute T. gondii infection, the mitogen-induced proliferative
responses were highly reduced in WT splenocytes (>90%)
and TDO/~ splenocytes (>92%) (Figure 4A). This indicates
that the suppressed T cell responses are affected independently
of mIDOI.

IL-2 deprivation (Khan et al., 1996) as well as iNOS activity
(Patton et al., 2002) have previously been described to be involved
in the impaired T cell proliferation response during acute
toxoplasmosis. Thus, we performed ex vivo mitogen stimulation
experiments with supplementation of IL-2 and the NOS inhibitor
NYMMA to elucidate their interplay in the proliferation of
splenocytes from WT and IDO™/~ mice. Supplementation of IL-
2 alone did not significantly improve the proliferation of T cells
from either infected genotype (WT: from 9.7 to 14.1%; IDO~/~:
from 7.6 to 10.9%) (Figure4A). NOS inhibition via ex vivo
NOMMA treatment resulted in a small but significant elevation
of T cell proliferation, which was equally strong for cells from
both infected genotypes (WT: from 9.7 to 29.7%; IDO~/~: from
7.6 to 30.2%) (Figure 4A). Combining the supplementation of IL-
2 and NOMMA increased the proliferation of mitogen-treated T
cells from both infected genotypes even further, without however
reaching the level of the naive proliferation response (WT: from
9.7 to 59.5%; IDO~/~: from 7.6 to 61.8%) (Figure 4A), thus
resulting in a highly significant elevation of the proliferative
response compared to mitogen stimulation alone.

Stimulated as well as untreated splenocytes isolated from T
gondii-infected WT and IDO™/~ mice showed NOS activity as
measured indirectly via nitrite accumulation in the supernatant
(Figure 4B). Here, splenocytes from IDO™/~ mice produce
significantly more nitrite compared to the equally treated WT
splenocytes (untreated: 4.6 LM for WT and 8.1 uM for IDO~/;
ConA stimulated: 5.9puM for WT and 9uM for IDO~/7)
(Figure 4B). NOS inhibition via ex vivo NSMMA treatment
reduced the nitrite concentration in supernatants strongly to 1.4
and 2.2 uM for WT and IDO /"~ respectively (Figure 4B).

DISCUSSION

Indoleamine 2,3-dioxygenase (IDO) is described as a potent
antimicrobial factor in in vitro systems using human, porcine,
and bovine cells. In this context, IDO activity has been shown
to inhibit pathogens like bacteria (e.g., group A streptococci,
Staphylococcus aureus), viruses (e.g., Herpes simplex virus
1, Cytomegalovirus), and parasites (e.g., T. gondii, Neospora
caninum) (Diubener et al., 2009). However, the role of IDO
as a potent antimicrobial factor in vivo remains controversial.
Here, we used C57BL/6 mice deficient for mIDO1 (IDO~/~)
to investigate acute toxoplasmosis with specific regard to
the general systemic proinflammatory reaction and the local
parasite burden within the lung, a strong IDO-expressing organ.
We have adjusted our experimental model by comparing the
infection with tachyzoites and bradyzoites. Furthermore, we have
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FIGURE 4 | T cell proliferation is altered by IL-2 and NOS activity in splenocytes derived from WT and IDO~/~ mice. Splenocytes were isclated from naive or T. gondli
ME49-infected wild-type (WT) and indoleamine 2,3-dioxygenase 1-deficient (IDO*f ) mice (WT naive:n = 7; DO/~ naive: n = 5, WT infected: n = 8; IDO~/~
infected: n = 10). Splenic T cell cultures were stimulated with the mitagen concanavalin A (ConA, 1 1g/ml) ex vivo. Supplementation of human interleukin-2 (IL-2,
5ng/ml) and the nitric oxide synthase (NOS) inhibitor NG -monomethyl-L-arginine (NSMMA, 100 jug/mi) was done as indicated (A,B). Lymphocyte proliferation was
determined with the 3H7thymidine method. (A). Nitrite accumulation in the supernatant of ex vivo cultured splenocytes was detected using the Griess reaction (B).
Data were represented as means of triplicate measurements + standard error of the mean. The Student’s t-test (unpaired, two-tailed) was used to determine
statistical differences marked with asterisks (n.s. = not significant; *p = 0.05, **p < 0.001, and ***p < 0.0001).

evaluated the optimal time point for our objectives. In this
specifically adjusted experimental model, using a high dose of
tachyzoites via the intraperitoneal route, C57BL/6 mice develop
a more intense acute toxoplasmosis compared to BALB/c mice
(own preliminary data not shown). The type II strain T. gondii
ME49 was chosen for our infection experiments, since type II
strains are the most frequently found T. gondii strains in human
toxoplasmosis (Schliiter et al., 2014). To ensure standardized
infection inoculums, we infected mice with a high dose of T.
gondii ME49 tachyzoites via i.p. injection, thereby circumventing
the use of brain-derived cysts that vary in size and parasite
number (Dubey and Frenkel, 1998). However, it has to be taken
into account that oral cyst uptake is a natural route of infection,
whereas i.p. injection of tachyzoites into inbred mice is a strictly
experimental setup. Additionally, infection via the natural route
results in a slower but more natural course of disease compared
to our specifically adjusted experimental model. Finally, it has
to be considered that our model does not represent the natural
course of toxoplasmosis, but is ideally adjusted for the herein
analyzed objectives. Furthermore, it cannot be excluded that the
high infection dose used in our model might mask a role of IDO
during the natural course of a T. gondii infection.

