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Abstract 

The lymphotoxin β receptor (LTβR) is essential for the development and maintenance of secondary 

lymphoid organs and the induction of effective immune responses against various pathogens, 

including the obligate intracellular parasite Toxoplasma gondii.  

T. gondii causes toxoplasmosis which can lead to severe complications in immunocompromised 

individuals and fetuses. While toxoplasmosis may be asymptomatic or cause mild flu-like symptoms in 

immunocompetent hosts, the parasite can persist in the body for life, with a potential risk of 

reactivation. With no vaccine approved for human use and approximately 30 % of the global 

population infected, T. gondii poses a significant public health concern. 

LTβR-deficient (LTβR-/-) mice exhibit profound impairments in both innate and adaptive immunity, 

resulting in reduced survival compared to wild-type (WT) counterparts. While previous studies have 

shown that the generation of T. gondii-specific, class-switched antibodies is impaired in LTβR-/- mice, 

the role of antibody-mediated protection and the state of the B cell compartment outside the spleen 

and lymph nodes in these mice had not been fully explored. Therefore, these topics were investigated 

by examining the B cell compartment in the bone marrow (BM), peritoneal cavity (PerC), and blood of 

LTβR-/- mice, and by implementing a passive immunization protocol, where serum from T. gondii-

infected WT mice was transferred to recipient mice. 

LTβR-/- mice exhibited distinct alterations in multiple B cell subpopulations compared to WT 

counterparts: mature B cell frequencies were elevated in the BM and remained, in contrast to those 

of WT mice, unaffected by infection. Plasma cells of LTβR-/- mice expressed predominantly 

immunoglobulin M (IgM) rather than IgA. Additionally, the T cell compartment in the LTβR-/- BM was 

affected, exhibiting reduced double-negative (DN) T cell and increased CD4+ and CD8+ T cell 

frequencies. In the PerC, B-2 and B-1b – but not B-1a – B cell frequencies were also increased compared 

to WT counterparts. On day 9 p.i., the LTβR-/- PerC was dominated by neutrophils rather than T cells, 

potentially exacerbating immunopathology in these mice.  

Furthermore, the passive immunization produced ambiguous results regarding protection against 

T. gondii in LTβR-/- mice and, additionally, led to a partial suppression of the endogenous T. gondii-

specific antibody production in WT recipients; this effect might be caused by inhibitory effects of 

transferred high-affinity IgG antibodies.  

In summary, this dissertation provides new insights into diverse immune cell alterations, particularly 

in the B cell compartment, in the absence of LTβR signaling during protozoan parasite infection, paving 

the way for further research and potential therapeutic strategies targeting both the LTβR and T. gondii.  
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Zusammenfassung 

Der Lymphotoxin-β-Rezeptor (LTβR) ist essenziell für die Entwicklung und den Erhalt sekundärer 

lymphoider Organe sowie für die Induktion effektiver Immunreaktionen gegen verschiedenste 

Pathogene, einschließlich des obligat-intrazellulären Parasiten Toxoplasma gondii. T. gondii verursacht 

Toxoplasmose, eine Krankheit, die bei immungeschwächten Personen und Föten zu schweren 

gesundheitlichen Problemen führen kann. Zwar ruft Toxoplasmose bei immunkompetenten Wirten 

meist nur milde grippeähnliche Symptome hervor, jedoch kann der Parasit auch in diesen Fällen 

lebenslang im Körper überdauern, wodurch das Risiko einer Reaktivierung besteht. Da es derzeit 

keinen für den Menschen zugelassenen Impfstoff gibt und etwa 30 % der Weltbevölkerung infiziert 

sind, stellt T. gondii ein erhebliches Problem für die öffentliche Gesundheit dar. 

LTβR-defiziente (LTβR-/-) Mäuse weisen Beeinträchtigungen sowohl der angeborenen als auch der 

adaptiven Immunität auf, was nach einer Infektion zu einer geringeren Überlebensrate im Vergleich zu 

Wildtyp-Mäusen (WT) führt. Frühere Studien zeigten, dass die Bildung T. gondii-spezifischer Antikörper 

in LTβR-/--Mäusen beeinträchtigt ist; allerdings sind das Ausmaß des schützenden Effekts von 

Antikörpern und der Zustand des B-Zell-Kompartiments außerhalb von Milz und Lymphknoten in 

diesen Mäusen nur unzureichend erforscht. Daher wurde in dieser Dissertation das B-Zell-

Kompartiment im Knochenmark, in der Peritonealhöhle und im Blut von LTβR-/--Mäusen sowie der 

Antikörper-vermittelte Schutz gegen T. gondii mittels passiver Immunisierungen untersucht. 

Die LTβR-/--Mäuse wiesen verschiedene Veränderungen in den B-Zell-Subpopulationen im Vergleich zu 

WT-Mäusen auf: Die Frequenzen reifer B-Zellen im Knochenmark waren erhöht und blieben von der 

Infektion unbeeinflusst, im Gegensatz zu denen der WT-Mäuse. LTβR-/--Plasmazellen exprimierten 

größtenteils Immunoglobulin M (IgM); IgA Plasmazellen waren kaum nachweisbar. Auch die T-Zell-

Subpopulationen im LTβR-/--Knochenmark waren verändert, da die Frequenzen an doppelt-negativen 

(DN) T-Zellen reduziert und an CD4+ und CD8+ T-Zellen erhöht waren. Außerdem waren in der LTβR-/--

Peritonealhöhle die Frequenzen der B-2- und B-1b-Zellen – nicht jedoch der B-1a-Zellen – im Vergleich 

zu WT-Mäuse erhöht. An Tag 9 der Infektion wurde die LTβR-/--Peritonealhöhle von Neutrophilen statt 

von T-Zellen dominiert, was möglicherweise vorhandene immunpathologische Effekte in diesen 

Mäusen verschlimmerte.   

Während die passiven Immunisierungen zu keinen eindeutigen Ergebnissen hinsichtlich des 

vermittelten Schutzes gegen T. gondii in LTβR-/--Mäusen führte, wurde in WT-Empfängern teilweise die 

endogene Produktion T. gondii-spezifischer Antikörper unterdrückt; möglicherweise geschah dies 

aufgrund der transferierten hochaffinen IgG-Antikörper, welche inhibierend auf die endogene 

Antikörperproduktion wirken können.  
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Zusammengefasst liefert diese Dissertation neue Einblicke in die Veränderungen verschiedener 

Immunzellpopulationen, insbesondere im B-Zell-Kompartiment, bei nicht-infizierten sowie T. gondii-

infizierten LTβR-/--Mäusen. Diese Erkenntnisse ebnen den Weg für weitere Forschung und mögliche 

therapeutische Strategien, die sowohl auf den LTβR als auch auf T. gondii abzielen. 
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1. Introduction 

1.1 The immune system of mice and humans – a brief overview 

The vertebrate immune system is a complex network responsible for the defense against harmful 

pathogens, including bacteria, viruses, fungi and parasites, while simultaneously allowing coexistence 

with beneficial microorganisms, such as the diverse gut microbiome. This finely tuned, evolutionary 

adapted system is vital for maintaining health, and any malfunction can have serious consequences for 

the organism it safeguards. The immune system is typically divided into innate and adaptive responses, 

but these two components are closely interconnected and influence each other in a bidirectional manner. 

Innate immunity acts as the first line of defense against invading pathogens [1]. This includes anatomical 

and chemical barriers, such as the skin and broad-spectrum antimicrobial proteins, which prevent 

pathogen invasion. If invading pathogens overcome these defenses, innate immune effectors respond 

rapidly, while components of the adaptive immune response require more time and partially rely on the 

innate response for activation. However, before a pathogen can be attacked, it must first be detected. 

Pathogen derived molecules, known as pathogen-associated molecular patterns (PAMPs), are recognized 

by pathogen-recognition receptors (PRRs), which are expressed by many cells but are particularly 

abundant in sensor cells such as dendritic cells (DCs) and macrophages. Notably, the ability of these 

receptors to recognize conserved molecular patterns is encoded in the genome, whereas the antigen 

receptors of adaptive immune cells are generated through somatic recombination and can recognize a 

broader array of antigens, including those not pre-encoded in the genome [1,2].  

Both innate and adaptive immune responses rely on immune cell populations with distinct characteristics 

and functions. While some immune cells are primarily associated with either innate or adaptive 

immunity, others serve as a bridge between these systems. Immune cells are classified as myeloid or 

lymphoid based on their origin (see subsection 1.1.1.). The myeloid lineage includes granulocytes 

(neutrophils, basophils, eosinophils), monocytes, macrophages, and most DC populations, and is 

primarily associated with innate immunity. In contrast, the lymphoid lineage includes B cells and T cells, 

which are key players in the adaptive immune response, as well as natural killer (NK) cells, innate 

lymphoid cells (ILCs) and plasmacytoid DCs (pDCs) [3,4]. Pathogen recognition triggers DCs and 

macrophages to produce proinflammatory molecules known as cytokines, which subsequently activate 

other immune cells, initiating a proinflammatory cascade. Activated immune cells deploy a range of 

mechanisms to combat infection, including the release of cytotoxic granules by granulocytes and NK cells 

to destroy infected cells, the induction of phagocytosis by macrophages to engulf and eliminate 

pathogens, the promotion of controlled cell death (apoptosis) to remove infected or damaged cells, and 

the recruitment of additional immune cells to the site of infection to amplify the immune response [1]. 

Antigen-presenting cells (APCs), such as DCs and macrophages, play an important role in linking innate 
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and adaptive immune response. They process pathogen-derived antigens and present them via major 

histocompatibility complex (MHC) molecules to the T cell receptors (TCR) of naïve T cells, which is 

essential for their activation and differentiation into various functional subsets.  

T cells are broadly categorized based on their expression of CD4 or CD8 co-receptors, which define two 

heterogeneous groups with distinct phenotypes and functions [5]. CD8+ T cells are activated through TCR-

recognition of peptides presented by MHC class I (MHCI) molecules, accompanied by co-stimulatory 

signals. This triggers the release of cytokines and cytotoxic granules containing effector proteins, such as 

perforin and granzyme, which induce apoptosis of target cell [1,6,7]. In contrast, CD4+ T cells recognize 

antigens presented by MHCII molecules and, depending on received cytokine stimuli, differentiate into 

specialized subpopulations, including T helper 1 cells (Th1), Th2, Th9, Th17, Th22, follicular helper T cells 

(TFHs), regulatory T cells (Tregs) and CD4+ cytotoxic T lymphocytes (CTLs) [5]. Each subset has a unique 

cytokine profile and functional role that can also affect other immune cell populations. For example, TFH 

cells collaborate closely with B cells to facilitate survival, proliferation, plasma cell (PC) differentiation, 

somatic hypermutation, class-switch recombination, and chemotactic responses [8]. Additionally, natural 

killer T (NKT) cells possess both NK cell and T cell characteristics, bridging innate and adaptive immunity. 

Unlike conventional T cells, NKT cells predominantly lack CD4 and CD8 co-receptors but express invariant 

TCRs and NK cell receptors and recognize microbial lipids presented by CD1 molecules rather than 

peptide-MHC complexes [1]. 

In addition to cellular immunity, the immune system also employs humoral mechanisms, including 

antibodies, complement proteins, and other soluble factors in bodily fluids, to neutralize and eliminate 

pathogens [1]. Naïve mature B cells are classified as conventional (or ‘B-2’) cells, which includes both 

follicular (FO) and marginal zone (MZ) B cells, and B-1 cells (see subsection 1.1.2). After antigen (Ag) 

encounter, B cells develop into plasmablasts and plasma cells, which are the main producers of antigen-

specific antibodies (also named ‘adaptive antibodies’; [9]) in the adaptive immune response. Conversely, 

B-1 cells are a major source of natural antibodies (NAbs), which are secreted spontaneously without prior 

antigen exposure and are therefore part of the innate “first line of defense” against invading pathogens. 

Additional functions of NAbs include assistance in B cell receptor (BCR) repertoire selection, regulation 

of B cells responses, and clearance of apoptotic debris [10]. Furthermore, the small population of 

regulatory B cells (Bregs) helps to maintain immune homeostasis and prevent excessive inflammation by 

secreting interleukin-10 (IL-10), in a role similar to that of Tregs [11].  

In general, a hallmark of adaptive immunity is its capacity to generate immunological memory, which 

enables faster and more robust responses upon re-exposure to previously encountered pathogens. This 

is mediated by long-lived, antigen-specific memory B and T cells, which are generated during the primary 

immune response and can persist for years, decades, or even a lifetime. Importantly, immunological 
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memory forms the foundation of vaccination, where the immune system is ‘trained’ with non-harmful 

antigens to enhance protection against future infections with the targeted pathogen [1].    

  

1.1.1 Hematopoiesis in the adult bone marrow 

A schematic overview of immune cell hematopoiesis is presented in Figure 1. While this model provides 

a framework for this dissertation, it is important to note that the process is more complex and continues 

to be refined through ongoing research [3]. In general, immune cell development in the adult bone 

marrow (BM) begins with hematopoietic stem cells (HSCs), which are rare, self-renewing cells capable of 

giving rise to all blood lineages through a stepwise differentiation process [3]. HSCs differentiate into 

multipotent progenitor cells (MPPs), which retain the ability to differentiate into various cell types but 

lose their self-renewal capacity. Then, according to the classic CMP/CLP model, MPPs can differentiate 

into either common myeloid progenitors (CMPs) or common lymphoid progenitors (CLPs), marking a 

major bifurcation in the hematopoietic hierarchy. Consequently, terminally differentiated immune cells 

are typically classified as either myeloid or lymphoid, depending on their progenitor origins. However, 

more recent research has identified lymphoid-primed multipotent progenitor cells (LMPPs) as an 

alternative commitment step, which arise from MPPs and have both lymphoid as well as limited myeloid 

(granulocyte-macrophage) lineage potential [12-14], as shown in Figure 1. CMPs further differentiate into 

megakaryocyte-erythrocyte progenitors (MEPs) or granulocyte-macrophage progenitors (GMPs). While 

LMPPs also have the potential to generate GMPs, they are primarily biased toward the lymphoid lineage, 

predominantly giving rise to CLPs. CMP-derived MEPs can produce erythrocytes or, through further 

differentiation into megakaryocytes, produce platelets. GMPs, on the other hand, can differentiate into 

a variety of myeloid cells, including DCs, granulocytes (neutrophils, eosinophils and basophils), or 

monocytes, which can further develop into macrophages or monocyte-derived dendritic cells (moDCs). 

CLPs give rise to terminally differentiated lymphoid cells, including T cells, B cells, NK cells, ILCs and pDCs 

[3]. DCs are further classified into conventional DCs (cDCs), which perform general DC-associated 

functions such as antigen presentation, co-stimulation and cytokine secretion, and pDCs, which are 

dedicated to the secretion of large amounts of type I interferons IFNs (see subsection 1.3.1) [15]. The 

development and plasticity of these different DC subsets is complex and not yet fully understood [16,17].    
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Figure 1: Hematopoiesis in the adult bone marrow. The differentiation of hematopoietic stem cells (HSCs), which 
have self-renewal capacities, into terminally differentiated immune cells is a stepwise process. Early in 
development, HSCs give rise to multipotent progenitors (MPPs), which then diverge into either common myeloid 
progenitors (CMPs) or lymphoid-primed multipotent progenitors (LMPPs). From there, CMPs further differentiate 
into megakaryocyte-erythrocyte progenitors (MEPs) or granulocyte-macrophage progenitors (GMPs), and both are 
part of the myeloid branch. Although LMPPs have the potential to also produce GMPs, they are biased toward the 
lymphoid lineage, giving rise to common lymphoid progenitors (CLPs). These CLPs can terminally differentiate into 
T cells, B cells, natural killer (NK) cells, innate lymphoid cells (ILCs) and plasmacytoid DC (pDCs). Continuing the 
myeloid branch, CMP-derived megakaryocyte-erythrocyte progenitors (MEPs) differentiate into erythrocytes or, 
after further maturation into megakaryocytes, produce platelets. CMP- and LMPP-derived GMPs can give rise to 
various immune cells: granulocytes (basophils, neutrophils, and eosinophils), dendritic cells (DCs) and, through 
differentiation into monocytes, macrophages and monocyte-derived DCs (moDCs). Created with BioRender.com. 