Here, we show that infection of mice with T. gondii tachyzoites
results in a strong mIDO1 induction in lungs. In detail, we found
high amounts of mIDO1 mRNA and mIDO protein in the lungs
of T. gondii-infected WT animals. Similar observations have
been obtained during allergic diseases (Hayashi et al., 2004) or
allogeneic stem cell transplantation (Lee et al., 2017) in mice. In
both publications, mIDO immunoreactivity was found especially
in lung epithelial cells (Hayashi et al., 2004; Lee et al., 2017).
Furthermore, published data in the context of other murine
infections have shown similar mIDO expression. mIDO protein
and/or mRNA was found in the lungs of mice experimentally
infected with the influenza A virus (Gaelings et al., 2017), the
pathogenic fungus Paracoccidioides brasiliensis (Aravjo et al.,
2014), and the pathogenic bacterium Mycobacterium tuberculosis
(M. tuberculosis) (Blumenthal et al., 2012), thus indicating that
mIDO does function as an antimicrobial effector mechanism in
murine lungs in viva.

During T. gondii infection, we found reduced tryptophan
concentrations in sera of WT animals, which were even more
pronounced in lung tissue, confirming previously published
data (Silva et al, 2002; Murakami et al., 2012). The same
samples were tested for their kynurenine concentration, as
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kynurenine is a degradation product of tryptophan. The
decreased tryptophan concentrations were accompanied with
an increase in kynurenine concentrations. However, we also
detected a drop in tryptophan concentrations in infected DO/~
mice. This observation is unlikely due to possible mIDO2 activity,
since we did not detect mIDO2 mRNA in the majority of
samples. Furthermore, the tryptophan drop in the DO/~ mice
is not accompanied by an increase of kynurenine. Therefore,
we suggest that enhanced protein biosynthesis by host cells
and the rapidly proliferating T. gendii tachyzoites during the
acute phase of toxoplasmosis are responsible for the decreased
tryptophan concentration in the serum of infected animals. Our
finding supports this hypothesis, since there is no evidence
for an enhanced tryptophan cleavage in the lungs of infected,
DO~/ mice.

We can confirm the observation by Divanovic et al. that
IDO~/~ mice show no phenotype compared to the WT
during acute toxoplasmosis, but rather behave similarly (data
not shown). Furthermore, they reported that treatment of
chronically infected WT mice with the IDO inhibitor 1-methyl-
D-tryptophan (1-D-MT) resulted in T. gondii encephalitis
(Divanovic et al., 2012). In a previous publication, Murakami
et al. reported reduced mRNA expression ofthe T. gondii surface
antigen 2 in lungs of T. gondii-infected IDO™/~ mice compared
to WT mice 7 dpi, indicating a lower parasite load or a reduced
metabolic activity. Therefore, we analyzed the parasite load in
the lungs of the infected animals by detecting a T. gondii-
specific DNA sequence. Here, we did not detect a significant
difference in the T. gondii load in lungs of WT or IDO~/~
mice. Again, a possible involvement of mIDO2 to compensate
for the lack of mIDO1 is unlikely, since mIDO2 mRNA was
rare and detectable only at low levels in infected IDO—/~ and
WT mice. Another tryptophan-degrading enzyme—tryptophan
2,3-dioxygenase (TDO)—might, however, be involved. Human
TDO has been described by us to mediate antimicrobial and
immunoregulatory effects similar to human DO (Schmidt et al.,
2009). Human TDO has been identified by Hsu et al. (2016) as
the main tryptophan-degrading enzyme in human lung cancer-
associated fibroblasts. Due to these findings, we have recently
established a mIDO1 and mTDO double-deficient mouse strain
to further elucidate the invelvement of mIDO1 and mTDO
during murine infections.

‘We have shown that a tryptophan concentration of <1 jLg/ml
is necessary to inhibit bacterial (S. aureus) growth as well as
human T cell proliferation in vifro (Miiller et al., 2009). Despite
our current finding that the tryptophan concentration in murine
lung tissue is strongly reduced during T. gondii infection, we
could not detect increased parasite loads in lungs of IDO~/~
animals, even though T. gowndii is tryptophan auxotroph. Thus,
the tryptophan depletion 7 dpi might not be sufficient to mediate
antiparasitic effects in vivo. Detailed information concerning the
minimal tryptophan concentration for T. gondii growth in vivo is
not available. Our data clearly showed a time-dependent increase
of miNOS in lung tissue of infected WT mice on transcript
level but could not detect a difference between WT and IDO—/~
mice 7 dpi. However, in lungs of IDO~/~ mice, we could detect
miNOS protein earlier post-infection compared to the WT.

Thus, INOS expression in murine tissues might mediate parasite
control during acute toxoplasmosis. This might be another
reason why we did not find mIDO1 to be involved in the control
of the rapidly replicating tachyzoites during acute toxoplasmosis.
iNOS is a previously described antimicrobial defense mechanism
and is induced in T. gondii-infected mice (Khan et al., 1997).
However, mice deficient for iNOS showed prolonged survival in
comparison to WT mice (Khan et al., 1997). Detailed analyses
showed that enhanced liver degeneration, extensive ulceration,
and necrosis in the small intestine were responsible for the earlier
death of iINOS-expressing WT mice (Khan et al, 1997). We
found higher nitrite accumulation in supernatants of ex vivo
splenocyte cultures from infected IDO~/~ mice compared to
infected WT mice. Ye et al. have reported a similar observation
in a stem cell transplantation model. They showed that 1-
methyl-DL-tryptophan mediated inhibition of mIDO resulted
in increased NO concentration in the supernatant of mixed
lymphocyte cultures with lymphocytes isolated from BALB/c
and C57BL/6 mice (Ye et al, 2017). This indicates, on the one
hand, that IDO is influencing NO production. On the other
hand, we (Ddubener et al., 1999) and others (Bando et al., 2018)
found that iNOS can block IDO-mediated antimicrobial effects.
Thus, we suggest that mIDO1 and INOS interact during acute
toxoplasmosis and that mIDO1 activity might be required for the
regulation of INOS activity during acute toxoplasmosis in WT
mice. Higher iNOS activity might compensate for the missing
mIDOI1 in IDO~/~ mice, whereby potential antiparasitic effects
of mIDO1 were not detectable in our experimental setup. The
herein mentioned detection of miNOS protein supports this
suggestion. Thus, infection experiments with mice deficient for
mIDO1 and INOS might be of interest, since Scharton-Kersten
et al. (1997) reported that iNOS-deficient mice can survive acute
toxoplasmosis and control parasite growth at the site of infection
via NO-independent mechanisms. This observation might be
due to other aforementioned defense mechanisms (e.g., G'TPases)
or due to IDO activity. However, that remains to be shown.
Experimental evidence that IDO mediates antimicrobial
effects directly via tryptophan depletion in mice came from in
vive experiments with bacterial infections. For example, Peng
and Monack published that genes in the tryptophan biosynthesis
pathway are essential for the pathogenic bacterium Francisella
novicida (F. novicida) to multiply in lungs of C57BL/6 mice (Peng
and Monack, 2010). Thereafter, bacteria deficient in tryptophan
synthesis were constructed, and it was found that this strain had
lost its capacity to replicate in the lungs of C57BL/6 mice. In
lungs of IDO~/~ mice, this tryptophan auxotrophic F. novicida
strain was able to replicate, thus suggesting that tryptophan
depletion via mIDO1 did protect the WT mice from the bacterial
infection. Comparable data were obtained with a pharmacologic
blockage of tryptophan synthesis in M. tubercudosis. Zhang et al.
showed that a blockage of tryptophan synthesis by halogenated
anthranilate analogs disrupted tryptophan biosynthesis in M.
tuberculosis. Treatment of infected mice with this compound
resulted in an inhibition of bacterial growth (Zhang et al., 2013).
Inhibition of IDO in macaques during experimental infections
with M. tuberculosis led to reduced bacterial burden, indicating a
better control of the M. fuberculosis infection in treated animals
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(Gautam et al., 2018). However, Gautam et al. used 1-D-MT,
which is not an IDO inhibitor but is rather described to inhibit
IDO-mediated immunoregulatory functions (Metz et al., 2012).
Therefore, the observed effects in macaques might be due to an
enhanced immune reaction against M. fuberculdosis.

In mice, mIDO expressing plasmacytoid DCs have been
reported to suppress T cell responses in tumor-draining lymph
nodes (Munn et al., 2004). Furthermore, DCs that express IDO
have been linked to several other immunoregulatory functions,
for example, the differentiation of regulatory T cells {(Grohmann
et al, 2017). In addition, tolerance toward self-antigens is
regulated by mIDO in the marginal zones of the murine spleen
(Ravishankar et al., 2012). Therefore, it was of interest to analyze
whether mIDO1 is involved in the T cell suppression, seen during
an acute T. gondii-infected mouse.

We measured T cell responses from in vifro mitogen-
stimulated splenocytes, isolated from T. gondii-infected mice.
Here, we observed a strong suppression of the T cell proliferation
in splenocytes from infected compared to naive mice. However,
there was no difference between IDO™/~ and WT mice in our
experiments, indicating that mIDO1 is not a major factor that
regulates the observed T cell suppression. Previous experiments
by Chan et al. (1986) have indicated that IL-2 availability as well
as macrophages {as potential NO producers) are involved in the
T cell suppression observed during acute toxoplasmosis.

Supplementation of IL-2 alone did not influence the
proliferation of T cells in our setup, as reported by Khan
and coworkers. They observed an increase in the T cell
proliferation upon in vitro supplementation of IL-2 during
mitogen stimulation of purified CD4™ T cells (Khan et al., 1996},
In our setup, we stimulated splenocytes consisting not only of
T cells but rather of a broad variety of cell types, including
macrophages. T cell proliferation has also been reported to be
influenced by NO derived from activated macrophage before
(Albina et al., 1991; Patton et al., 2002). Inhibition of NOS in our
experiments increased the proliferation of T cells derived from
both infected mouse strains significantly. IL-2 supplementation
and NOS inhibition in combination further increased T cell
proliferation, but it did not reach the proliferation level of naive
T cells.

Salinas et al. (2014) have demonstrated that conventional
T cells compete with regulatory T cells for available IL-2 in
purified T cells isolated during acute toxoplasmosis, induced
by infection of C57BL/6 mice orally with 50 T. gondii ME49
cysts. With our finding that splenocytes from DO/~ mice
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Supplementary Table S1 Oligonucleotides used in this study.

Gene expression
Primer Name Primer Sequence [5°->3"] Roche Probe ID
mp-actin-fw TGACAGGATGCAGAAGGAGA
mp-actin-rv CGCTCAGGAGGAGCAATG e
mGBP2-fw TGAGTACCTGGAACATTCACTGAC
mGBP2-rv AGTCGCGGCTCATTAAAGC v
mIDO1-fw GGGCTTCTTCCTCGTCTCTC
mIDO1-rv TGGATACAGTGGGGATTGCT ?
mIDO2-fw GTCCTTGGGGAGATACCACA
mIDO2-rv CCAAGGCTTGTAATGATCTGG .
miNOS-fw CTTTGCCACGGACGAGAC
miNOS-rv TGTACTCTGAGGGCTGACACA a
Parasite load
Primer Name Primer Sequence [5°->3’]
TgBl1-tw GCTAAAGGCGTCATTGCTGTT
TeBl-rv GGCGGAACCAACGGAAAT
TgBl1-probe FAM-ATCGCAACGGAGTTCTTCCCAGACGT-BHQ1
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Supplementary Figure S1 Expression of miNOS in murine lung tissue during Toxoplasma gondii
infection. Gene and protein expression of murine inducible nitric oxide synthase (miNOS) in tissues
from naive or 7. gondii ME49 infected wild-type (WT) and indoleamine 2,3-dioxygenase 1-deficient
(IDO™") mice at different time points post infection. Expression of miNOS in lung tissue homogenates
of infected mice relative to their expression in naive control samples on 3, 7 and 10 days post infection
(dpi) (A). Expression of miNOS in lung tissue homogenates of infected WT and IDO™™ mice relative
to their expression in naive control samples at day 7 post infection (dpi) (B). Western blot analysis
shows miNOS and B-actin protein in lung tissue of naive and infected WT and IDO™" mice as well as
untreated (-) and stimulated (IFN-y 100 U/mL or IFN-y 100 U/mL + IL-1p 100 U/mL + TNFa
100 U/mL) RAW 264.7 cells as negative and positive controls respectively (C). IFN-v, IL-1p, TNFa