 

1.1.2 B cell development and subpopulations 

B cells can be divided into two subpopulations: B-1 and B-2 cells. B-1 cells are primarily found in body 

cavities, such as the peritoneal and pleural cavities, and exhibit more innate-like characteristics compared 

to B-2 cells. B-2 cells, also known as conventional B cells, perform classic functions as part of the adaptive 

immune response and are located in the BM, spleen, secondary lymphoid organs (SLOs) and peripheral 

tissues [1].  
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B-2 cells: Most B-2 cells, except for long-lived memory B cells and PCs, require continuous replenishment 

in adult mice and humans. B cell development begins in the BM with HSCs, which differentiate through a 

stepwise process into CLPs. Throughout development, B cells reside in specialized niches within the BM, 

where they receive critical signals from surrounding non-lymphatic stromal cells, including cytokines for 

gene expression and chemokines for proper spatial localization [18]. A primary goal of B cell development 

is the sequential assembly, expression, and signaling of a functional B cell receptor (BCR), a cell surface 

immunoglobulin (Ig) receptor that recognizes specific antigenic epitopes. Structurally, the BCR is a 

membrane-bound antibody composed of two rearranged Ig heavy (IgH) and Ig light (IgL) chains, but with 

the addition of an anchoring cytoplasmic tail. Unlike typical innate PRRs, the specificity of the BCR (and 

antibody) is not hardcoded into the genome. Instead, rearrangement of multiple genomic loci allows for 

more diversity, which is further enhanced through the processes of somatic hypermutation and class-

switching of the IgH chain following after antigen encounter [1].  

Summarized, the stages of B cell development from CLPs in the BM are classified as pro- (progenitor), 

pre- (precursor), immature- and transitional B cells (Fig. 2), and they can be identified by specific surface 

markers and intracellular transcription factors [19,20]. During the pro-B cell stage, IgH chain (IgH) gene 

rearrangement is mediated by the recombination-activating genes 1 and 2 (RAG1 and RAG2), which are 

essential for the recombination of variable (V), diversity (D), and joining (J) segments of the IgH chain 

gene locus (V(D)J recombination) [21,22]. In pre-B cells, the functionality of the rearranged IgH is tested 

by expression of a pre-BCR complex, which consists of the IgH paired with surrogate IgL chains (VpreB 

and λ5), along with the signaling molecules Igα (CD79a) and Igβ (CD79b) [23-26]. A functional pre-BCR 

acts as a checkpoint during B cell development, with positive selection allowing pre-B cells to survive, to 

proliferate, and to initiate IgL chain rearrangements (V and J segments) [27-29]. Once both IgH and IgL 

chains are successfully rearranged, a complete BCR is expressed on the surface of immature B cells, which 

consists of IgM (with µ IgH and IgL chains) and the signaling components Igα and Igβ. Immature B cells 

are tested for self-reactivity, and those that bind strongly to self-antigens either undergo receptor editing 

(to further rearrange the IgL chain) or are eliminated by apoptosis to prevent autoimmune responses, 

thereby establishing central B cell tolerance [20,30]. Most immature B cells egress the BM and complete 

their development in SLOs like the spleen. Some authors consider this the transitional phase of immature 

B cells, while others refer to it as a distinct intermediate stage: the transitional B cells [31]. In this work, 

immature B cells are defined as BM IgM+ IgD- cells, and transitional B cells as IgM+ IgDlow cells that egress 

from the BM for further development. Regardless of terminology, maturing B cells begin to express 

surface IgD in addition to IgM, generated by alternative splicing of RNA transcripts from the IgH locus 

[32].  

In the BM, C-X-C motif chemokine ligand 12 (CXCL12, also known as stromal cell-derived factor 1, SDF-1)-

guided chemoattraction is important for maintaining B cell retention in their niches during development 
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[18,33]. The corresponding receptor, C-X-C motif chemokine receptor 4 (CXCR4) is expressed on all BM B 

cell subsets during development, starting with HSCs [34]. However, CXCL12-mediated B cell adhesion 

diminishes during development [35,36] and is eventually overcome by sphingosine-1-phosphate-

mediated (S1P-mediated) chemoattraction, driving transitional B cells out of the BM into the 

bloodstream [37,38]. Only 10 to 20 % of transitional B cells successfully reach the spleen [39]. As they 

continue to develop, these cells are further categorized into T1 and T2 subpopulations, differing in 

localization, surface phenotype, and functional characteristics [31,40]. Ultimately, transitional B cells 

mature into either follicular (FO) or marginal zone (MZ) B cells, both of which are naïve mature B cells 

expressing surface IgM and IgD within a functional BCR complex [19,41]. FO B cells are primarily located 

in splenic follicles but also circulate in the periphery, including other SLOs and the BM [1]. In contrast, the 

smaller population of MZ B cells are confined to the spleen's MZ, where they monitor blood-borne 

antigens [42]. MZ B cells exhibit more innate-like properties than FO B cells, similar to B-1 cells, including 

a heightened responsiveness to TLR stimulation and rapid, low-affinity IgM production independent of 

T cell help [42,43]. 

B-1 cells: B-1 cells, a small B cell subpopulation, have distinct developmental origins, phenotypes, and 

functions compared to B-2 cells. They are rare in the BM, spleen, and SLOs, where they comprise only 

about 0.1 to 2 % of the total pan-CD19+ B cell population. However, they are enriched in the peritoneal 

and pleural cavities, where they constitute 35 to 70 % of the pan-CD19+ B cells [44]. The B-1 cell pool 

arises from multiple developmental origins, most of which occur during fetal and neonatal stages, prior 

to the emergence of conventional B cells (which were thus named B-2 cells) [19,45,46]. Although B-1 cells 

are derived from HSCs, certain aspects of their development remain unclear, with two models being 

discussed: the lineage model suggests that B-1 cells arise from distinct progenitors [47-53], whereas the 

selection model proposes that they develop from a common progenitor with B-2 cells, with 

differentiation driven by BCR antigen recognition [54-59]. Evidence supporting both models has led to 

the proposal of a hybrid model that incorporates elements from each [44,60].   

B-1 cells are further divided into B-1a (CD5+) and B-1b (CD5-) subpopulations, based on the expression of 

the CD5 (also known as Ly-1) surface marker (Fig.2) [61]. Although these subpopulations share a similar 

surface phenotype and the capacity for self-renewal, they perform distinct immune functions. B-1a cells 

have a more restricted receptor repertoire that is biased toward recognizing bacterial and self-antigens 

[44,58,60,62]. They are recognized as more innate-like B cells and are key producers of natural 

polyreactive IgM antibodies [42,44]. However, B-1a cells do not generate immune memory and are prone 

to autoantibody production, potentially contributing to autoimmune diseases [44,61,63]. In contrast, 

B-1b cells are primary sources of rapid T cell-independent antibody responses to pathogens, and unlike 

B-1a cells, they can contribute to long-term protection by establishing immune memory [64-66]. 
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Figure 2: B cell development. B-2 cell development begins in the BM with hematopoietic stem cells (HSCs), which 
progress through several intermediate stages to differentiate into common lymphoid progenitors (CLPs). CLPs give 
rise to pro-B cells, where genetic recombination of the V, D and J loci initiates the formation of the immunoglobulin 
heavy chain (IgH). As pro-B cells transition into pre-B cells, the functionality of the IgH is tested within a pre-B cell 
receptor (BCR) complex. Successful signaling from the pre-BCR allows survival and progression to the 
rearrangement of the Ig light chain (IgL). Immature B cells are the first stage to express a complete BCR on their 
surface, consisting of IgM. In the transitional B cell stage, alternative mRNA splicing enables the expression of low 
levels of surface IgD in addition to IgM. Transitional B cells egress into the peripheral blood (PB) and migrate to the 
spleen, where they mature through the T1 and T2 stages into naïve mature B cells. T2 cells differentiate into either 
follicular (FO) B cells (IgMlow IgDhigh), which perform conventional adaptive immune functions, or marginal zone (MZ) 
B cells, which exhibit innate-like functions, including rapid and T cell-independent IgM secretion, similar to B-1 cells. 
FO B cells reside in splenic follicles but also circulate through secondary lymphoid organs (SLOs) and the BM. In 
contrast, MZ B cells are non-circulating and localized predominantly in the splenic MZ. Most B-1 cells are of fetal 
origin, where development begins with HSCs in the fetal liver. In adult mice, B-1 cells are rare in the spleen and 
other SLOs but enriched in the peritoneal and pleural cavities. These cells are further divided into two 
subpopulations: B-1a (CD5+) and B-1b (CD5-) cells. Unlike B-2 cells, which require continuous replenishment through 
de novo development in the BM, B-1 cells possess self-renewing capacities. The developmental mechanism(s) of 
B-1a and B-1b cells remain under investigation, with evidence supporting both lineage and selection models. 
Created with BioRender.com.  
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1.1.3 Activation of mature B cells and the generation of high-affinity antibodies in 

germinal centers  

The mechanisms of B cell activation vary depending on the B cell subpopulation (FO, MZ, or B-1 cells), 

the nature of the antigen (T cell-dependent [TD] vs. T cell-independent [TI]), and factors such as receptor 

signaling pathways and cytokines. MZ and B-1 cells are particularly adept at responding to TI antigens, 

including bacterial components, due to their elevated TLR expression and BCR repertoire, which is 

skewed toward recognizing conserved microbial elements. This rapid, CD4+ T helper-independent 

response primarily results in the secretion of unmutated, low-affinity antibodies [42,43,62,67,68]. In 

contrast, TD activation of B cells, though slower, produces high-affinity, hypermutated, and class-

switched antibodies (Fig. 3). Under steady-state conditions, FO B cells and T cells reside in distinct regions 

within the spleen and lymph nodes (LNs) known as follicles and T cell zones, respectively [69].  DCs in 

these areas aid in activating both B and T cells by presenting antigens. BCR recognition of an antigen 

triggers signaling cascades that lead to antigen internalization, processing, and presentation on MHCII 

molecules on the B cell surface. This also promotes B cell migration to T cell-rich zones within SLOs, where 

activated TFH cells interact with B cells via MHCII-bound antigens and provide co-stimulation via CD40-

CD40L interactions and cytokine secretion [70].  

Following activation and clonal expansion, some B cells form primary foci at the T/B border and 

differentiate into short-lived plasmablasts, an intermediate stage toward fully differentiated plasma cells 

(PCs). These plasmablasts, as part of the extrafollicular antibody response, predominantly secrete low-

affinity IgM and typically undergo apoptosis within 3 – 5 days [1,71-73]. Meanwhile, other activated 

B cells with relatively high-affinity BCRs are selected to enter the GC reaction and migrate back into the 

follicle. Within the GC, which is divided into a dark zone (DZ) and light zone (LZ), BCR genomic loci undergo 

somatic hypermutation (SHM), and B cells are subjected to affinity selection and potentially perform 

class-switch recombination (CSR). The DZ is densely packed with activated B cells, now called 

centroblasts, which proliferate rapidly and undergo SHM [1,74,75]. During SHM, the enzyme activation-

induced cytidine deaminase (AID) introduces mutations in the variable regions of the IgH and IgL loci, 

potentially altering the antigen affinity of the resulting BCRs [76]. The mutated B cells then migrate to 

the LZ as centrocytes, where their new BCRs are tested for affinity by interacting with antigens displayed 

on follicular DCs (FDCs). High-affinity centrocytes receive additional co-stimulatory signals from TFH cells, 

which evaluate antigen presentation via MHCII [75,77,78]. Positively selected centrocytes re-enter the 

DZ for further rounds of SHM and selection, whereas low-affinity variants do not receive TFH-help and 

undergo apoptosis. The recurring migration of GC B cells between the DZ and LZ compartment is also 

known as cyclic re-entry [75,79]. TFH-derived signals can also initiate CSR, allowing the antibody isotype 

to switch from IgM to IgG, IgA, or IgE [1]. While CSR was traditionally thought to occur primarily in the 
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GC, recent evidence suggests it is already induced during early T-B cell interactions at the T/B border, 

before GC entry [80]. Ultimately, after affinity maturation and, in some cases, CSR, GC B cells differentiate 

into either long-lived PCs or memory B cells. PCs often migrate to the BM for sustained antibody 

production [73], while memory B cells remain primed to respond rapidly to future infections with the 

same pathogen, thereby contributing to long-term immunity [1]. 

 

 

Figure 3: T cell-dependent generation of high-affinity, class-switched antibodies during the GC reaction. The GC 
reaction begins with the activation of naïve B cells by follicular DCs (FDCs), which present antigens and direct B cell 
migration to the T/B border. Similarly, naïve CD4+ T cells are activated by DCs presenting antigens via MHCII, 
initiating their differentiation into T follicular helper (TFH) cells and migration to the T/B border. Here, activated B 
and TFH cells engage in bidirectional signaling: B cells present antigen via MHCII, reinforcing TFH commitment, while 
TFH cells provide co-stimulation through CD40L and cytokine secretion, promoting B cell survival and differentiation. 
Some activated B cells form a primary focus near the T/B border, where they undergo clonal expansion and 
differentiate into plasmablasts, leading to an early secretion of predominantly low-affinity IgM. Most of these 
plasmablasts are short-lived and undergo apoptosis within 3 to 5 days. Meanwhile, other activated B cells migrate 
back into the follicle, where they form the germinal center (GC), which is divided into a dark zone (DZ) and a light 
zone (LZ). In the DZ, B cells, now called centroblasts, proliferate rapidly and undergo somatic hypermutation (SHM). 
This process introduces mutations in the variable regions of the BCR’s IgH and IgL, potentially altering antigen 
affinity. Following SHM, mutated centroblasts migrate to the light zone (LZ) and become centrocytes, and their 
altered BCRs are tested against antigens presented by FDCs. High-affinity variants receive survival and proliferation 
signals from TFH cells, which assess B cell antigen presentation via MHCII. This affinity-based selection ensures the 
survival of high-affinity variants, which re-enter the DZ for further rounds of SHM and selection. This iterative cycle 
drives BCR affinity maturation, a critical step in the generation of high-affinity antibodies. Additionally, some GC B 
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cells undergo class-switch recombination (CSR), which changes the antibody isotype from IgM to IgG, IgA, or IgE, 
enhancing functional versatility. Ultimately, GC B cells differentiate into either long-lived plasma cells (PCs), which 
migrate to the BM to sustain antibody production, or memory B cells, which remain primed for rapid responses to 
future infections, providing long-term immunity. Created with BioRender.com. 

 

1.2 Toxoplasma gondii  

Toxoplasma gondii is an obligate intracellular eucaryotic parasite belonging to the phylum Apicomplexa. 

It can infect virtually all warm-blooded animals, including humans, and is the causative agent of 

toxoplasmosis, a disease that can result in severe complications, particularly in immunocompromised 

individuals or if primary infection occurs during pregnancy [81-83]. T. gondii is categorized into three 

major clonal lineages or strains: type I, type II, and type III [84,85]. Type I strains are more virulent than 

type II and III strains, causing higher mortality rates in infected mice [86]. Although type II is the most 

common strain among animals and humans, type I strains are often found in immunocompromised 

patients [85,87,88]. With no available vaccine for humans [89] and approximately 30% of the global 

human population infected [90], T. gondii poses a serious public health concern. 

 

1.2.1 Life cycle and routes of infection 

The life cycle of T. gondii (Fig. 4) alternates between sexual and asexual reproduction, depending on the 

host species [91]. In intermediate hosts, such as all warm-blooded animals, including humans, the 

parasite undergoes asexual reproduction. Sexual reproduction, however, is restricted to the small 

intestine of felids (domestic and wild cats), which serve as the definitive hosts for T. gondii. This specificity 

is attributed to the unique metabolic environment in the feline gut. Cats lack the enzyme delta-6-

desaturase, which is required to convert linoleic acid into arachidonic acid. Consequently, cats maintain 

elevated levels of linoleic acid in their intestines, which is essential for triggering the sexual reproduction 

of T. gondii within their gut epithelium [92]. Following sexual reproduction, oocysts are formed and shed 

in the cat’s feces, which become infectious after one to five days of sporulation and can remain viable in 

the environment for extended periods [93,94]. 

When sporulated oocysts containing sporozoites or tissue cysts harboring bradyzoites from infected 

intermediate hosts are ingested by another intermediate host, T. gondii initiates asexual reproduction. 