were purchased from R&D Systems (Minneapolis, UUSA). qPCR data were normalized to the

2-AACT

housekeeping gene B-actin and were represented as (naive vs. infected) in scattered dot plots

and means =+ standard deviation. The Student’s #-test (unpaired, two-tailed) was used to determine
statistical differences marked with asterisks (n.s. = not significant).
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Supplementary Figure S2 Mitogen induced lymphocytes proliferation responses in murine
splenocytes. Splenocytes were isolated from uninfected (naive; n = 3) or 7. gondii ME49 tachyzoite
(intraperitoneal (i.p.) dose: 10° tachyzoites; n = 3) or bradyzoite (i.p. dose: 20 lysed cysts: n = 3)
infected C57BL/6 wild-type (WT) mice at 7 days post infection (dpi) (A). Splenocytes were isolated
from uninfected (naive; n = 3) or 7. gondii MEA49 tachyzoite infected (i.p. dose: 10° tachyzoites) WT
mice at 3 dpi (n=3), 7 dpi (n =3) and 10 dpi (n = 3) (B). Splenic T cell cultures were stimulated with
the mitogen concanavalin A (ConA, 1 ug/mL) ex vivo. Additional supplementation of recombinant
mterleukin-2 (IL-2, 5 ng/mL) and the nitric oxide synthase (NOS) inhibitor

N®monomethyl-L-arginine (N°MMA, 100 ug/mL) was done as indicated. Lymphocyte proliferation
was determined with the *H-thymidine method. Data were represented as means of triplicate
measurements + standard error of the mean of one experiment.
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4. Discussion and concluding remarks

The results obtained in this thesis revealed a profoundly disordered immune response of
LTBR™ mice to an infection with T. gondii, resulting in an impaired T cell response,
dysregulated cytokine patterns, dysregulated IFNy driven anti-parasitic responses, and largely
abrogated immunoglobulin class switching. Ultimately, due to all these discovered defects,

LTBR™ mice are not able to control the parasite and succumb to a T. gondii infection.

To investigate the cause of infection in LTBR™ mice, the parasite burden was analyzed. Not
unexpectedly, more parasites were detected in lung, spleen and muscle tissue of LTBR” mice,
which can be explained by the immune defects uncovered in this thesis. Interestingly though,
LTBR™ animals had fewer parasites in the brain. The trigger for the migration of infectious
tachyzoites into the brain is not completely understood, but it is known that under immune
pressure of the host immune system tachyzoites convert to metabolically less active
bradyzoites which form tissue cysts and establish a chronic infection (Lyons, McLeod et al.
2002). Two explanations for the reduced cyst numbers in the brain of LTBR” mice are possible.
Parasites might not be driven into the chronic stage of infection because of the lack of efficient
immune pressure. Or, more likely, reduced parasite numbers are caused by the lack of specific
cell populations, especially DCs and macrophages that are used by the parasite as a “Trojan
horse” to shuttle into the brain (Courret, Darche et al. 2006, Lambert, Hitziger et al. 2006,
Lambert, Vutova et al. 2009). In addition, the blood-brain barrier consists of endothelial cells.
Since the LTBR is expressed on endothelial cells and has been shown to have an essential
role in attracting LTa+B2 expressing (T) cells to specific locations (e.g. LTi cells in the lymph
nodes) during the development of secondary lymphoid organs (Scandella, Bolinger et al.
2008), it might be postulated that in LTBR” mice specific immune cells cannot cross into the

brain tissue.

One overt symptom of acute T. gondii infection also seen in patients with severe toxoplasmosis
is increased spleen size. While increased spleen size/weight during infection was observed in
both cohorts, WT mice showed a stronger increase which is at least partially due to
inflammatory swelling as LTBR™ spleens actually contained increased splenocytes numbers
compared to WT animals. At the same time, LTBR” mice show reduced numbers of DCs,
macrophages, eosinophils, neutrophils and inflammatory monocytes compared to WT mice.
This difference between increased cellularity and reduced numbers of specific cell populations
could be due to the presence/absence of other subpopulations so far not analyzed, but initial
observations strongly suggest that LTBR” mice have markedly increased numbers of apoptotic
cells. Further analysis of splenocytes is necessary to clarify the nature of the increased

cellularity in spleens of infected LTBR” animals.
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While T. gondii specific CD8* T cells differentiate in LTBR” mice in comparable numbers to
WT mice, their functionality is markedly decreased. LTBR” mice have significantly lower
numbers of T. gondii specific T cells which contain granzyme B and perforin and appear
virtually unable to degranulate. This implies that cytotoxic T cell mediated killing is severely
impaired which would contribute to the increased susceptibility of LTBR” mice. However, the
question why T. gondii specific CD8* T cells without the LTBR expand but are not functional

remains unsolved.