The parasite differentiates into tachyzoites, its rapidly dividing form. Tachyzoites invade host cells and 

reproduce within a specialized compartment known as the parasitophorous vacuole (PV), which is a 

modified host cell membrane aiding in immune evasion and nutrient adsorption [95]. Following several 

rounds of replication, the host cell ruptures, releasing new tachyzoites that can infect other cells. This 

cycle of invasion, replication, and cell lysis (Fig. 5) facilitates the dissemination of T. gondii throughout 

the host, establishing acute infection. Eventually, under pressure from the host immune system, 
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tachyzoites convert into bradyzoites, a slow-replicating stage that becomes encapsuled within tissue 

cysts, preferentially in the brain, muscle, and eyes of intermediate hosts [91]. During this chronic stage, 

the infection is kept under control but remains unresolved, posing a persistent risk of reactivation and 

stage conversion back into tachyzoites [90].  

Cats can also become infected by consuming sporulated oocysts or tissue cysts from infected prey, such 

as rodents or birds. The released sporozoites or bradyzoites then complete the sexual replication cycle 

within the feline gut, forming male and female gametes, which ultimately produce new oocysts. 

Alternatively, other intermediate hosts perpetuate the asexual cycle after ingestion of sporulated oocysts 

or tissue cysts. Humans are commonly infected through consumption of oocyst-contaminated water or 

vegetables, through exposure to oocyst-contaminated cat litter, or through consumption of tissue cyst-

contaminated meat from infected livestock [93,96]. Furthermore, congenital infection can occur via 

transplacental transmission if a primary T. gondii-infection is acquired during pregnancy [97], leading to 

stillbirth/miscarriage or disabilities. 
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Figure 4: Life cycle and transmission of T. gondii. In definitive hosts (e.g. cats), T. gondii undergoes sexual 
replication, resulting in the shedding of fecal oocysts which sporulate and become infectious after one to five days. 
In intermediate hosts – including rodents and birds, but also livestock and humans – the parasite undergoes asexual 
replication in the tachyzoite stage. Under immune pressure, the parasite converts into bradyzoites, which persist 
within tissue cysts and evade the immune system during chronic infection. Reactivation and differentiation back 
into tachyzoites can occur in individuals with compromised immunity. Definitive hosts are primarily infected by 
consumption of infected prey, such as rodents and birds. In humans, transmission occurs through the ingestion of 
oocyst-contaminated food or water, exposure to oocyst-contaminated cat litter, or the consumption of 
undercooked meat from infected livestock. The parasite spreads inside the host during acute infection and can 
persist as encysted bradyzoites, preferentially in muscles, the brain or the retina. Congenital transmission can also 
occur during pregnancy. Created with BioRender.com. 

 

Figure 5: Lytic cycle of T. gondii. During asexual replication (acute infection in intermediate hosts), T. gondii 
tachyzoites invade host cells and form a parasitophorous vacuole (PV), which is derived from the host cell 
membrane and modified to serve as protective niche. Parasitic replication ultimately causes host cell lysis, allowing 
tachyzoite egress and infection of nearby cells, thereby continuing the lytic cycle. Created with BioRender.com.  

 

1.3 Innate immunity against T. gondii 

An efficient immune response against T. gondii requires coordinated action of innate, adaptive and cell-

autonomous immunity, starting with the detection of an ongoing infection. PRRs, such as Toll-like 

receptors (TLRs), C-type lectin receptors (CLRs) and Nod-like receptors (NLRs), can recognize parasitic 

PAMPs (Fig. 6) [98,99]. In mice, T. gondii profilin is detected by endosomal TLR11 and TLR12, primarily 

within CD8+ DCs [100,101]. However, these specific TLRs are absent in humans, raising the question of 

compensatory molecules or mechanisms involved in T. gondii detection [102]. Other TLRs also contribute 

to pathogen detection; for example, TLR3, TLR7 and TLR9 can sense the presence of parasite-derived 

nucleic-acids [103], and the C-C-motif chemokine receptor 5 (CCR5) can recognize parasite-derived 

cyclophilin-18 proteins (TgCyp18) [104-106]. Pathogen recognition by APCs, such as DCs, leads to the 
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expression of proinflammatory cytokines, especially IL-12, IL-6 and tumor necrosis factor alpha (TNFα), 

which are crucial for the upregulation of the inflammatory response [99]. IL-12 in particular is essential 

for the production of interferon-gamma (IFNγ) from NK cells and ILC1s [107-111] and drives the 

differentiation of naïve CD4+ T cells into T helper type 1 (Th1) cells, another important source of IFNγ 

during T. gondii infection [112-114]. Additionally, CD8+ T cells [115,116], macrophages [117], and 

neutrophils [118,119] were found to contribute IFNγ in this setting. IFNγ is essential for the induction of 

cell-autonomous immune responses, which are among the most effective mechanisms for limiting 

parasite replication and are therefore crucial for the host to gain control over the infection [98,120]. 

 

Figure 6: Detection of T. gondii-derived molecules and cellular sources of IFNγ. Pathogen-associated molecular 
patterns (PAMPs) from T. gondii are detected by pattern recognition receptors (PRRs) on the surface and within 
antigen presenting cells (APCs). Relevant PRRs are located in the cell membrane (e.g. Toll-like receptor 1 [TLR1], 
TLR2, TLR4, C-type lectin receptors [CLRs] and C-C-motif chemokine receptor 5 [CCR5]), in the cytoplasm (e.g. Nod-
like receptors [NLRs]) and in the endosomal membrane (e.g. TLR7, TLR9, TLR11, TLR12 and CRLs). Among the most 
well-known mechanisms is the recognition of T. gondii profilin by TLR11 and TLR12. APC activation promotes the 
expression of proinflammatory cytokines, such as interleukin 12 (IL-12), IL-6 and tumor necrosis factor alpha (TNF-
α). IL-12 then drives expression of interferon gamma (IFNγ) from natural killer (NK) cells, innate lymphoid cells type 
1 (ILC1s) and CD4+ T cells (after differentiation from naïve into T helper type 1 (Th1) cells). Activated CD8+ T cells, 
macrophages and neutrophils can also contribute to IFNγ production, albeit to a lesser extent. IFNγ, in turn, induces 
robust cell-autonomous immunity, which is essential for pathogen inhibition and destruction. Created with 
BioRender.com.   
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1.3.1 The Interferon family 

The interferon (IFN) family is divided into three classes: type I, type II, and type III, each playing a central 

role in the immune response against invading pathogens. Among the type I IFNs, IFN-alpha (IFNα) and 

IFN-beta (IFNβ) are the most well-known and characterized [121]. They signal through a receptor 

composed of two subunits, IFNAR1 and IFNAR2, activating the Janus activated kinase (JAK)- signal 

transducer and activator of transcription (STAT) pathway. This cascade results in the formation of 

phosphorylated STAT-dimers, which form complexes with interferon-regulatory factor 9 (IRF9) and bind 

to IFN-stimulated response elements (ISREs) in the genome to drive the expression of IFN-stimulated 

genes (ISGs) [122,123]. IFN-α and IFN-β are produced by a variety of cell types, and while they contribute 

to innate immune responses against bacterial, parasitic, and fungal infections, they are primarily known 

for their potent antiviral activity [124]. 

Type II IFN is represented solely by IFN-gamma (IFNγ), which is structurally distinct from type I and III IFNs 

[122]. IFNγ signals through a distinct heterodimeric receptor composed of the IFNGR1 and IFNGR2 

subunits. Downstream signaling is mediated primarily by phosphorylated STAT1 homodimers that bind 

to gamma-interferon activation site (GAS) promotor elements, inducing the expression of ISGs [122,125]. 

During T. gondii infection, IFNγ is predominantly produced by NK cells, ILC1 cells, and CD4+ Th1 cells 

[98,108-111,113,114], while other immune cells can contribute low(er) amounts [115-118]. In addition 

to its antiviral properties, IFNγ plays a key role in the “priming” of macrophages, promoting their M1-

type (proinflammatory) polarization and production of proinflammatory cytokines and reactive oxygen 

species (ROS) [126,127].  

Type III IFNs, also known as lambda-IFNs (IFNλs), are the least-characterized members of the IFN family. 

While closely related to type I IFNs, they are also structurally related to the IL-10 cytokine family and bind 

the IL-10R2 subunit, which pairs with the IFNLR1 subunit to form the type III IFN receptor. Although 

induced through a different receptor, downstream signaling pathways and transcriptional responses of 

type III IFNs are similar to those of type I IFNs [128]. However, their activity is largely confined to epithelial 

barrier tissues because the expression of the IFNLR1 receptor subunit is restricted to these cells, resulting 

in a more localized response compared to the systemic effects of type I IFNs [129]. 

Notably, while IFNs are primarily associated with proinflammatory roles, they can also exhibit immune-

regulatory functions [130]. 
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1.3.2 IFNγ-induced cell-autonomous immunity against T. gondii  

As mentioned, IFNγ is a critical cytokine in the host defense against intracellular pathogens like T. gondii, 

as it activates hundreds of genes involved in cell-autonomous immunity [99,100], including GTPase family 

members such as immunity-related GTPases (IRGs, also known as p47 GTPases) and guanylate-binding 

proteins (GBPs, also known as p65 GTPases). In C57BL/6 mice, 23 IRG genes are located on chromosomes 

7, 11 and 18 [131], while 13 murine GBPs (mGBPs) clustered on chromosomes 3 and 5 have been 

identified [132-134]. Although the roles of individual IRGs and mGBPs vary and certain mechanisms 

remain unclear, their protective function generally involves the formation of homo- and hetero-

oligomers that accumulate at the PV, leading to its disruption and parasite destruction [132,135-138]. 

The essential role of specific mGBPs has been demonstrated in vivo, as mice deficient in multiple or even 

single mGBPs displayed significantly increased susceptibility to T. gondii [137-143]. Additionally, IFNy-

mediated host defense mechanisms aim to “starve” the parasite by depleting essential amino acids like 

tryptophan and arginine, which are crucial for parasite survival and replication. Tryptophan is depleted 

by the enzyme indoleamine 2,3-dioxygenase (IDO) [144,145], while arginine is depleted through the 

inducible nitric oxide synthase (iNOS) [146,147]; furthermore, arginine starvation has been identified as 

a metabolic trigger for tachyzoite-to-bradyzoite stage conversion [148]. However, the role of IDO during 

T. gondii infection remains somewhat unclear due to conflicting data, which indicate either a significant 

[149-151] or a negligible [152] contribution to parasite control in vivo. In addition to arginine depletion, 

iNOS generates nitrogen oxide (NO), a toxic molecule with potent antimicrobial properties against a wide 

range of intracellular pathogens [153-155]. In mice, iNOS plays a rather complex role: it appears negligible 

during acute T. gondii infection but is critical for controlling chronic cerebral toxoplasmosis and 

preventing toxoplasma encephalitis, especially in C57BL/6 mouse strains [149,156,157]. Similarly, 

reactive oxygen species (ROS) have been shown to inhibit intracellular parasites both in vitro and in vivo 

[158-161], but their role during toxoplasmosis remains ambiguous, as oxidative stress, while effective 

against the parasite, can also cause severe pathogenesis in the host [162-165]. In summary, IFNy-

mediated effector mechanisms against T. gondii include the disruption of the PV and destruction of the 

parasite by GTPases, the production of toxic molecules such as NO and ROS, and nutrient deprivation 

through arginine and tryptophan depletion. 

 

1.3.3 T. gondii counter measures against innate immune responses  

As a result of the ongoing evolutionary arms race between host and pathogen, T. gondii and other 

intracellular parasites have developed strategies to counteract host defense mechanisms, including those 

driven by IFNγ. These strategies include the release of effector molecules from specialized apical 

organelles in T. gondii, known as rhoptries and dense granules, after host cell invasion [91]. For example, 
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the secreted dense granule protein Toxoplasma gondii inhibitor of STAT1 transcription (TgIST) disrupts 

both type I and II IFN-mediated gene expression by binding phosphorylated STAT-dimers in the nucleus. 

This binding blocks gene transcription by preventing the recruitment of co-transcriptional activators and 

instead recruiting the suppressive nucleosome remodeling and deacetylase (NuRD) complex [166-170]. 

As a result, the expression of downstream effector molecules, such as iNOS [171] and IDO [172], is 

reduced in T. gondii-infected cells, which inhibits IFN-mediated immune responses. However, TgIST is just 

one example. The T. gondii genome encodes a variety of rhoptry proteins (ROPs) and dense granule 

proteins (GRAs), and while several have been well-characterized, the functions of others remain 

unknown. These parasite-derived effector molecules are key virulence factors and major determinants 

in the classification of T. gondii strains into types I, II and III, significantly impacting their pathogenicity 

[173,174]. For instance, ROP5, ROP17, ROP18 and GRA7 subvert the recruitment of IRGs and mGBPs to 

the PV, underscoring the importance of this defense mechanism and the parasites need to interfere with 

it [173-180]. Additionally, GRA28 promotes the migration of T. gondii-infected macrophages by inducing 

transcriptional remodeling that drives the expression of CCR7, aiding in parasite dissemination within the 

host [181]. T. gondii and other apicomplexan parasites can also evade the complement system, a key 

prerequisite for establishing infection [182,183]. Furthermore, T. gondii can prevent or initiate host cell 

apoptosis depending on the parasite strain, cell type and infection stage [184,185]. In summary, while 

the evolutionary arms race between host and parasite has driven the development of a robust innate 

immune response in hosts, the parasite has countered with sophisticated immune evasion strategies. 

 

1.4 The lymphotoxin β receptor (LTβR) and the lymphotoxin signaling network 

The lymphotoxin β receptor (LTβR) is a member of the tumor necrosis factor (TNF) / TNF-receptor 

superfamily (TNFRSF), which consists of 29 receptors and their 19 cognate ligands [186]. Most TNFRSF 

members are type I transmembrane glycosylated proteins with extracellular domains containing between 

one and six cysteine-rich domains (CRD), which are a hallmark of the TNFRSF and confer ligand specificity 

and affinity [187,188]. On the other hand, the TNF superfamily ligands are, in general, type II 

transmembrane proteins with intracellular N-termini and extracellular C-termini, which self-assemble 

into (mostly) homotrimers [187]. This receptor-ligand superfamily forms a complex communication 

network, as many receptors can bind multiple ligands, and vice versa. It regulates various biological 

processes such as organogenesis, cell death, host defense, inflammation, and autoimmunity [187-189]. 

The LTβR is present on most cell types, including stromal fibroblasts, endothelial-, epithelial-, myeloid- 

and dendritic cells, but it is notably absent from lymphoid cells [187,190-197]. In contrast, the two known 

ligands of the LTβR are expressed primarily on lymphoid cells. These ligands are (1) the membrane-bound 

lymphotoxin (LT) heterotrimer named LTαβ and (2) LIGHT (lymphotoxin-like, exhibits inducible 
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expression, and competes with HSV glycoprotein D for herpesvirus entry mediator, a receptor expressed 

by T lymphocytes), which exists in both membrane-bound and shed forms [198,199]. LIGHT is also 

expressed by inflammatory effector cells such as macrophages, neutrophils, and DCs, but not by naïve 

and regulatory T cells (LIGHT expression is induced in activated effector and memory CD4+ and CD8+ 

T cells) as well as B cells. This expression pattern suggests that LIGHT plays a key role in acute 

inflammatory and adaptive immune responses  [200]. 

While TNFRSF-mediated signaling typically requires ligand-induced receptor trimerization, sufficient LTβR 

activation by LTαβ is already achieved through receptor dimerization [188,201]. Downstream signaling 

is mediated by the recruitment of TNFR-associated factors (TRAFs) to TRAF-interacting motifs (TIMs) 

within the LTβR intracellular domain. Of the six typical TRAF (TRAF1-6) family members, TRAF2, TRAF3, 

and TRAF5 are the primary adaptor proteins recruited upon LTβR activation. TRAF7 is considered atypical 

due a non-canonical TRAF domain [202,203]. The nuclear factor 'kappa-light-chain-enhancer' of activated 

B-cells (NF-κB) pathway, activated through TRAF2 and TRAF5 [204-206], and the c-Jun N-terminal kinase 

(JNK) pathway, activated through TRAF3 [207-211], are two major intracellular signaling pathways 

downstream of the LTβR (Fig. 7) [187,188,212]. The biological outcome of LTβR signaling depends on the 

ligands, adaptor proteins, and the cell's biological state. NF-κB activation promotes organogenesis, 

immune homeostasis, and inflammation, whereas JNK activation induces apoptosis and cell death; 

crosstalk between these pathways fine-tunes cellular responses. For instance, NF-κB activation, 

particularly via the canonical pathway, antagonizes JNK-induced apoptosis by promoting pro-survival 

signals [213], whereas TRAF3 and JNK activation inhibit NF-κB signaling and outcomes [214-217]. 