Since LTaiB2 and LIGHT can both signal via the LTBR (Hehlgans and Pfeffer 2005) the
interesting question is which ligand is responsible for the altered cytotoxicity of CD8* T cells of
infected LTBR™ mice. Therefore, bone marrow cells of LTBR™, LTa”, LTR” and LIGHT"- donor
mice should be transferred into Rag”yc’ acceptor mice which lack NK-, T-, B cells and ILCs
(Sanchez, Cuadra et al. 2013), before infection with T. gondii. Immune cell populations should
be investigated via flow cytometry as well as the survival of these animals. To further identify
cellular subpopulations that might be responsible for the observed phenotype of infected
LTBR™ mice, LTR" and LIGHT" acceptor mice should be reconstituted using WT donor CD4*
and CD8" T cells that were isolated via fluorescence-activated cell sorting (FACS) or magnetic

beads.

Interaction of naive T cells with DCs, important for their activation/maturation, takes place in
the lymph nodes which are absent in LTBR”- mice. This may explain why LTBR animals showed
less differentiation of naive CD4" T cells into CD4" effector T cells and why they have impaired
immunoglobulin (lg) affinity maturation (Futterer, Mink et al. 1998). Regulatory T cells are
reported to use the LTa1B2-LTRR interaction for afferent lymphatic transendothelial migration
(Brinkman, Iwami et al. 2016) and to be essential for protection during the acute phase of
infection (Tenorio, Olguin et al. 2010). In addition, it has been shown that LTBR blockade
induces inflammation and fibrosis associated with decreased regulatory T cell infiltration into
grafts in a murine cardiac allograft model (Nakayama and Bromberg 2012). These data
suggest that LTBR deficiency might also affect the localization of regulatory T cells in T. gondii
infected LTBR™" mice, likely contributing to the increased mortality. Flow cytometry of regulatory

T cells of T. gondii infected WT and LTBR™ is necessary to investigate this hypothesis.

Another approach to investigate the role of the LTBR in regard to various immune cell
subpopulations is to use a mouse line that carries a floxed LTBR gene and crossing it with
mouse lines carrying a Cre gene under the control of various lineage specific promotors. This
would generate mouse lines that are LTBR deficient in various cell lineages. For example Tie2
is an endothelial cell specific promotor, thus an LTBR"™°x x Tie2ER™Cre line could be used

to investigate the importance of LTBR expression on endothelial cells. This mouse line would
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be of great value to investigate whether specific immune cells cannot cross the blood-brain

barrier in LTBR” mice, which could be responsible for the lower parasite numbers in the brain.

Itis known that CD8" T cells exhibit perforin dependent anti-cyst activity in the brain of T. gondii
infected mice (Suzuki 2019). T. gondii infected LTBR” mice showed reduced numbers of
T. gondii specific CD8" T cells that are granzyme B and perforin positive so it is likely that a
perforin dependent anti-parasitic activity might be already important during the late acute
phase of infection in these mice. Despite these observations, the role of cytotoxic T cell
mediated killing in T. gondii infection remains largely unclear. A protective role for CD4* T cells
in the spleens of T. gondii infected animals has been shown (Grover, Blanchard et al. 2012),
but their role in the brain is largely unexplored. Here, LTBR"- compared to WT animals showed
lower CD4 and CD8 mRNA expression in brain tissue suggesting that these animals might
have reduced T cell numbers in the brain. It has been reported that resident and infiltrating
T cells in the brain of infected WT animals are essential to control T. gondii infection during the
chronic phase of infection in the brain (Schluter, Hein et al. 1995, Schaeffer, Han et al. 2009,
Wilson, Harris et al. 2009). However, in T. gondii infected LTBR™ animals the role of brain
resident and infiltrating immune cells is as yet unexplored. It is unclear whether T cells of
T. gondii infected LTBR™ mice are unable to cross the blood-brain barrier as discussed earlier
or whether their presence is not (yet) necessary due to the lower parasite burden in the brain
of these animals. Further analysis of immune cell populations in brain tissue of T. gondii
infected LTBR” mice is necessary to understand the role of the LTBR with regard to the

establishment of chronic toxoplasmosis.

Under specified pathogen-free (SPF) housing conditions LTBR” mice do not show an overt
phenotype and are obviously able to compensate for the lack of LTBR signaling. However,
transcriptomics reveal fundamental differences in gene expression patterns in lung tissue of
uninfected LTBR” compared to WT mice. In uninfected animals, an increased activation status
of LTBR™ mice was identified and experimental data confirmed increased levels of several pro-
inflammatory cytokines in the serum. It is conceivable that the lack of LTBR signaling is
compensated by the excess production of other cytokines (e.g. LT and TNF) which could in
turn induce negative feedback loops creating a precarious balance. However, it might also be
possible that LTBR™ mice already have issues dealing with the commensal flora, due to which
they increase cytokine expression. Upon T. gondii infection, an immune response is initiated.
In WT animals T. gondii infection leads to the massive expression of IFNy and IFNy induced
genes to contain the parasite (Sasai and Yamamoto 2019). Transcriptomic data generated in
this study depicts an increased global expression pattern. In infected LTBR” mice the up-
regulation of various cytokines such as IL-1B3, IL-6 and IL-10 reflect a higher activation of the

immune response to the infection that is accompanied by upregulation of regulatory molecules
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of the IFNy signaling pathway (e.g. SOCS 3). Ultimately this seems to result in a paralysis of
the system as infected LTBR” animals show global downregulation of gene expression
compared to the uninfected WT controls as well as to the infected WT animals. This could, of
course, explain the increased mortality of LTBR” mice. Since transcriptome data was
generated from lung tissue und cytokine analysis was performed of serum, cytokine expression
should also be analyzed in lung tissue for appropriate correlation of these data sets. In addition,
different tissues, e.g. spleen or muscle tissue could also be used to generate transcriptome

data.