The LTβR and its ligands are components of a lymphotoxin signaling network with shared ligands and 

intersecting downstream signaling pathways (Fig. 7). This network includes other TNFR family members, 

such as TNFR1 (p55), TNFR2 (p75), herpes virus entry mediator (HVEM), and soluble decoy receptor 3 

(DcR3). TNFR1, which contains a death domain (DD) instead of a TRAF binding site, belongs to the death 

receptor subfamily of TNFRs. Upon binding either soluble (sTNFα) or membrane anchored TNFα (mTNFα), 

TNFR1 recruits the adaptor protein TNFR type 1-associated death domain (TRADD). TRADD can then 

activate either the canonical NF-κB pathway or pro-apoptotic pathways, depending on the additional 

cofactors recruited [187,212,218]. In contrast, TNFR2 and HVEM contain TRAF binding sites (two and one, 

respectively) and directly interact with TRAF family members to activate JNK and NF-κB [212,219]. TNFR2 

preferentially binds mTNFα and, unlike HVEM, can also activate the alternative NF-κB pathway [220,221].  

While LTαβ is specific for LTβR, LIGHT additionally binds HVEM and DcR3; the latter lacks any direct 

signaling capability and regulates LIGHT-dependent pathways by limiting LIGHT’s bioavailability [200]. 

LTα, on the other hand, can assemble into either soluble homotrimers (LTα3) or an alternative 

membrane-anchored heterotrimeric complex (LTα2β1). However, LTα3 does not bind LTβR, and LTα2β1, 
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which constitutes only a minor fraction of total LTβ complexes, binds LTβR with low affinity [194,222]. 

Instead, LTα3 and LTα2β1 preferentially bind TNFR1 and TNFR2 [188,212]. In summary, LTβR engagement 

by its ligands, LTαβ and LIGHT, recruits specific TRAF adaptor proteins to activate canonical and 

alternative NF-κB or JNK signaling pathways. LIGHT also binds HVEM and DcR3, while LTα3 exclusively and 

LTα2β1 predominantly interacts with TNFR1 and TNFR2 rather than LTβR, forming an interconnected 

lymphotoxin signaling network (Fig. 7). 

 

Figure 7: The LTβR, its ligands, and the lymphotoxin signaling network. The LTβR is present on most cell types, 
including stromal fibroblasts, endothelial-, epithelial-, myeloid- and dendritic cells, but it is absent from lymphoid 
cells. In contrast, its two primary ligands – membrane-bound LTα1β2 (a lymphotoxin (LT) heterotrimer) and LIGHT 
(lymphotoxin-like, exhibits inducible expression, and competes with HSV glycoprotein D for herpesvirus entry 
mediator, a receptor expressed by T lymphocytes), which exists both as membrane-bound and soluble form – are 
predominantly found on (activated) lymphoid cells. Signal transduction via LTβR engages the canonical nuclear 
factor 'kappa-light-chain-enhancer' of activated B-cells (NF-κB) pathway, which is mainly associated with 
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proinflammatory responses, the alternative (non-canonical) NF-κB pathway, which is linked to organogenesis and 
immune homeostasis, and the c-Jun N-terminal kinase (JNK) pathway, which is associated with apoptosis. The LTβR 
and its ligands (highlighted in colour) form the core of a broader lymphotoxin signaling network involving additional 
TNFR receptors and ligands (depicted in gray). While LTα1β2 is LTβR-specific, LIGHT also engages herpesvirus entry 
mediator (HVEM) and the soluble decoy receptor 3 (DcR3). In contrast, the alternative LTα2β1 binds the LTβR with 
low-affinity and plays a minor role in LTβR signaling. Instead, LTα2β1 preferentially binds TNFR1 (p55) and TNFR2 
(p75), as do the soluble LT homotrimer LTα3, soluble TNFα (sTNFα), and membrane-bound TNFα (mTNFα). 
Meanwhile, DcR3 functions solely by binding to and neutralizing LIGHT, thereby indirectly modulating LIGHT-
dependent pathways. Created with BioRender.com. 

 

1.4.1 The canonical and alternative NF-κB signaling pathways 

LTβR signaling can activate both canonical and alternative NF-κB signaling pathways. The mammalian NF-

κB family – NF-κB1 (p50), NF-κB2 (p52), RelA (p65), RelB and c-Rel – form structurally related homo- and 

heterodimeric transcription factors that induce expression of various target genes. Their activity is 

controlled by inhibitory proteins of the IκB family, which possess characteristic ankyrin repeats that 

sequester NF-κB dimers in the cytoplasm. The p50 and p52 NF-κB family members are generated from 

precursor proteins (p105 and p100, respectively), which also function as IκB-like inhibitors due to their 

ankyrin repeat domains, until they are processed into their active forms [223-225]. The NF-κB pathway 

has two branches: the canonical pathway, which is activated rapidly but transiently and primarily 

mediates proinflammatory responses, and the alternative (or non-canonical) pathway, which is slower, 

more persistent, and mainly involved in organogenesis and immune homeostasis (Fig. 8) [217,223]. The 

LTβR and TNFR2 are among the few TNFR superfamily members capable of activating both canonical and 

alternative NF-κB pathways [186,226,227]. Canonical NF-κB signaling is triggered by various stimuli, 

including PRRs and TNFRs, and requires the proteasomal degradation of IκBα, which normally inhibits the 

nuclear translocation of canonical NF-κB members in the cytosol, particularly the p50/RelA and p50/c-

Rel dimers [225]. This degradation is mediated by the inhibitor of nuclear factor kappa-B kinase (IKK) 

complex, composed of the two IκB kinases IKKα and IKKβ and the regulatory subunit NF-kappa-B essential 

modulator (NEMO/IKKγ), leading to the degradation of IκBα and subsequent nuclear translocation of NF-

κB dimers to activate canonical pathway target gene expression [228,229].  

In contrast, alternative NF-κB activation occurs downstream of specific TNFR superfamily members. 

Under steady-state conditions, NF-κB-inducing kinase (NIK) is constitutively degraded through the 

coordinated action of TRAF2 and TRAF3 [230]. Non-canonical NF-κB stimuli lead to TRAF3 degradation, 

resulting in NIK stabilization and accumulation. NIK subsequently activates IKKα, which induces the 

processing of p100 by degradation of its IκB-like C-terminal structure, generating active p52/RelB dimers 

[231,232]. Unlike the constitutive processing of p105 into p50, p100 processing is tightly regulated. The 

resulting p52/RelB dimers then translocate into the nucleus, where they drive the expression of 

alternative NF-κB target genes [217,223].     
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Figure 8: Canonical and alternative NF-κB signaling pathways. Canonical and alternative NF-κB signaling are two 
distinct pathways downstream of LTβR activation. Canonical NF-κB signaling relies on the formation of the inhibitor 
of nuclear factor kappa-B kinase (IKK) complex, composed of IKKα, IKKβ, and NF-kappa-B essential modulator 
(NEMO/IKKy). This complex promotes the proteasomal degradation of IκBα, which otherwise inhibits the nuclear 
translocation of NF-κB dimers, such as p50/RelA and p50/c-Rel. Upon IκBα degradation, the freed dimers 
translocate into the nucleus to induce canonical target gene expression, primarily driving pro-inflammatory 
responses. In contrast, alternative NF-κB signaling is normally suppressed by the constant degradation of NF-κB-
inducing kinase (NIK). LTβR signaling stabilizes NIK, allowing its accumulation and subsequent activation of IKKα. In 
this pathway, the nuclear translocation of p100/RelB dimers is blocked by the IκB-like C-terminal structure of p100. 
Activated IKKα processes p100 into p52, generating the active p52/RelB dimer, which translocates into the nucleus 
to regulate alternative NF-κB target gene expression. Unlike the rapid activation of the canonical pathway, 
alternative NF-κB signaling is slower and is primarily associated with organogenesis and tissue homeostasis. Created 
with BioRender.com. 

 

1.4.2 LTβR-deficient (LTβR-/-) mice 

LTβR signaling is essential for the development and maintenance of SLOs and various immune cell 

populations. Accordingly, LTβR-deficient (LTβR-/-) mice exhibit various immunological deficiencies, 
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including the complete absence of lymph nodes (LNs) and gut-associated lymphatic tissue (GALT), such 

as Peyer’s Patches (PPs) and mesenteric lymph nodes (MLNs) [233,234]. The spleen of LTβR-/- mice is 

enlarged and displays a disrupted microarchitecture, with absent follicular dendritic cell (FDCs) networks, 

marginal zone (MZ) structures, and proper B and T cell compartmentalization [196,233,235-243]. LTβR 

signaling is also essential for the development and homeostasis of DCs [196,244], NK cells and NKT cells 

[245-248]. In the thymus, LTβR signaling regulates T cell development by guiding thymocyte trafficking, 

likely via expression of adhesion molecules and chemokines; it also plays a role in central tolerance 

induction and the  regeneration of thymic damage [249]. Furthermore, LTβR-/- mice show signs of 

autoimmunity, characterized by splenomegaly, structural thymic alterations, autoantibody production, 

and inflammatory infiltration of peripheral organs such as the lung and liver, where infiltrates 

predominantly consist of CD4+ T cells and B cells [233,234,242,249-253].  

While many of the defects observed in LTβR-/- mice arise during embryonal and neonatal development, 

LTβR signaling remains crucial for maintaining immune homeostasis in adulthood [234]. Conditional 

deletion of LTβR in adult mice (LTβRΔ/Δ, as described in [234]) results in reduced size and disorganization 

of LNs and PPs, with fewer FDCs and poorly defined B and T cell areas compared to wild-type (WT) mice. 

The spleen of LTβRΔ/Δ mice is similarly disrupted, although not as severe as in LTβR-/- mice. Moreover, 

LTβRΔ/Δ mice display reduced numbers of neutrophils, NK cells and NKT cells. However, LTβRΔ/Δ mice do 

not exhibit the inflammatory infiltrations of non-lymphoid organs and the impaired thymus structure 

observed in LTβR-/- mice, which suggests that these abnormalities stem from the absence of LTβR 

signaling during early development rather than adulthood [234]. Consequently, due to its essential and 

multifaceted roles, LTβR signaling continues to garner increasing attention in the study of autoimmune 

diseases [193,254-256] and cancer [257,258]. 

 

1.4.3 LTβR-/- mice during infection 

LTβR signaling is also involved in host resistance against various pathogens, as demonstrated for bacteria 

such as Listeria monocytogenes [259-261], Mycobacterium tuberculosis [259], and Citrobacter rodentium 

[234,262,263]; viruses such as Cytomegalovirus [264] and Zika virus [265]; and intracellular parasites such 

as Leishmania major [266], L. donovani [267], Plasmodium chabaudi [268], P. berghei [269], and T. gondii 

[242,248], with the latter 3 belonging to the phylum Apicomplexa. 

LTβR-/- mice exhibit severely impaired innate and adaptive immune responses. Innate immunity defects 

include reduced or delayed expression of critical cytokines and effector molecules, such as type I IFNs 

during murine Cytomegalovirus (MCMV) infection [270] and IFNγ and mGBPs during T. gondii infection 

[242,248]. Adaptive immunity is also compromised, as evidenced by reduced secretion of IFNγ from CD4+ 
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T cells and diminished release of cytotoxic granules from CD8+ T cells during T. gondii infection [248]. 

Furthermore, humoral immunity is notably affected, as LTβR-/- mice fail to form GC reactions in the spleen 

[233,271,272]. During T. gondii infection, these mice exhibit reduced amounts of parasite-specific IgM 

and absent parasite-specific IgG in their serum, indicating severe defects in the generation of high-

affinity, class-switched antibodies [248]. On the other hand, the loss of LTβR signaling is predicted to 

increase the expression of genes related to BCR signaling, Ig production, and humoral immunity mediated 

by circulating Ig, as suggested by a host-pathogen network prediction model based on mRNA sequencing 

data from lung tissue of WT and LTβR-/- mice [248]. These combined deficiencies result in significantly 

increased mortality in LTβR-/- mice, which display increased pathology and parasite burden across 

multiple organs, including the lung, liver and spleen [242,248]. However, the B cell compartments outside 

the spleen and LNs of LTβR-/- mice, particularly in the BM and peritoneal cavity (PerC), have notably 

remained poorly characterized until this study. 
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2. Aim of the thesis 

LTβR-/- mice exhibit diverse immunological defects, ranging from impaired development of SLOs to 

disruptions in immune cell homeostasis and innate and adaptive responses to pathogen infections 

[233,234,242,248]. Consequently, these mice also show increased susceptibility to Toxoplasma gondii 

infection, marked by significantly increased mortality. A particularly intriguing finding was the 

reduction of T. gondii-specific IgM and the complete absence of T. gondii-specific IgG in the serum of 

infected LTβR-/- mice, which indicate defects in affinity maturation and immunoglobulin class switching 

[248]. Furthermore, WT mice exhibit a severe reduction in splenic B cell numbers on day 10 p.i., a 

phenotype less pronounced in LTβR-/- animals [248]. However, prior to this work, no detailed analysis 

of B cell subpopulations outside the spleen of LTβR-/- mice had been performed. 

The aim of this thesis was to further characterize the role of the LTβR in the immune response, 

specifically the humoral immune response, against intracellular parasites using a murine T. gondii 

infection model. Thus, immune cell populations, with a focus on B cells, were analyzed via flow 

cytometry in the bone marrow, peritoneal cavity, and blood of T. gondii-infected LTβR-/- mice. 

Furthermore, the LTβR-/- bone marrow transcriptome was sequenced and examined, and a histological 

study of the murine lung, liver, brain, kidney, spleen and bone marrow during T. gondii was conducted. 

These data were further complemented by evaluations of parasite burden and cytokine 

concentrations. As a result, novel and distinct alterations in various immune cell (sub)populations 

across multiple compartments of LTβR-/- mice were identified, with findings from the transcriptome 

and histological analysis aligning closely with flow cytometry results (this study) and data from our 

previous studies [242,248].  

To date, it has not been possible to develop a human-approved vaccine against T. gondii. The 

prevalence of T. gondii in the human population and its impact on global health underscore the 

importance of achieving effective antibody-mediated protection against this parasite. Therefore, a 

passive immunization approach was employed to assess the extent of protection provided by 

transferring immune serum containing antibodies against T. gondii into LTβR-/- mice. Mouse survival, 

parasite burden, splenic immune cell populations, cytokine concentrations, and T. gondii-specific 

antibody concentrations in the serum before and after transfer were evaluated.  

Finally, the use of mouse strains with targeted LTβR inactivation in DCs and myeloid cells enables the 

exploration of potential cell type-specific roles of the LTβR, an investigation that was initiated in this 

study and should be continued in future studies. Overall, this work was undertaken to broaden our 

understanding of both LTβR- and T. gondii-related immunity and explore new directions for future 

research. 
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Abstract  

LTβR-deficient (LTβR-/-) mice exhibit severe defects in innate and adaptive immunity against various 

pathogens, including Toxoplasma gondii. Intriguingly, LTβR-/- mice show deficiencies in anti-

Toxoplasma immunoglobulin (Ig) production and Ig class switching. In this study, we investigated bone 

marrow (BM) and peritoneal cavity (PerC) immune cell populations of LTβR-/- mice during T. gondii 

infection. Strikingly, LTβR-/- BM exhibited elevated frequencies of mature B cells post-infection. Early 

B cell differentiation stages were severely reduced in both genotypes due to inflammation-induced 

CXCL12 downregulation, whereas LTβR-/- mature B cells resisted this reduction, suggesting an altered 

microenvironment in absence of LTβR signaling. LTβR-/- BM plasma cells (PCs) were mainly surface 

IgM+, while IgA+ PCs were virtually absent; IgM- IgA- (IgG) PC frequencies were comparable to the WT. 

In the PerC of LTβR-/- mice, B-2 and B-1b cell frequencies were increased, whereas B-1a frequencies 

remained comparable to WT counterparts, resulting in a distorted B-1a to B-1b cell ratio in LTβR-/- mice. 

T cell subpopulations were also altered in LTβR-/- BM, with decreased double-negative (CD4-/CD8-) and 

increased CD4+ and CD8+ T cell frequencies. Transcriptomic analysis of the BM revealed diminished 

interferon responses but an upregulated TNFα-NF-κB signaling signature, potentially compensating for 

the absence of LTβR signaling. In summary, this study identified novel and distinct alterations in B and 

T cell differentiation, kinetics and activation phenotypes in LTβR-deficient mice, suggesting new 

potential pathways for future research on LTβR signaling in immune cell homeostasis, migration, and 

pathogen elimination. 

 

Introduction 

The lymphotoxin beta receptor (LTβR) is a member of the tumor necrosis factor receptor superfamily 

(TNFRSF) and is expressed by a wide variety of cell types including epithelial-, endothelial-, stromal- 

and myeloid cells (e.g. monocytes, macrophages [1,2], neutrophils [1,3], dendritic cells (DCs) [4-6], and 

mast cells), but is absent from lymphoid cells [7,8]. Conversely, the two known LTβR ligands LTαβ and 

LIGHT (lymphotoxin-like, exhibits inducible expression, and competes with HSV glycoprotein D for 

herpesvirus entry mediator, a receptor expressed by T lymphocytes) are expressed on lymphoid cells, 

suggesting that LTβR signaling mainly occurs in a paracrine or juxtacrine manner [7,8]. While the 

lymphotoxin heterotrimer LTα1β2 is LTβR-specific, the second ligand LIGHT can also bind two other 

TNFSRF members: herpes virus entry mediator (HVEM) and soluble decoy receptor 3 (DcR3) [7-9]. 

LTβR-induced downstream signaling occurs primarily via the canonical and the alternative nuclear 

factor 'kappa-light-chain-enhancer' of activated B-cells (NF-κB) pathways [10].  
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The LTβR is essential for the development of lymphoid organs during embryogenesis, and for structural 

maintenance of lymphoid organs and immune cell homeostasis in adulthood [11,12]. LTβR-deficient 

mice (LTβR-/-) lack lymph nodes (LN) and Peyer’s Patches (PPs) [11,12], exhibit reduced numbers of DCs 

[5,12,13], and have a marked reduction of natural killer (NK) and NKT cells [12,14-17]. Other affected 

organs include the thymus, where LTβR signaling is involved in thymocyte migration and selection [18], 

and the spleen, where LTβR deficiency disrupts B and T cell compartmentalization, germinal center 

(GC) formation, and the homeostasis of follicular DCs (FDCs) and macrophage subpopulations 

[11,12,19-24]. The well documented inability of LTβR-/- mice to mount adequate immune responses 

against various pathogens underscores its critical role for immunity [12,17,25-30]. Additionally, LTβR-/- 

mice exhibit signs of autoimmunity, including splenomegaly, increased perivascular lymphocytic 

infiltrations of non-lymphoid organs, autoantibody production, and increased baseline immune 

activation [11,12,17,26,31,32]. Consequently, there has been growing interest in exploring the role of 

LTβR signaling in infection, autoimmune diseases, and cancer [33-36]. 

Toxoplasma gondii is an obligate intracellular protozoan parasite that belongs to the phylum 

Apicomplexa. T. gondii can infect virtually all warm-blooded vertebrates, including humans. This 

successful parasite has infected 30 - 50% of the world’s human population [37] and can persist lifelong 

in the host [38]. While T. gondii infection usually causes mild, flu-like symptoms in immunocompetent 

hosts, an infection of immunocompromised individuals or congenitally infected unborn children can 

lead to diverse and severe health issues, including encephalitis, myocarditis, pneumonia, and abortion 

[39]. No vaccine is currently available against T. gondii [40].  

The host immune response against T. gondii requires a coordinated interplay of innate, adaptive, and 

cell autonomous immunity [41-44]. T. gondii infection stimulates a proinflammatory cascade resulting 

in massive interferon-gamma (IFNγ) production by NK cells [45,46], CD4+ and CD8+ T cells [45,47-49], 

and innate lymphoid cells (ILC1s) [50]. An early and potent production of IFNγ is essential for effective 

parasite control [51,52]. IFNγ (further) activates immune cells such as monocytes, macrophages, DCs, 

NK- and T cells, and it induces expression of hundreds of genes involved in cell-autonomous immunity 

to inhibit pathogens [44]. This includes the direct targeting and destruction of T. gondii and its 

surrounding parasitophorous vacuole (PV) by immunity-related GTPases (IRGs) [53-57] and guanylate-

binding proteins (GBPs) [58-62]. However, while a strong T-helper 1 (Th1) response driven by IL-12 and 

IFNγ is necessary for effective parasite restriction, it can also trigger severe immunopathology in the 

host [63-68]. 

In addition to classic CD4+ and CD8+ T cell populations, double-negative (DN) T cells lack both CD4 and 

CD8 co-receptors and can be found as a rare T cell subpopulation in the periphery (1 – 5 % of CD3+ 

T cells) [69,70]. They are enriched in the bone marrow (BM), where they constitute up to one-third of 
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CD3+ T cells [71]. While details remain elusive, the heterogenous DN T cells can be of thymic or 

extrathymic origin and exert proinflammatory as well as immunosuppressive effects [72]. Their 

potential role in immune responses, disease and therapy has increasingly gained recognition [72-75]. 

B cells and antibody-mediated immunity further contribute to host defense against T. gondii [76-84]. 

However, there are major differences between B cell subpopulations. B-1 cells are mainly of fetal origin 

and have self-renewing capacities, whereas conventional (B-2) cells need to be continuously generated 

from progenitors in the adult BM [85]. Most B-2 cells leave the BM at the transitional stage and 

complete their maturation in secondary lymphatic organs like the spleen, from where they may 

circulate through the blood stream and re-enter the BM as recirculating mature B cells [86,87].  While 

B-1 cells are a rare subpopulation in the BM, blood, spleen and lymph nodes (0.1 – 2 % of CD19+ B cells), 

they are enriched in body cavities such as the peritoneal and pleural cavities (35 – 70 % “) [88]. They 

are considered innate-like B cells due to their more restricted B cell receptor repertoire, their role as 

major source of natural antibodies, and their capability of rapid, mainly T cell-independent secretion 

of low-affinity IgM during early infection [89-94]. Depending on the cell surface expression of CD5, B-1 

cells are further divided into B-1a (CD5+) cells, which are considered as the main natural antibody 

producers, and B-1b (CD5-) cells, which are more involved in the adaptive antibody response than B-1a 

cells [91]. While B-1 cells have been shown to contribute to protection against T.  gondii alongside 

conventional B-2 cells [81,84], they are also a predisposed source of autoantibodies induced by 

T. gondii infection and can negatively impact host defense [95,96]. However, the interplay between 

protozoan parasites and the B cell response is diverse and not fully understood [97-100].  

In our previous studies, we showed that LTβR-/- mice are highly susceptible and rapidly succumb to 

T. gondii [17,26]. The expression of IFNγ and downstream effector molecules, such as mGBPs, was 

significantly delayed. Adaptive immunity of LTβR-/- mice was also affected, as evidenced by reduced 

secretion of IFNγ by CD4+ T cells and cytotoxic granules by CD8+ T cells after ex vivo stimulation [17]. 

B cells in the spleen of WT mice were significantly reduced during T. gondii infection, but this reduction 

was attenuated in LTβR-/- mice. Additionally, LTβR-/- mice showed only low amounts of parasite-specific 

IgM in the serum, and abrogated parasite-specific immunoglobulin heavy-chain class-switching and 

IgG production [17].  

Here, we expand our investigation of the B cell immune response and B cell subpopulations to the BM 

and peritoneal cavity (PerC) of LTβR-/- mice and demonstrate its intriguing dynamic during T. gondii 

infection. A striking phenotype of the LTβR-/- BM was increased mature B cell frequencies, which 

displayed a unique resistance to inflammation-induced reduction compared to WT mature B cells. 

While MHCII+ proinflammatory monocytes were diminished in LTβR-/- compared to WT BM, plasma cell 

(PC) frequencies were comparable or even increased; however, the majority of LTβR-/- BMPCs 
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displayed surface IgM rather than IgA, in contrast to WT BMPCs. Additionally, we found that T cell 

subset frequencies were altered in the BM of LTβR-/- mice. The mRNA sequencing of LTβR-/- and WT 

BM revealed significantly reduced interferon-related gene sets in the LTβR-/- BM. At the same time, the 

LTβR-/- BM exhibited a persistent upregulation of these gene sets until day 9 post-infection (p.i.), 

whereas the WT BM began to show their downregulation starting at day 6 p.i. In the LTβR-/- PerC, B-2 

and B-1b cell frequencies were increased, but B-1a frequencies were comparable to WT counterparts, 

leading to altered B-1a to B-1b ratios in LTβR-/- mice. Finally, the predominant presence of neutrophils 

over T cells in the LTβR-/- PerC on day 9 p.i. marks a profound difference, showing that parasite 

replication is not effectively inhibited despite neutrophil accumulation, which likely contributed to 

exacerbated immunopathology. These results will hopefully enhance our understanding of the role of 

LTβR signaling in immunity during intracellular parasite infections. 

 

Results 

Mature B cells are increased in the BM of LTβR-/- mice and show less severe reduction during T. gondii 

infection 

WT and LTβR-/- mice were intraperitoneally (i.p.) infected with T. gondii (ME49) and analyzed on days 

3, 6 and 9 p.i. In the BM, T. gondii burdens increased over the course of infection; on day 9 p.i., LTβR-/- 

mice showed significantly increased T. gondii numbers (>20-fold) as compared to WT mice (Fig. 1a). At 

the same time, total leukocyte numbers per femur did not significantly differ or change between 

genotypes over the course of T. gondii infection (Fig. 1b). Interestingly, CD19+ B220+ pan-B cells were 

already significantly increased in LTβR-/- BM before infection and remained higher during infection 

compared to WT BM (Fig. 1c & d, S1, S2a). Pan-B cell frequencies were found significantly reduced in 

WT BM by day 6 p.i. but remained stable in LTβR-/- BM at this point (Fig. 1c & d). Both genotypes showed 

a significant reduction of pan-B cells from day 6 to day 9 p.i. However, the overall pan-B cell reduction was 

less severe in LTβR-/- mice (-61.0 % on day 9 p.i. compared to uninfected) compared to WT mice 

(-95.7 % on day 9 p.i. compared to uninfected), mirroring the course of splenic B cell frequencies after 

T. gondii infection as described previously [248].  

To identify which B cell subpopulation(s) was responsible for the increased B cell numbers in the LTβR-/- 

BM, B cell developmental stages were investigated based on surface marker expression (Fig. S1, Suppl. 

Table 1 & 2) before and during T. gondii infection. Pro-, pre- and immature B cell populations were 

mostly comparable between genotypes (Fig. 1e – g, S2b – d), whereas transitional B cells (Lin+ IgM+ 

IgDlow, Fig. 1h, S2e) were substantially increased in uninfected LTβR-/- mice and on day 9 p.i.. Notably, 

mature B cells (Lin+ IgM+ IgDhigh) were the primary contributors to the increased BM B cell population 
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in LTβR-/- mice, as they were significantly increased at all examined time points compared to their WT 

counterparts (Fig. 1i, S2f). 

The strong reduction of B cells on day 9 p.i. was observed across all investigated B cell subpopulations 

in the WT BM (Fig. 1e – i, S2b – f). While this was also evident in early-stage B cell populations in the 

LTβR-/- BM, the transitional and mature B cells were notable exceptions. In detail, on day 9 p.i., pro-, 

pre-, and immature B cells were nearly absent in both WT and LTβR-/- BM (Fig. 1e – g, S2b – d). However, 

transitional B cells were significantly increased (Fig. 1h, S2e), and mature B cells remained unaffected 

in LTβR-/- BM (Fig. 1i, S2f). These results demonstrate that both phenotypes observed in the LTβR-/- BM 

– the increased B cell frequencies under steady-state conditions and the enhanced resistance to 

reduction during T. gondii infection – are specific to late-stage B cell populations, with mature B cells 

exhibiting the most significant alterations.  

To investigate whether the reduction of B cells on day 9 p.i. was caused by B cell death or by 

mobilization and egress, we used a viability dye (FVD eF780) to detect dead cells (Fig. S1, Suppl. Table 

1 & 2). LTβR-/- mice had significantly increased frequencies of dead B cells in the BM before and during 

T. gondii infection (Fig. 1j), even though both genotypes showed comparable frequencies of dead BM 

leukocytes (Fig. S2g). On day 9 p.i., frequencies of dead B cells were lower compared to previous days, 

possibly due to the overall reduced presence of B cells on that day in both genotypes (Fig. 1j). Similar 

to the results described for living cells, dead early (FVD eF780+ CD19+ AA4.1+ IgM-) B cells were almost 

completely absent on day 9 p.i. in both WT and LTβR-/- animals (Fig. S2h), while dead mature B cells 

(FVD eF780+ CD19+ IgM+ IgD+) were significantly increased in LTβR-/- animals (Fig. S2i).  
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Figure 1: Altered B cell subpopulations and CXCL12 concentrations in the BM of T. gondii-infected WT and 
LTβR-/- mice. (a) DNA was isolated from the BM and used to assess the T. gondii burden via quantitative real-time 
PCR of the B-1 gene (TgB-1). A standard curve generated from a defined number of ME49 tachyzoites (2914 ± 
214/µl) was used to calculate parasite loads in WT (n ≥ 10/group) and LTβR-/- (n ≥ 8/group) mice. (b) Counted 
leukocytes per femur from uninfected and infected WT (n ≥ 17/group) and LTβR-/- (n ≥ 15/group) mice. Using 
surface marker staining and flow cytometry (gating strategy: Fig. S1), the following immune cell populations were 
identified in the BM of WT (n ≥ 15/group) and LTβR-/- (n ≥ 13/group) mice and quantified as percentages of live 
cells, unless otherwise specified: (c & d) Pan-B cells (CD19+ B-220+), (c) shows a set of representative images. (e 
– i) Lin+ = CD19+ B-220+. (e) Pro-B cells (Lin+ IgM- AA4.1+ CD25- c-kit+), (f) pre-B cells (Lin+ IgM- AA4.1+ CD25+ c-kit-), 
(g) immature B cells (Lin+ IgM+ IgD-), (h) transitional B cells (Lin+ IgM+ IgDlow) and (i) mature B cells (Lin+ IgM+ IgDhigh). 
(j) Dead B cells (CD19+ FVD eFluor780+), % of single cells. (k & l) CXCL12 measured in the (k) BMSN and (l) serum 
of uninfected and infected WT (n ≥ 10/group) and LTβR-/- (n ≥ 7/group) mice via bead-based immunoassay 
(LegendPlex, BioLegend, USA). (m) Plasma cells (TACI+ CD138+). WT: n ≥ 13/group, LTβR-/-: n ≥ 14/group. (n – p) 
IgM+, IgA+, and IgM- IgA- (IgG) expressing plasma cells (surface Ig), % of plasma cells. WT: n ≥ 9/group, LTβR-/-: 
n ≥ 10/group. All data shown represent at least four independent experiments; symbols represent individual 
animals and columns represent means ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 

 

The chemokine C-X-C motif chemokine 12 (CXCL12) is, among other functions, essential for 

hematopoiesis and regulating B cell development by directing and retaining them in specific BM niches 

[101]. During inflammation, a reduction in CXCL12 has been shown to lead to the mobilization and 

egress of B cell precursors from the BM [102]. CXCL12 concentrations were therefore determined in 

serum and BM supernatant (BMSN) of WT and LTβR-/- mice. In line with previous reports, CXCL12 

concentrations were significantly reduced in WT BMSN on day 9 p.i. compared to uninfected controls, 

a reduction which was also observed in LTβR-/- BMSN (Fig. 1k). However, only WT mice showed a 

significant reduction of CXCL12 in the serum on day 9 p.i. (Fig. 1l). While the reduction of BMSN CXCL12 

concentrations after infection can explain the egress of early B cell populations and thus the almost 

complete loss of pro- and pre-B cells observed on day 9 p.i., early B cells (AA4.1+) were decreased, 

rather than increased, in the peripheral blood (PB) on day 9 p.i. (Fig. S3a). Instead, a significantly 

increased AA4.1-positive myeloid (CD11b+) population was identified (Fig. S3b & c). Overall, LTβR-/- 

mice showed higher numbers of circulating PB leukocytes (Fig. S3d) and increased frequencies of PB 

(mature) B cells (Fig. S3e & f) compared to WT controls. In contrast to the unaffected frequencies of 

mature B cells in the LTβR-/- BM, their frequency in the PB was reduced on day 9 p.i. but was still 

significantly higher than in WT animals (Fig. S3f). 