IFNy signaling is essential for efficient anti-parasitic immune responses since neither IFNy”
nor IFNyR” mice are able to contain T. gondii and consequently succumb early in infection
(Deckert-Schluter, Rang et al. 1996, Scharton-Kersten, Wynn et al. 1996). The finding that
LTBR™” compared to WT mice did not upregulate IFNy in the serum in early stages of infection
is concordant with the lack of gene upregulation involved in IFNy responses found in
transcriptome analysis. By day 10 post infection IFNy levels in WT animals are markedly
decreased again. Most probably this reflects parasite containment and transition to the chronic
phase of infection while IFNy expression in LTBR™ animals is significantly increased since they

cannot sufficient control the parasite.

The expression of IFNy induced effector molecules in lung and brain tissue, such as IDO
(Pfefferkorn, Rebhun et al. 1986, Murray, Szuro-Sudol et al. 1989) and iINOS (Scharton-
Kersten, Yap et al. 1997, Khan, Matsuura et al. 1998) as well as the upregulation of mGBPs
which are essential for an efficient immune response to T. gondii (Yamamoto, Okuyama et al.
2012, Degrandi, Kravets et al. 2013, Selleck, Fentress et al. 2013, Behnke, Sorg et al. 2017,
Steffens, Beuter-Gunia et al. 2020) is significantly reduced in LTBR™ animals. IDO and iNOS
expression are rather unlikely to solely account for the susceptibility of LTBR™ mice to T. gondii.
Ufermann et al. (Ufermann, Domrose et al. 2019) (see 3.3) show that while IDO alone is not
sufficient to mediate an anti-parasitic effect in vivo, INOS might mediate parasite containment
during acute toxoplasmosis. Mice deficient for INOS are shown to control parasite replication
during acute T. gondii infection, but show increased susceptibility during the chronic stage of
infection (Scharton-Kersten, Yap et al. 1997). This indicates that IDO and iINOS expression
may play only minor roles compared to other effector molecules in regard to parasite
containment, at least in mice. Most probably, specifically the expression of mGBPs and IRGs
is essential for parasite containment since mice deficient for different IFNy regulated effector
genes (e.g. mGBP2", mGBP77, IGTP” mice) succumb to T. gondii infection and show an
increase in parasite burden (Taylor, Collazo et al. 2000, Degrandi, Kravets et al. 2013,
Steffens, Beuter-Gunia et al. 2020).
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The observation that IFNy expression patterns differ between serum and tissue (lung and
brain) of WT and LTBR” mice during infection was unexpected. While LTBR” and WT mice
show comparable IFNy levels in lung and brain tissue, LTBR” mice show a delayed
upregulation of protein expression of genes involved in IFNy signaling, such as (p)STAT1, IRF-
1 and mGBPs in both tissues. One explanation could be that while IFNy is expressed in
comparable amounts in lung and brain tissue, it might not be bioavailable in LTBR”- animals
due to sequestration. Therefore, we assume that serum IFNy is mainly responsible for
modulating expression of IFNy-regulated genes. In the brain, IFNy expression is not
upregulated during the acute of infection in both genotypes, suggesting that up-regulation of
effector molecules in WT animals might in this case be dependent on LTBR signaling rather
than IFNy signaling, as LTBR” animals show delayed up-regulation of these effector proteins.
Moreover, the delayed IFNy response in sera of LTBR™ mice is in line with the findings that
LTBR” mice lack a significant NK cell population (Wu, Sun et al. 2001). This delayed response
in LTBR” mice could therefore be caused by the absence of the timely IFNy production by NK
cells (Gaddi and Yap 2007) and DCs (Fricke, Mitchell et al. 2006) - especially cDCs and pDCs
- in concert with the reduced number of effector and IFNy producing CD4* T cells (Denkers,
Gazzinelli et al. 1993, Gigley 2016). An impaired release of IFNy by NK cells due to delayed
IL-12p40 secretion by DCs during T. gondii infection of LTBR” mice has been already
suggested (Hou, Benson et al. 2011, Behnke, Sorg et al. 2017). However, in this study
comparable production of IL-12p70 (consisting of the IL-12p35 and IL-12p40 subunits) in the
serum of infected LTBR”- mice was detected, indicating that the delayed IFNy response is more
likely due to a lack of specific cell populations than to an impaired release via delayed IL-12
production. Besides DCs and NK cells various cell types have been described to produce IFNy
on a single cell level (Scharton-Kersten, Nakajima et al. 1998, Denkers 1999, Darwich, Coma
et al. 2009, Wagage, Harms Pritchard et al. 2015, Ivanova, Denton et al. 2019). However,
monocytes and macrophages are unlikely to account for a delayed early IFNy production, since
flow cytometry revealed comparable numbers in spleens of WT and LTBR” mice (d0 —d7 p.i.).
ILCs which are also known to produce IFNy and have been shown to be important in T. gondii
infection (Dunay and Diefenbach 2018), were not studied in this thesis, but should be
investigated in further studies. While IFNy production was analyzed in serum, lung and brain
tissue, immune cell populations were only analyzed in the spleen. In order to appropriately
correlate the data, effector functions of immune cells should be investigated in the respective
tissues of infected LTBR” mice using flow cytometry und functional tests. Moreover, these
studies should ideally be performed using a fluorescent T. gondii strain because parasite
numbers could then easily be measured via flow cytometry. This would also allow to
simultaneously determine the parasite burden in tissues and the parasite burden in (tissue)

specific immune cell populations. So far, parasite burdens were examined via gqRT-PCR
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representing total parasite numbers per organ. While immune cell populations differ between
WT and LTBR™ mice it is likely that different cell populations become more or less infected. As
LTBR™ animals show differences in the spleen microarchitecture and lack lymph nodes and
Peyer’s patches, immune histochemistry analysis could provide valuable information on the
localization and distribution of various immune cell populations during the course of infection.
For example the migration from splenic naive CD4* T cell of LTBR™ mice into other tissues,
due to the lack of secondary peripheral organs, could be analyzed via immune histochemistry
as discussed above. Also, regarding the fact that LTBR” mice studied in this thesis are globally
deficient in the LTBR and therefore exhibit altered secondary lymphoid tissue and organ
structures (Futterer, Mink et al. 1998), it is advisable to use conditionally LTBR deficient
animals for future studies, e.g. inducible Cre mice such as LTRR™xx R26-CreER™ for global
knockout of the LTBR. It would be interesting to use cell lineage specific deleter mice to study
the role of different immune cell populations (e.g. LTBR"™Mxx | ysM-Cre mice for myeloid cells
or LTRRM¥foxx CD11¢-Cre mice for DCs) during T. gondii infection in LTBR”- mice. This would
reveal the role of the LTBR on specific cell linages and ensure that the effects of LTBR signaling

on the development of secondary lymphoid tissues and organs would not complicate matters.

The transcriptomics data were also used to generate a pathway analysis to investigate possible
interactions between LTBR and IFNy signaling pathways. This pathway analysis shows a
known network of protein interactions and superimposes RNAseq data of uninfected WT and
LTBR™ mice. Notably, the lack of LTBR signaling appeared to slightly increase basal IFNy
expression that could modulate signaling through the IFNy receptor. It has been reported that
changes in IFNy signaling —even in the absence of pathogens- could in induce a lowgrade
pro-inflammatory status via several pathways (Codrici, Albulescu et al. 2018) via several
different pathways. Pathway analysis of transcriptomic data from uninfected LTBR™ mice, as
well as mRNA and protein experimental data, generated in this study, are supporting this
finding. Other regulatory pathways mediated by IFNy could also contribute to the general
dysregulation of the immune response in LTBR” animals. For instance, increased expression
of BAFF via PLCy signaling would influence lymphocyte and especially B cell
activation/differentiation. Also, increased ROS production (induced via gp91-phox and p67-
phox) could reinforce pro-apoptotic signaling, which may already be enhanced by STAT3 and
NFkB mediated signals. These interactions could explain the shift in the various immune cell
lineages observed in LTBR” mice. However, it has to be kept in mind that a pathway analysis
correlates mMRNA expression data with published protein interactions. Regulation of
translational processes, post-transcriptional and post-translational modifications and other

mechanisms that regulate secretion/sequestration of proteins are not taken into account.
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This thesis suggests that dysregulation of early, IFNy dependent signaling pathways is mainly
responsible for the increased susceptibility of LTBR™ mice to T. gondii infection and indicates
that the lack of LTBR signaling interferes with IFNy signaling. This idea is supported by the in
vitro experiments with infected WT and LTBR” MEFs that show comparable mGBP expression
as well as similar mGBP2 recruitment towards the T. gondii PV in both cohorts in the presence
of exogenous IFNy. While the pathway analysis clearly demonstrates that LTBR deficiency
could affect IFNy signaling via multiple pathways, it cannot answer the question of how LTER
signaling interacts with IFNy signaling on a molecular level. Therefore, IFNy signaling proteins
including phosphorylated variants and inhibitory molecules should be analyzed in infected WT
and LTBR” mice by Western Blot or mass spectrometry analysis to provide further information.
Promising candidates should be further investigated and characterized in respective deficient
cell lines or mouse strains. If these are not available promising candidates could be knocked
out in cell lines/mice via the CRISPR/Cas9 technique (Yang, Yang et al. 2014, Mout, Ray et
al. 2017, Barman, Deb et al. 2020).

LTBR™ mice lack lymph nodes and are known to have impaired B cell receptor affinity
maturation (Futterer, Mink et al. 1998). Immunity towards T. gondii infection is described to be
T cell mediated and that B cell responses play a significant role in chronic rather than acute
infection (Yarovinsky 2014, Dunay and Diefenbach 2018, Sasai, Pradipta et al. 2018). A
protective role of B cells in T. gondii infection has been described in uMT mice (Chen, Mun et
al. 2003) but the authors could not determine whether this effect was due to a lack of parasite
specific antibodies. Also, parasite specific antibodies have been described to promote control
of T. gondii infection in IL-27p28 transgenic mice, but their influence on survival was not clear
(Park, DeLong et al. 2019). Here, transcriptomic data was used to generate a host-pathogen
network prediction model indicating that the loss of the LTBR affects B cell responses including
isotype switching in T. gondii infection. This study shows for the first time that LTBR” mice are
unable to generate T. gondii specific IgM in amounts comparable to WT mice and do not
produce T. gondii specific IgG after infection. It has been reported that infected LTBR” mice
express reduced amounts of IFNy which is known to stimulate the isotype class switch to IgG2a
(Coffman, Savelkoul et al. 1989). However, the absence of the ability to perform class switching
may not only be due to reduced IFNy production but also to the absence of the required splenic
microenvironment, as LTRBR” mice lack defined splenic germinal centers. In this study the
experiments suggest that increased survival of infected LTBR” animals depends on the quality
of immune serum i.e. the antibody titer. For further analysis a more sensitive method to
measure antibody production would be desired to quantify antibody titers. It is therefore of
importance to further refine this serum transfer model to address the role of Igs for survival of
T. gondii infections. This is especially important in view of the fact that in a clinical setting

T. gondii infection would occur before treatment. It would be interesting to investigate whether
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prolonged survival can also be attained when serum transfer (i.e. passive immunization)
occurs after the infection. The fact that survival of LTBR” animals can be significantly
prolonged by transfer of immune serum containing T. gondii specific antibodies despite the
concurrent impaired T cell functionality emphasizes the major importance of a B cell-mediated
immune response in the defence against T. gondii, which has not been described so far.
LTBR™ mice that receive immune serum have to be analyzed in more detail in regard to the
parasite burden in different organs, the cyst burden in brain tissue as well as overall cytokine
levels in serum. Further analysis of these animals is necessary to assess the protective role of
antibodies on the one hand and B cell help on the other hand in a T. gondii infection. In order
to address this, serum transfer and adoptive B cell transfer experiments with immune deficient
mice (e.g. RAG™, lacking mature B and T cells (Mombaerts, lacomini et al. 1992) and nude
mice, lacking T cells (Shire and Pantelouris 1973)) could be performed and analyzed as

described above for LTBR™ mice.