In contrast to CXCL12, concentrations of B cell activating factor (BAFF), another cytokine important for 

B cell development, remained stable in the BMSN (Fig. S4a) and increased in the serum (Fig. S4b) over 

the course of T. gondii infection. However, BAFF concentrations were always comparable between WT 

and LTβR-/- mice. 

Surprisingly, despite lacking lymph nodes, PPs [11], and GC reactions [12,21], LTβR-/- mice had equal or 

increased (day 9 p.i.) frequencies of BMPCs (TACI+ CD138+ [103]) compared to WT mice (Fig. 1m, 

S4c & d), the origin of which remains unclear. However, the majority of LTβR-/- BMPCs were surface 
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IgM positive, which is in contrast to the predominantly IgA-positive WT BMPCs (Fig. 1n & o, S4f & g). 

Double negative (IgM- IgA-), presumably IgG+, PC frequencies were comparable between genotypes 

(Fig. 1p, S4h).  

In summary, the LTβR-/- BM contained significantly increased frequencies of mature B cells under 

steady-state conditions, which were also more resistant to reduction during T. gondii infection 

compared to WT counterparts. However, frequencies of earlier B cell developmental stages were 

comparable between genotypes, which both exhibited a significant reduction in CXCL12 

concentrations in the BMSN over the course of infection. 

 

Characterization of T-, dendritic-, NK-cell and proinflammatory monocyte/macrophage populations 

in the LTβR-/- BM 

Next, a detailed analysis of BM immune cell populations, such as T cell, DC and NK cell (sub)populations 

(Fig. S5 & 6, Suppl. Table 1 & 2) was conducted. 

BM T cell frequencies (CD3e+) were comparable between mouse genotypes and were not significantly 

altered during T. gondii infection (Fig. 2a, S7a). Interestingly, T cell subset frequencies differed 

significantly between both genotypes: double-negative (DN) T cells were 2-3-fold lower, while CD4+ 

and CD8+ T cells were higher in LTβR-/- BM compared to WT BM, both prior to and during T. gondii 

infection (Fig. 2b – e). These genotype-dependent differences were also partially observed in the 

absolute cell numbers for DN T cells and CD4+ T cells but were not significant for CD8 + T cells (Fig. S7b 

– d). 

In addition to B and T cells, one of the most striking phenotypes was the reduced upregulation of 

surface MHCII on proinflammatory (Ly6C+) monocytes/macrophages in the BM of LTβR-/- mice (Fig. 2f 

& g, S7e). A similar reduction was found in the PB (Fig. S7f) but not in the PerC (Fig. S7g), where MHCII-

expressing proinflammatory monocyte/macrophage frequencies were comparable between 

genotypes. Notably, the overall frequencies of proinflammatory monocytes/macrophages (defined as 

CD3e- CD19- NK1.1- CD11b+ Ly6G- Ly6C+; gating strategy: Fig. S6) were similar between LTβR-/- and WT 

BM, except on day 9 p.i., where a reduction was observed in LTβR-/- BM (Fig. 2h). However, this 

difference was not reflected in the absolute cell numbers (Fig. S7h).  

 LTβR signaling is also essential for the generation of functional NK cells [12,104], NKT cells [12,14,15] 

as well as DCs [5,12,105]. We can confirm these findings in the BM compartment of LTβR-/- mice, where 

basically no NK (Fig. 2i, S7i) nor NKT cells (Fig. 2j, S7j) were detectable before and during T. gondii 

infection, and where pDCs were reduced particularly on day 6 p.i. compared to WT mice (Fig. 2k, S7k). 

Notably, BM neutrophil frequencies (Fig. S7l) and numbers (Fig. S7m) did not significantly differ 
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between genotypes. These results show that the absence of LTβR signaling perturbed specific myeloid 

and lymphoid immune cell populations in the BM. 

 

Figure 2: Altered T cells, proinflammatory monocytes/macrophages, NK cells, NKT cells and pDCs in the BM of 
T. gondii-infected LTβR-/- mice. Using surface marker staining and flow cytometry, the following immune cell 
populations (gating strategies: Fig. S5 & S6) were identified in the BM of WT and LTβR-/- mice and quantified as 
percentages of live cells, unless otherwise specified: (a) T cells (CD3e+) (b – e) (b) shows a set of representative 
images of the gating of (c) double-negative (CD4- CD8-), (d) CD4+, and (e) CD8+ T cells, all shown as % of CD3e+ 

T cells. WT: n ≥ 9/group and LTβR-/-: n ≥ 7/group. (f) Representative histograms of MHCII expression (%) on 
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proinflammatory monocytes/macrophages. Each curve is scaled to 100 %. (g) MHCII-positive proinflammatory 
monocytes/macrophages (CD19- CD3e- NK1.1- CD11b+ Ly6G- Ly6C+ MHCII+) (h) Proinflammatory 
monocytes/macrophages (CD19- CD3e- NK1.1- CD11b+ Ly6G- Ly6C+). (i) NK cells (CD19- CD3e- NK1.1+) (j) NKT cells 
(CD3e+ NK1.1+) (k) Plasmacytoid DCs (pDCs; CD19- CD3e- NK1.1- CD11c+ CD11b- MHCII+ B220+ BST-2+). All data 
shown represent at least four independent experiments; symbols represent individual animals and columns 
represent mean values ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 

 

LTβR-/- BM RNA sequencing reveals impaired upregulation of IFN- and IFN-related gene sets but 

an enriched TNF signaling, and an increased presence of eosinophil-associated transcripts   

mRNA sequencing of WT and LTβR-/- BM was performed to investigate the BM transcriptome during 

T. gondii infection. Gene set enrichment analysis (GSEA) was employed to compare gene sets between 

genotypes (LTβR-/- vs WT) and across the infection timeline (d6 and d9 p.i. vs. uninfected controls, and 

d9 vs. d6 p.i.; Fig. 3, Fig. S9a – d & S10). 

In the genotype comparison (Fig. 3a), the gene sets ‘Interferon gamma response’ and ‘Interferon alpha 

response’ were significantly enriched in the BM of all WT cohorts compared to LTβR-/- counterparts, 

particularly in uninfected controls and on day 6 p.i. In contrast, the ‘TNFα signaling via NF-κB’ gene set 

was significantly enriched in LTβR-/- BM at all time points examined. Other inflammation-related gene 

sets, such as ‘Inflammatory response’ and ‘Reactive oxygen species pw’, were enriched in WT BM or 

showed no significant difference between genotypes. 

When comparing each infected genotype to its respective uninfected control, both WT (Fig. 3b) and 

LTβR-/- BM (Fig. 3c) exhibited proinflammatory gene set enrichment, particularly ‘Interferon gamma 

response’ and ‘Interferon alpha response’, on days 6 and 9 p.i. Notably, these gene sets were less 

enriched in WT BM on day 9 p.i. compared to day 6 p.i. (Fig. 3b), whereas LTβR-/- BM showed continued 

enrichment from day 6 to day 9 p.i. (Fig. 3c). The ‘TNFα signaling via NF-κB’, ‘Inflammatory response’, 

and ‘Reactive oxygen species pathway’ gene sets were enriched in the BM of both genotypes during 

T. gondii infection (Fig. 3b & c). A summary of additional GSEA gene sets is provided in Fig. S9d. 

Thus, compared to WT BM, the LTβR-/- BM exhibited reduced enrichment of the critical ‘Interferon 

gamma response’ and ‘Interferon alpha response’ gene sets but showed greater enrichment of the 

‘TNFα signaling via NF-κB’ pathway. Overall, both genotypes displayed increased expression of IFN-

related gene sets over the course of T. gondii infection, with expression peaking in WT BM on day 6 

p.i. but continuing to increase until day 9 p.i in LTβR-/- BM. 
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Figure 3: LTβR-/- BM shows less enrichment of interferon-related gene sets compared to WT BM, but more 
eosinophil-related gene expression on day 9 p.i. (a – c) Summarized results of the gene set enrichment analysis 
(GSEA) of mRNA sequencing data from BM samples of uninfected and T. gondii-infected WT (n = 3 /group) and 
LTβR-/- mice (n = 3, except for LTβR-/- uninfected (n = 2)). Normalized enrichment scores (NES) of selected GSEA 
hallmark gene sets (see Fig. S9a – d & S10 for complete GSEA data) are represented as colors in a heat map. A 
positive NES value indicates gene set enrichment in the experimental condition, a negative NES value indicates 
gene set enrichment in the control condition, and a gray colored tile describes non-significance (adjusted p-value 
> 0.01). The left panel (a) summarizes genotype comparisons (LTβR-/- vs. WT), displaying enrichment in LTβR-/- 

compared to WT controls. The middle panel (b) summarizes intra-WT comparisons: d6 and 9 p.i. vs. uninfected 
controls, displaying enrichment in infected animals; and d9 vs. d6, displaying enrichment on day 9 p.i. compared 
to day 6 p.i. Similarly, the right panel (c) summarizes intra-LTβR-/- comparisons: d6 and 9 p.i. vs. uninfected 
controls, displaying enrichment in infected animals; and d9 vs. d6, displaying enrichment on day 9 p.i. compared 
to day 6 p.i. Heat maps of the top 40 differentially expressed genes (based on the adjusted p-values) in WT and 
LTβR-/- BM on (d) day 6 p.i. and (e) day 9 p.i., sorted by upregulation and downregulation. NGE = normalized gene 
expression. 
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We also identified the top differential transcripts between WT and LTβR-/- BM on day 6 and 9 p.i. 

Notably, LTβR-/- BM displayed elevated expression of immunoglobulin genes (Igkc, Ighm, Iglc2 and 

Ighd) and specific migration/adhesion genes (Ccl6, Ccl9 and Fn1), but lower expression of IFNγ-

inducible genes (Ifi205, Ifit2, Ifi211 and Bst2) compared to WT BM on day 6 p.i. (Fig. 3d). On day 9 p.i., 

transcripts of several members of the eosinophil-associated, ribonuclease A family (Ear1, Ear2 and 

Ear6) and Epx were significantly increased in LTβR-/- BM (Fig. 3e), whereas expression of genes 

associated with MHCII and antigen presentation (Ciita, H2-Ab1, H2-Aa, H2-Eb1 and CD74), immune cell 

function (Klrk1 and Fcgr1), and migration (Ccr2 and Cxcl9) were decreased compared to WT BM (Fig. 

3e). Slamf8 transcripts, which are expressed by variety of activated myeloid cells, including IFNγ-

activated monocytes and macrophages [106], were reduced on both days in LTβR-/- BM. Interestingly, 

only a small number of T. gondii-derived transcripts were detected, with the majority being identified 

in the LTβR-/- BM on day 9 p.i., primarily encoding GRA proteins (Fig. S9e). 

 

Leukocyte counts, T. gondii burden and dead cell frequencies are elevated in the PerC of LTβR-/- mice   

The amount of T. gondii tachyzoites in the PerC, as primary site of infection, was markedly increased 

and 10-fold higher in LTβR-/- mice compared to WT mice on day 9 p.i. (Fig. 4a). Both genotypes exhibited 

elevated peritoneal leukocyte counts compared to their respective uninfected controls. However, 

peritoneal leukocyte numbers were significantly higher in LTβR-/- mice, both before infection and on 

days 3 and 9 p.i. (Fig. 4b). Additionally, most, but not all, mice of both genotypes developed ascites by 

day 9 p.i. (data not shown). The frequency of dead cells within the total leukocyte population was 

found to be comparable between genotypes in uninfected controls and early during infection, but 

significantly higher in LTβR-/- mice on day 9 p.i. (Fig. 4c). Due to the higher leukocyte counts in the 

LTβR-/- PerC, the absolute number of dead cells was increased at all analyzed time points (Fig. S11a). In 

summary, LTβR-/- mice exhibited increased leukocyte counts coupled with higher parasite burden and 

elevated dead cells. 

 

Frequencies of B-2 and B-1b, but not B-1a cells, are increased in the PerC of LTβR-/- mice 

Similar to the BM phenotype, B cells in the PerC were significantly increased in LTβR-/- mice before and 

during T. gondii infection (Fig. 4d, S11b). The frequency of peritoneal B cells was also significantly 

reduced on day 9 p.i. in WT (-95.8 % on day 9 p.i. compared to uninfected) and, to a slightly lesser 

extent, in LTβR-/- mice (-90.6 % on day 9 p.i. compared to uninfected).  

In addition to conventional B-2 cells (CD19+ B220high), the PerC is enriched with B-1 cells (CD19+ 

B220low), a special B cell subset with distinct origins, phenotypes, and functions [107,108]. Both B-1 
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and B-2 frequencies and numbers were increased in uninfected LTβR-/- mice (Fig. 4e – g, S11c – d). 

During infection, B-2 cell frequencies initially remained stable but then dropped between days 6 and 9 

p.i. (Fig. 4f). In contrast, B-1 cell frequencies already dropped by day 3 p.i. and then further between 

days 6 and 9 p.i. (Fig 4g). Serum concentrations of CXCL13, a chemokine essential for B-1 cell 

functionality and mobility [109,110], increased during the course of infection and were markedly 

elevated on day 6 and especially day 9 p.i., but remained comparable between WT and LTβR-/- mice 

(Fig. 4h, S11e).  

B-1 cells can be further classified into B-1a and B-1b cells based on their CD5 surface marker expression 

(S11f). The ratios between these two subpopulations were significantly altered in LTβR-/- mice (Fig. 4i). 

The LTβR-/- B-1a to B-1b ratio was roughly 1:1 (with slightly higher B-1b frequencies), which shifted in 

favor of the B-1a population over the course of infection. In contrast, WT B-1 cells mainly consisted of 

B-1a cells (72.0 ± 5.8 %), which slightly decreased over the course of infection. Importantly, the shift in 

LTβR-/- B-1a to B-1b frequencies was not caused by a reduction in B-1a but rather an increase in B-1b 

frequencies, as determined by B-1a and B-1b live cell frequencies (Fig. 4j & k). This also was observed 

through a direct B-1a (CD19+ CD5+) gating without prior B-1 gating (Fig. S11g & h). Thus, B-1a cell 

frequencies were comparable and B-1b cell frequencies were increased in LTβR-/- compared to WT 

mice. Both B-1 subpopulations showed the two described distinct decreases (from uninfected to day 3 

p.i. and from day 6 to 9 p.i., respectively). While B-1a cell frequencies were comparable between 

genotypes, their absolute numbers were higher in the LTβR-/- PerC due to the increased total leukocyte 

counts (Fig. 4b, S11i & j). Dead peritoneal B cells (FVD eF780+) were significantly higher in LTβR-/- mice, 

particularly on day 6 and 9 p.i. (Fig. 4l, S11k).  

In summary, the increased B-2 cell phenotype includes both the BM and PerC compartments in LTβR-/- 

mice. LTβR-/- B-1b frequencies were increased and shifted the B-1a to B-1b ratio, whereas B-1a 

frequencies remained comparable to the WT PerC. After T. gondii infection, both genotypes displayed 

an early reduction in B-1 cell frequencies which was absent for B-2 cells.  
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Figure 4: Altered B cell subpopulations in the PerC of T. gondii-infected WT and LTβR-/- mice. (a) DNA was 
isolated from cells obtained by peritoneal lavage of uninfected and T. gondii-infected WT (n ≥ 14/group) and 
LTβR-/- (n ≥ 12/group) mice and used to assess parasite burden via quantitative real-time PCR of the T. gondii B-1 
gene (TgB-1). A standard curve generated from a defined number of ME49 tachyzoites (2914 ± 214/µl) was used 
to calculate parasite loads. (b) Counted peritoneal leukocytes per ml lavage from uninfected and infected WT 
and LTβR-/- mice (both n ≥ 13/group). Peritoneal lavage was performed by injection of 5 ml ice-cold PBS, followed 
by a gentle massage and subsequent recovery of fluid. No reliable cell count can be reported for day 9 p.i. due 
to large amounts of cell debris and clumped cells. Exclusion of all non-single cell events during flow cytometry 
enabled the determination of live cell frequencies of the remaining single cells. Using surface marker staining 
and flow cytometry, the following immune cell populations (gating strategy: Fig. S8) were identified in the PerC 
of WT (n ≥ 12/group) and LTβR-/- (n ≥ 11/group) mice and quantified as percentages of live cells, unless otherwise 
specified: (c) dead leukocytes (FVD eFluor780+), % of single cells, (d) B cells (CD19+), and (e – g) B-1 (CD19+ B-
220low/int) and B-2 (CD19+ B-220high) cells. (e) shows a set of representative images. (h) CXCL13 measured in the 
serum of uninfected and infected WT (n ≥ 10) and LTβR-/- (n ≥ 8) via bead-based immunoassay (LegendPlex, 
BioLegend, USA). (i) Ratios of B-1a (CD19+ B-220low/int CD5+) to B-1b (CD19+ B-220low/int CD5-) cells, % of B-1 cells. (j 
& k) Live cell frequencies of B-1a (CD19+ B-220low/int CD5+) and B-1b (CD19+ B-220low/int CD5-) cells. (l) Dead B cells 
(CD19+ FVD eFluor780+), % of single cells. All data shown represent at least three independent experiments; 
symbols represent individual animals and columns represent mean values ± SD. *, P < 0.05; **, P < 0.01; ***, 
P < 0.001; ****, P < 0.0001. 

 

The LTβR-/- PerC immune cell composition is dominated by neutrophils instead of T cells in late acute 

T. gondii infection 

While almost absent in the PerC of uninfected controls, neutrophils increased significantly in both 

genotypes during T. gondii infection (Fig. 5a & b, S12a). By day 9 p.i., neutrophils dominated the 

peritoneal immune cell composition in LTβR-/- mice (48.4 ± 14.4 %), whereas in WT mice, T cells were 

the major population (42.4 ± 15.6 % pan-T cells, Fig. 5c & d). In contrast to the BM T cell phenotype 

(Fig. 3a – e), peritoneal T cell subset frequencies were largely comparable between genotypes (Fig. 5e 

– g), though CD4+ T cells were increased in uninfected LTβR-/- mice and on day 3 p.i., while DN T cells 

were markedly higher in WT mice on day 6 p.i. While CD8+ T cell frequencies were comparable between 

genotypes in the BM of uninfected animals, they were significantly reduced in the PerC of uninfected 

LTβR-/- mice, indicating an altered peritoneal T cell subset composition even before infection. Regarding 

absolute numbers, DN T cells differed significantly between genotypes in uninfected mice and on day 

6 p.i., while CD4+ T cells and CD8+ T cell numbers showed no significant difference (Fig. S12b – e). 
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Figure 5: Neutrophils, instead of CD4+ T cells, dominate the PerC immune cell composition of LTβR-/- mice on 
day 9 p.i. during T. gondii infection. Using surface marker staining and flow cytometry, the following immune 
cell populations (gating strategy: Fig. S8) were identified in the PerC of WT (n ≥ 12/group) and LTβR-/- 

(n ≥ 11/group) mice and quantified as percentages of live cells, unless otherwise specified: (a & b) neutrophils 
(CD19- CD5- NK1.1- CD11b+ Ly6G+) (a) shows a set of representative images. (c & d) T cells (CD19- CD5+) (c) shows 
a set of representative images. (e – g) Double-negative (CD4- CD8-), CD4+ and CD8+ T cells, % of T cells. WT: n ≥ 
6/group, LTβR-/-: n ≥ 6/group. All data shown represent at least two independent experiments; symbols represent 
individual animals and columns represent mean values ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, 
P < 0.0001. 

 

LTβR-/- mice display increased inflammatory infiltrates in lung and liver 

A necropsy of lung, liver, brain, kidney, spleen and BM followed by histological analysis was performed 

to further investigate the impact of LTβR deficiency during T. gondii infection.  

LTβR-/- mice are known to exhibit abnormal lymphocytic infiltrations in the lungs even in the absence 

of infection [11,12], a finding also evident in our histological analysis (Fig. 6). While T. gondii infection 

generally increased lung infiltration compared to uninfected controls, these inflammatory infiltrates 
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were more pronounced in LTβR-/- lungs compared to WT lungs, consistent with the phenotype 

observed under steady-state conditions. During T. gondii infection, WT animals showed minimal 

pulmonary pathology, characterized by mild, scattered monocytic infiltration on day 9 p.i. In contrast, 

LTβR-/- lungs displayed increased perivascular and pleural mixed inflammatory infiltrates on day 6 and 

9 p.i. (Fig. 6). 

    

Figure 6: LTβR-/- mice exhibit more inflammatory infiltrations in the lung on day 6 and 9 p.i. during T. gondii 
infection. Representative H&E images of lungs from WT and LTβR-/- mice before and during T. gondii infection. 
n = 3 except for LTβR-/- uninfected (n = 1). Scale bars: 200 µm. 

 

Overall, the liver of the uninfected LTβR-/- control was comparable to that of uninfected WT mice and 

did not exhibit pronounced lymphocytic infiltrations under steady-state conditions (Fig. 7). During 

T. gondii infection, WT mice displayed multifocal inflammatory foci occasionally associated with 

necrotic cells, as well as marked capsular and minimal perivascular/periportal inflammation. On 

day 6 p.i., these inflammatory/necrotic foci were few, scattered, and dominated by neutrophils and 
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cellular debris (acute necrosis); at day 9 p.i., foci were more numerous, with often macrophages 

predominating (subacute necrosis). In contrast, the livers of LTβR-/- mice displayed more extensive 

inflammation, with predominantly (sub)capsular, perivascular, and mixed mononuclear infiltrates, and 

randomly scattered areas of multiple hepatocellular necrosis and neutrophilic inflammation. Large 

numbers of monocytes were usually visible within the lumen of large-caliber vessels (monocytic 

leukocytosis). At day 6 p.i., inflammatory foci were few and <50% of vessels were affected. At day 9 

p.i., most vessels had perivascular mixed mononuclear inflammation, parenchymal foci were increased 

in number, and macrophages predominated (subacute necrosis). 

 

Figure 7: LTβR-/- mice exhibit more inflammatory infiltrations in the liver on day 6 and 9 p.i. during T. gondii 
infection. Representative H&E images of the liver from WT and LTβR-/- mice before and during T. gondii infection. 
n = 3 except for LTβR-/- uninfected (n = 1). Scale bars: 200 µm. 

 

Neither the brain nor BM displayed genotype-specific differences in the histological analysis (data not 

shown). WT and LTβR-/- BM had mild to moderately increased granulopoiesis on day 6 and 9 p.i., as 
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evident by increased ratios of myeloid to erythroid cells (data not shown). The kidneys displayed mild 

to moderate capsular inflammatory infiltrations, but no genotype-specific differences (Suppl. Fig. 13c). 

 

Discussion 

B cells play a crucial role in both protective and, counterintuitively, sometimes in disease aggravating 

responses during protozoan parasite infections [78,82,95,96]. LTβR-/- mice, which exhibit high 

susceptibility to T. gondii infection, show a compromised ability in generating parasite-specific IgM and 

IgG responses [17]. In this study, LTβR-/- mice were investigated to further elucidate the impact of 

absent LTβR signaling on B cell populations in the BM and PerC during T. gondii infection. 

On day 9 p.i., both WT and LTβR-/- mice exhibited reduced numbers of B cells at all identified 

developmental stages (pro-, pre-, and immature B cells) in the BM, as well as in the transitional B cell 

stage. A similar phenotype has been described during infection with other protozoa, such as 

Trypanosoma brucei [111] and Plasmodium chabaudi [112]. Bockstal et al. reported severe reduction 

in B cell developmental stages, from common lymphoid progenitors (CLP) to immature B cells, in the 

BM of T. brucei-infected mice; however, stages before CLP were only minimally affected [111]. They 

also noted trypanosomiasis-induced apoptosis of transitional B cells in the spleen but found no 

significant increase in apoptosis in early BM B cell stages. Consistent with this, we did not observe a 

notable rise in dead BM B cells during T. gondii infection. However, rapid clearance of dead cells from 

the BM has been reported [113,114], which suggests the need for a different approach for accurate 

quantification, also considering efferocytosis may play a role in the developmental stage B cell 

reductions. Generally, T. gondii can modulate host-cell apoptosis to persist in host cells. In contrast, 

T. gondii can also initiate apoptosis in some cell types during specific stages of infection [115]. In 

contrast to WT mice, transitional B cell and mature B cell frequencies remain high in infected LTβR-/- 

BM, indicating a role for LTβR signaling for the reduction of these B cell differentiation stages in the 

BM. 

Rather than apoptosis and/or cell death, mobilization and egress caused by reduced stromal CXCL12 

expression seem to drive the reduction of early B cells in the BM during T. brucei [111] and P. chabaudi 

[112] infection. A comparable mechanism appears to occur in T. gondii infection (this study).  The 

chemokine CXCL12 is crucial for B cell development and retention in the BM [116-118]. During 

inflammation, proinflammatory cytokines, especially TNFα, downregulate stromal CXCL12 expression, 

leading to early B cell mobilization and impaired lymphopoiesis [102]. However, we did not find a 

significant increase in early B cells in the blood at day 9 p.i., and their exceptional sensitivity to 
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apoptosis [119] suggests that most mobilized early B cells might have died and been cleared from the 

blood by this time.  

Mature B cells were the major subset responsible for the increased BM B cell frequencies observed in 

LTβR-/- mice. Despite a significantly higher parasite burden and reduced CXCL12 concentrations, mature 

B cell frequencies remained unaffected by T. gondii-infection in LTβR-/- BM, whereas these stages 

decreased over the course of infection in WT BM. This result raises two questions: i) What caused the 

increased frequency of mature B cells in the BM of uninfected LTβR-/- mice? ii) why were the mature 

B cell frequencies not reduced in LTβR-/- BM during T. gondii infection, in contrast to WT BM? Here, 

several factors and interactions deserve consideration:  

ad i) Altered migration: in uninfected LTβR-/- mice, B-2 cell frequencies were increased not only in BM 

but also in the PerC (this study) and in the spleen [17]. Frequencies of early B cell stages (pro-, pre-, 

and immature B cells) were mostly comparable between LTβR-/- and WT BM, suggesting that early 

B cell development is not impaired in the absence of LTβR signaling. Instead, later B cell stages capable 

of BM egress (transitional B cells) or re-entry (mature B cells) were markedly increased in the LTβR-/- 

BM. The BM, like other SLOs, has distinct B cell areas, with mature B cells organized in extravascular 

perisinusoidal niches containing T cells, monocytes, and BMDCs, which these B cells can freely leave 

and re-enter [120,121]. Alterations in these niches or the mature B cell migration could potentially 

occur in LTβR-/- BM. This might be in analogy for the significant role of LTβR signaling in thymic T cell 

development, where LTβR signaling controls the homing of lymphoid precursor cells (LPC) and the 

egress of mature thymocytes [18]. It is conceivable that LTβR signaling could similarly influence B cell 

migratory properties within the BM.  

ad ii) Role of LTβR signaling for leukocyte migration. The LTβR is expressed on endothelial cells [122] 

and induces synthesis of adhesion and migration molecules such as vascular cell adhesion molecule 1 

(VCAM-1), intercellular adhesion molecule 1 (ICAM-1), E-selectin, CXCL12 and mucosal vascular 

addressin cell adhesion molecule 1 (MAdCAM-1) [10,22,123-125]. While our BM transcriptome data 

did not show significant alterations in the expression of these molecules between genotypes or during 

T. gondii infection, we observed differential expression of other leukocyte migration-regulating 

molecules in LTβR-/- BM compared to WT BM. These include the C-C motif chemokine ligands 5, 6, and 

9 (CCL5, CCL6, CCL9), Fibronectin 1 (FN1), C-C motif chemokine receptor 2 (CCR2), and C-X-C motif 

chemokine ligand 9 (CXCL9). These differences may reflect LTβR-dependent alterations in leukocyte 

migration or variations in the infection and immune response between LTβR-/- and WT mice at the time 

points analyzed. Also, the absence of SLOs in LTβR-/- mice, including lymph nodes and gut-associated 

lymphatic tissue (GALT) [11], may contribute to the accumulation of mature B cells in other 

compartments with suitable microenvironments, such as the BM and the PerC. Additionally, LTβR-/- 
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mice have increased leukocyte counts in the circulation and tissue infiltrations under steady-state 

conditions, primarily involving CD4+ T cells and B cells [11], which may relate to potentially altered 

migration mechanisms in the absence of LTβR signaling, as discussed earlier. Our necropsy findings 

corroborate these results, revealing moderate to marked perivascular inflammatory infiltrates in the 

lungs and livers of LTβR-/- mice during T. gondii infection which were absent or less pronounced in WT 

animals, indicating altered lymphocyte migration or infection dynamics. Capsular inflammation in 

abdominal organs, such as the kidneys in WT and LTβR-/- mice, likely reflects the intraperitoneal 

infection with T. gondii.  

CXCL12-induced adhesion gradually diminishes over the course of B cell development, likely to enable 

later stages to exit the BM and complete their development in SLOs. In vitro, mature BM and especially 

blood B cells show significantly reduced adhesion responses to sustained CXCL12 stimulation 

compared to earlier B cell subsets [117]. Blocking CXCL12 signaling via CXCR4 depletion in CD19+ BM 

B cells leads to increased B cell localization in BM sinusoids instead of the parenchyma, and 

significantly reduces mature B cells numbers in the BM [126]. However, this reduction might be partly 

due to disruptions in macrophage migration inhibitory factor (MIF) signaling, as MIF is a critical survival 

factor for mature BM B cells [127,128] acting through CXCR4 (and CXCR2) [129,130]. Homing of 

transferred B cells to the BM is also impaired in mice with reduced CXCL12 expression [102]. In 

conclusion, while the reduction of early and mature B cells in WT BM due to reduced levels of CXCL12 

during inflammation is in line with literature, surprisingly, LTβR-/- BM mature B cells were unaffected 

by the CXCL12 reduction, suggesting retention by altered or unknown mechanisms. Therefore, the 

regulation of other adhesion molecules such as VCAM-1 and cannabinoid receptor 2 (CB2) [126], and 

migration factors such as MIF should be analyzed in the future. 

Protozoan parasites can alter B cell compartments during infection. Mechanisms reported include 

induction of apoptosis [11, 96], polyclonal B cell activation [7, 16, 24], and autoantibody secretion [20, 

21]. Therefore, increased BM mature B cells in LTβR-/- might have been due to increased parasite 

numbers in the BM compartment. Taken together, the (combined) mechanisms discussed above could 

be responsible for the increased mature B cell numbers in LTβR-/- BM, which displayed increased 

reduction-resistance compared to WT counterparts during T. gondii infection.   

BMPC (TACI+ CD138+) frequencies increased over the course of T. gondii infection and were significantly 

higher on day 9 p.i. in LTβR-/- BM compared to WT BM. This was surprising considering the lack of lymph 

nodes and GALT, as well as the dysfunctional splenic GC formation observed in LTβR-/- mice [11,12,21]. 

One possibility is alternative PC differentiation in the BM, which can occur independently of GC B cell 

maturation or T cells [120,131,132]. Additionally, B-1 cell derived BMPCs (CD138+), which are a major 

source of natural IgM [92,108], might constitute the observed population of IgM+ PCs in the LTβR-/- 
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BM. The severe reduction of IgA+ BMPCs reported here is in concordance with previous reports of 

reduced IgA production in LTβR-/- mice [12,133]. In the gut, PPs, mesenteric lymph nodes (MLNs), and 

the lamina propria (LP) are primary compartments for IgA production; however, PPs and MLNs are 

absent in LTβR-/- mice [11], and the LP is dependent on stromal LTβR expression for B cell migration 

[133]. Overall, LTβR signaling seems to be crucial for IgA+ PC generation, prior to and after pathogen 

infection. 