While a robust immune response is induced upon T. gondii infection, the parasite has also
developed several strategies to evade the immune system. T. gondii manipulates host
immunity through the control of host gene transcription and dysregulation of signaling
pathways that modulate various processes involved in cell adhesion, migration, apoptosis,
secretion of immunoregulatory cytokines and production of microbicidal molecules (Lima and
Lodoen 2019). In addition, the host-pathogen prediction model indicates that T. gondii infection
may supress B cell responses in WT mice. This points towards a so far unknown T. gondii
specific mechanism, most likely a strategy to evade the host immune system. It would be of
great interest to further elucidate this mechanism. As a first step, the B cell response to
T. gondii in WT mice would have to be characterized in detail to identify the stage at which the
parasite might interfere with the humoral immune response. Pathway analysis comprising
transcriptomic data could help to identify potential regulatory pathways and key molecules that
are influenced by T. gondii. It could also be helpful to compare the course of T. gondii infection
with other parasitic infections that elicit effective B cell responses such as Plasmodium
falciparum (Silveira, Dominguez et al. 2018) or Neospora caninum (Teixeira, Marques et al.
2005) infection. Once these pathways and/or molecules are pinpointed, molecular analysis of
interaction partners could identify the T. gondii effector molecules responsible. Genes that are
not upregulated or upregulated inhibitory molecules of T. gondii infected WT mice that are
involved in B cell responses (transcriptomic data) can then be investigated in more detail to
identify a possible T. gondii effector gene. These could then be knocked out via the
CRISPR/Cas9 technology first in cell lines for verification and characterization and ultimately

in mice.

112



4. Discussion and concluding remarks

In this thesis a comprehensive characterization of innate and adaptive immune responses of
LTBR™ mice in a T. gondii infection model was performed. Figure 8 summarizes and visualizes
the main results demonstrating that T. gondii infection in LTBR™ mice results in impaired T cell
functionality, dysregulated cytokine patterns, dysregulated IFNy responses, and absent
parasite specific antibodies that lead to an increase in parasite numbers causing the high
susceptibility of LTBR” mice to T. gondii infection. Importantly, survival of infected LTBR™ mice
could be prolonged by transfer of immune serum containing T. gondii specific antibodies. This
LTBR™ model clearly shows that both intact T and B cell responses are essential for T. gondii
containment and survival. This thesis characterizes the role of the LTBR in both innate and
adaptive immunity to T. gondii in detail and raises important new questions that should be
answered in future studies. To date no vaccine to prevent or drug to eradicate human
toxoplasmosis is available and a deeper understanding of the molecular mechanisms of LTRR
signaling can lead to new insights into the pathophysiology of toxoplasmosis and aid in
developing urgently needed new treatment and prevention options such as vaccination

strategies for human toxoplasmosis.
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multiple arms of both innate and adaptive immunity to
T. gondii infection. Intraperitoneal (i.p.) T. gondii infection in LTBR" mice results in impaired T cell
, decreased IFNy induced effector molecule responses, and
absent parasite specific immunoglobulin (Ig) G antibody response that results in increased parasite
mice in T. gondii infection. However, survival of infected
LTBR" mice could be prolonged by transfer of immune serum containing T. gondii specific antibodies.
Red arrows indicate either increased or decreased regulation or expression compared to WT animals
on day 10 post infection (p.i.). The graphic was designed with Servier Medical Art License

(http://creativecommons.org/licenses/by/3.0/). Changes were made to the provided elements.
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List of abbreviations

AIDS acquired immune deficiency syndrome
APC antigen presenting cell

BAFF B cell activating factor

BTLA B- and T lymphocyte attenuator

Cas9 caspase 9

CCL C-C motif chemokine

CD cluster of differentiation

cDC classical dendritic cell

CIA collagen-induced colitis
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DcR3 decoy receptor 3

DC dendritic cell
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GAS interferon gamma activating sequences
GBP guanylate-binding protein

GSEA Gene set enrichment analysis

HVEM herpes virus entry mediator
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IFN interferon
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interferon gamma

interferon gamma receptor
immunoglobulin

inhibitor of ‘kappa-light polypeptide gene enhancer’ in B cells
IkB kinase

IkB kinase alpha

IkB kinase beta
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interleukin

innate lymphoid cells

inducible nitric oxide synthase
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immunity related guanosine triphosphatase
janus kinase

¢ Jun N-terminal kinase

homologous to lymphotoxins, exhibits inducible expression, and
competes with HSV glycoprotein D for HVEM, a receptor expressed by
T lymphocytes
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lymphoid tissue inducer
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lymphotoxin beta

lymphotoxin beta receptor
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mitogen-activated protein kinase
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mGBP murine guanylate-binding protein
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PD-L1 programmed death-ligand 1

PLCy phospholipase C gamma

p.i. post infection

PI3K phosphoinositide 3-kinase
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PV parasitophorous vacuole

ROS reactive oxygen species

SOCS suppressor of cytokine signaling
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TNF tumor necrosis factor
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TNFR tumor necrosis factor receptor
TRADD TNFR-associated death domain
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TREX Transcription and export

Tyr tyrosine
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