In addition to B cells, T cells were also altered in the BM of LTβR-/- mice. In contrast to BM B cells, pan-

T cell (CD3e+) frequencies were not substantially increased in LTβR-/- BM, despite their shared ability to 

express LTβR-ligands, their overlapping BM niches [121], and their similarly increased presence in the 

PB and organ infiltrations in LTβR-/- mice [11]. Furthermore, BM T cells were not significantly reduced 

over the course of T. gondii infection, which was surprising because T cells, like B cells, are reduced in 

presence of proinflammatory cytokines [102]. While pan-T cells were comparable between genotypes, 

we found T cell subset frequencies to be significantly shifted in LTβR-/- BM, showing decreased DN T cell 

and increased CD4+ and CD8+ T cell frequencies compared to the WT BM. The ontogeny of DN T cells 

remains elusive, with evidence supporting both thymus-dependent and thymus-independent 

pathways, including differentiation from both CD4+ and CD8+ T cells [72]. In vitro, it was shown that 

immature BMDCs can drive regulatory DN T cell development from non-regulatory CD4+ T cells, and 

that these induced DN T cells interfere with B cell proliferation and differentiation into PCs, promoting 

B cell apoptosis [134]. Absent LTβR signaling in BMDCs could impair this pathway and lead to the 

shifted CD4+ and DN T cell frequencies observed in LTβR-/- BM. Alternatively, it is possible that thymic 

DN T cell development pathways are impaired, as LTβR signaling plays a role during T cell development 

in the thymus [18].  

A striking phenotype in the LTβR-/- BM was the reduced upregulation of MHCII expression on the 

surface of proinflammatory (Ly6C+) monocytes/macrophages as compared to their WT counterparts. 

This observation is also reflected by the BM transcriptome data, which shows significantly lower 

expression of multiple genes related to MHCII and antigen presentation in LTβR-/- BM compared to WT 

BM. It is known that prior to BM egress, Ly6C+ monocytes and their precursors are primed with IFNγ 

produced by BM-resident NK cells during infection, a process that includes the upregulation of MHCII 

expression [135,136]. BM NK cells themselves are activated in response to IL-12 originating from 

T. gondii-infected cells. Our data revealed a marked reduction, but not a complete absence, of MHCII+ 

Ly6C+ monocytes/macrophages in the LTβR-/- BM during T. gondii infection. This reduced presence of 

MHCII+ Ly6C+ monocytes/macrophages is likely due to the lower levels of IFNγ, given that NK cells are 

severely reduced in LTβR-/- mice [12,16], including, as shown here, the BM.  This is further supported 

by a significantly delayed systemic increase of IFNγ in LTβR-/- mice compared to WT mice during 
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T. gondii infection [17,26], which was also detected in the transcriptome data from the BM 

compartment in this study. 

Overall, the BM transcriptome data indicate that although the immune response, particularly IFN-

related genes, is upregulated during T. gondii infection in LTβR-/- BM, it remains markedly reduced 

compared to the WT BM. Interestingly, the increase in eosinophil-associated transcripts in LTβR-/- BM 

on day 9 p.i., including Ear1, Ear2, Ear6, and Epx – transcripts that are characteristic of eosinophil 

precursors and immature eosinophils during development [137] – may be linked to this reduced and 

delayed IFNγ response, as IFNγ is known to inhibit eosinophil differentiation [138,139]. Furthermore, 

while IFN-related gene set enrichment persisted in LTβR-/- BM throughout the infection, its decline 

from day 6 to day 9 p.i. in WT BM suggests immune downregulation, likely reflecting emerging parasite 

control and the need to prevent excessive immunopathology. Additionally, the ‘TNFα signaling via NF-

κB’ gene set was profoundly enriched in LTβR-/- BM at all investigated time points. As this enrichment 

was already present in uninfected mice, it does not appear to be driven by T. gondii infection but may 

result from compensatory mechanisms attempting to “balance” the missing LTβR signals [140]. The 

LTβR and TNF receptors (TNFR1/TNFRp55 and TNFR2/TNFRp75) share downstream signaling 

components of the classical NF-κB pathway [141-143], which could explain this observed enrichment 

in the absence of LTβR signaling. 

Within this study, we investigated the PerC in order to analyze the immune cell populations after 

T. gondii infection and in the absence of LTβR signaling. The PerC B-2 cell phenotype in LTβR-/- mice 

closely mirrors that of the BM, with significantly elevated frequencies compared to the WT, both 

before and during infection, and particularly on day 9 p.i. Alterations in the local microenvironment, 

migration, and/or signaling, as discussed for BM B cells, should be considered as potential contributing 

factors here, too. Additionally, PerC B-1 cells displayed an early reduction by day 3 p.i. in both 

genotypes following T. gondii infection, a change not observed in B-2 cells. 

The PerC is a compartment enriched with B-1 cells. In previous reports, peritoneal B-1 cell reduction 

has been reported after i.p. infection, with kinetics ranging from 3 hours (following Escherichia coli 

injection, associated with increased B-1 cell egress [110]) to 15 days (after Trypanosoma cruzi infection, 

associated with B-1 cell differentiation into peritoneal plasma cells rather than increased apoptosis 

[144]). After T. gondii infection, we also observed an early reduction of B-1 cells by day 3 p.i., 

independent of LTβR signals. We hypothesize that B-1 cell egress, with kinetics specific to an 

intraperitoneal T. gondii infection, accounts for this decline.  

In our previous study, a host-pathogen network prediction model, based on RNA-seq data from murine 

lung tissue after T. gondii infection, suggested that the loss of LTβR signaling could lead to the increased 

expression of a gene set containing 516 genes, with the top gene ontology (GO) term identified as the 
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“B cell receptor signaling pathway” [17]. Assuming that altered BCR signaling contributes to the 

observed B cell phenotype in LTβR-/- mice, the relative unresponsiveness of peritoneal B-1 cells [88,145-

147] – particularly B-1a cells [148,149] – to BCR stimulation, compared to B-2 cells, may explain why 

B-1a cells were exempt from the otherwise increased B cell populations in LTβR-/- mice.  

Furthermore, the domination of the PerC immune cell composition by neutrophils in LTβR-/- mice on 

day 9 p.i. marked another significant alteration compared to the WT PerC, which was dominated by 

CD4+ T cells at this time. These increased amounts of neutrophils, along with a higher number of dead 

cells, may indicate exacerbated peritoneal inflammation and potential immune pathogenesis in LTβR-/- 

mice. This finding also suggests that the increased accumulation of neutrophils was not sufficient to 

effectively control parasite replication in the PerC. Although we did not specifically assess neutrophil 

functionality in LTβR-/- mice, it is noteworthy that LTβR signaling has been shown to prevent otherwise 

exacerbated dextran sodium sulfate (DSS)-induced colitis in mice by suppressing energy-metabolic 

pathways in neutrophils [3]. Therefore, the absence of LTβR signaling might further exacerbate 

immunopathology caused by accumulated neutrophils in the LTβR-/- PerC. Also, it might be speculated 

that LTβR signals are required to fully activate neutrophils for control of T. gondii replication. 

The T cell subset alterations were less pronounced in the LTβR-/- PerC compared to the BM, with the 

most significant changes being a reduced CD8+ T cell frequency in uninfected controls and a reduced 

CD4+ T cell frequency compared on day 9 p.i. compared to the WT PerC. The CD4+ T cell subset 

potentially includes IFNγ-producing T helper type 1 (Th1) cells, which play a critical yet double-edged 

role during T. gondii infection [43,63,65,150], as well as regulatory T cells (Tregs), which limit 

immunopathology and are more dependent on LTβR signaling for migration than other T cell subsets 

[66,151,152].  

In conclusion, our study identifies distinct and novel alterations in immune cell (sub)populations in 

LTβR-/- mice prior to and during T. gondii infection. This includes elevated frequencies of mature B cells 

in the BM and PerC, as well as elevated frequencies of DN T cells in the BM. While the underlying 

mechanisms are yet to be fully elucidated, these findings suggest potential new pathways for further 

research that could uncover the specific roles of LTβR signaling in immune cell regulation. Additionally, 

our study provides valuable insights into the BM transcriptome in the absence of LTβR expression 

during protozoan parasite infection, thereby contributing to a deeper understanding of the complex 

and multifaceted roles of LTβR signaling in immune responses. 
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Material and Methods 

Mice. LTβR-/- mice were described previously [11] and back-crossed to a C57BL6/N background for at 

least 10 generations. Wildtype (WT) littermates were used as controls. Mice were housed in the animal 

facility of the Heinrich Heine University Düsseldorf under specific-pathogen-free (SPF) conditions and 

were 8 to 16 weeks old at the time of infection. CD1 mice from Charles River Breeding Laboratories 

were used to maintain and propagate ME49 Toxoplasma gondii for infection experiments. All animal 

experiments were conducted in strict accordance with the German Animal Welfare Act. The protocols 

were approved by the local authorities (Permit no. 81-02.04.2018.A406, 81-02.04.2021.A060 and 81-

02.05.40.18.082). All applicable international, national, and institutional guidelines for the care and 

use of animals were followed. 

T. gondii cyst preparation and infection experiments. ME49 (type II strain) cysts were isolated from 

the brain of CD1 mice 11 to 19 weeks after infection via Ficoll-Paque gradient centrifugation. Briefly, 

the murine cerebrum was homogenized by passaging through successively thinner cannulas (smallest 

size: 23G). After centrifugation (130 x g, 5 min, room temperature (RT)), the pellet was resuspended in 

20 ml PBS. 10 ml of Ficoll-Paque Plus (GE Healthcare, USA) was carefully layered below the PBS, 

followed by centrifugation (1,250 x g, 25 min, RT) without brakes. Pelleted cysts were washed with 

PBS, counted (10 cysts per mouse) and lysed with Trypsin-EDTA. Lysis was stopped by adding heat-

inactivated (56 °C, 30 min) fetal calf serum (FCS, Pan Biotech, Germany). After a final wash with PBS 

and centrifugation (660 x g, 10 min, RT), ME49 bradyzoites were resuspended in 0.2 ml PBS per murine 

recipient. Mice were infected via intraperitoneal injection and weighed and scored daily for the 

duration of the experiment.  

Mouse material preparation and processing. On day 3, 6 and 9 p.i., mice were anesthetized with 100 

mg/kg Ketamine (Zoetis, USA) and 10 mg/kg Xylazine (Elanco, USA). Peritoneal lavage: was performed 

by injection of 5 ml ice-cold PBS (22G) into the peritoneal cavity, followed by a gentle massage and 

extraction. Aliquots were prepared for flow cytometry and quantitative real-time PCR (qRT-PCR). 

Blood/serum: mice were bled through the vena cava inferior (20G). For flow cytometry, 200 µl of blood 

were immediately added to 50 µl 0.5 M EDTA and stored on ice. After washing with 25 ml PBS (+2% 

FCS, v/v) and centrifugation (470 x g, 7 min, 4 °C), red blood cells (RBC) were lysed in Erylysis-buffer 

(Morphisto, Germany). Leukocytes were then counted and used for flow cytometry surface staining. 

The remaining blood was allowed to coagulate for 30 min at room temperature (RT) followed by two 

centrifugation steps (10 min, 8,000 x g) to generate serum. Bone marrow: both murine femora were 

dissected, and BM cells were isolated and pooled via centrifugation. Briefly, femora were cut open at 

joint-side and placed in punctured 0.5 ml tubes that were then placed in 1.5 ml tubes. After 

centrifugation (12,100 x g, 15 sec, RT), BM supernatant was removed for cytokine measurement. After 
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RBC lysis, remaining leukocytes were counted, and aliquots were prepared for flow cytometry, qRT-

PCR and RNA Sequencing.  

Cell surface staining for flow cytometry. Cells were stained in U-bottom polystyrene plates and were 

incubated with Fc-blocking CD16/32 antibody (1:100) in staining buffer (1x PBS with 2 mM EDTA and 

2% FCS (v/v)) for 30 min at 4 °C. Fluorophore-labeled antibodies were prepared in staining buffer, 

added to cells (final volume: 50 µl) and incubated for 30 min (4 °C, light-protected). Cells were then 

washed, preserved by the addition of 4% paraformaldehyde for 15 min at RT and analyzed with a BD 

LSRFortessa II flow cytometer and FlowJo v10.8 software. All antibodies and dyes are listed in 

Supplementary Table 1, all identified immune cell populations are listed in Supplementary Table 2, and 

all gating strategies are shown in Fig. S1, S5, S6, and S8. 

Detection of parasite burden. Bone marrow and peritoneal lavage samples were centrifuged (10,000 

x g, 5 min, RT), total DNA was isolated from pellets using a DNA isolation kit (Genekam, Germany) 

according to manual, and samples were set to 100 ng/µl DNA. TgB1 primer (Forward: 5’-GCT AAA GGC 

GTC ATT GCT GTT-3’, Reverse: 5’-GGC GGA ACC AAC GGA AAT-3’) and a FAM-probe (5’-FAM-ATC GCA 

ACG GAG TTC TTC CCA GAC GT-BHQ1-3’) were purchased from Metabion (Germany) to amplify and 

detect a defined sequence of the 35-fold repetitive B1 gene from T. gondii. qRT-PCR was performed 

on Bio-Rad CFX-96 systems. DNA isolated from a defined number of ME49 tachyzoites (2.914 ± 214/µl) 

was used to generate a standard curve and calculate parasite loads. 

Cytokine measurement. Murine cytokines BAFF, CXCL12 and CXCL13 were measured with a custom 

selected bead-based multiplex panel (LEGENDplex from BioLegend, USA). BMSN was used undiluted, 

serum was processed according to manual. Samples were acquired with a BD FACSCanto II or 

LSRFortessa II and analyzed with Qognit software (BioLegend).  

Histology. Liver, lung, spleen, kidney, brain and femora were harvested from WT and LTβR-/- mice, fixed 

in 4 % neutral buffered formalin for 48 hours, and stored in 70 % ethanol at 4°C until further processing. 

5 µm sections were cut, transferred onto glass slides, and stained with a standard hematoxylin/eosin 

protocol. Femur samples were decalcified in RDO solution (Apex Engineering, USA) for 1 hour before 

processing. 

Generation of QuantSeq 3’ mRNA-sequencing data. Bone marrow samples of uninfected (d0) and 

T. gondii-infected (ME49, bradyzoites from 10 cysts, i.p.) WT and LTβR-/- mice were generated as 

described and stabilized in RNAprotect Tissue Reagent (Qiagen, Germany). Total RNA was isolated 

using the RNeasy Plus Mini Kit (Qiagen, Germany), quantified (Qubit RNA HS Assay, Thermo Fisher 

Scientific, USA) and quality measured by capillary electrophoresis using the Fragment Analyzer and the 

'Total RNA Standard Sensitivity Assay' (Agilent Technologies, USA). All samples in this study showed 

high quality RNA Quality Numbers (RQN mean = 9.8). Library preparation was performed according to 
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the manufacturer's protocol using the Lexogen QuantSeq 3' mRNA-Seq Library Prep Kit FWD with 

UMI's (Lexogen, Austria). The input amount was 25 ng total RNA. Bead purified libraries were 

normalized and finally sequenced on the NextSeq2000 system (Illumina, USA) with a read setup of 

1x100 bp. The BCL Convert Tool (version 3.8.4) was used to convert the bcl files to fastq files as well as 

for adapter trimming and demultiplexing. 

Analysis of the mRNA sequencing data. Sequencing data was processed following the recommended 

protocol on the Lexogen website (https://faqs.lexogen.com/faq/quantseq-with-udi-v2). Using the 

umi_tools software package (version 1.1.4), we extracted the Unique molecular identifier (UMI) from 

the reads of the FASTQ files and removed the adjacent TATA spacer by the “umi_tools extract” 

command, resulting in FASTQ files with the UMI in the read names [153]. Since QuantSeq 3‘ mRNA-

Seq reads contain part of the poly-A tail, we next trimmed any sequenced poly-A sequences and the 

Lexogen adapter sequences from the read ends, as well as low quality bases by cutadapt (version 3.5) 

[154]. Reads potentially containing rRNA transcripts were removed using the sortMeRNA tool (version 

4.3.7), using the recommended latest database “smr_v4.3_default_db” [155]. Data quality was 

accessed at every step using the tools FASTQC and Multiqc.  

For reads alignment, we generated a fused meta-genome with the STAR alignment tool (version 

2.7.10a) [156], combining the genomic sequences and genome annotations of the mouse (GRCm39 

ensembl version 111) and toxoplasma (ensemble protists version 55) reference from Ensembl. The 

reads were then aligned to the fused STAR genome index, that was generated setting the minimal 

splice site overlap to 99 ( --sjdbOverhang 99). Uniquely mapped reads were selected from the BAM 

files using the samtools software package (version 1.13) [157]. Duplicated reads were then removed 

from the BAM files with umi_tools. Finally, gene count matrices were generated from the BAM files by 

the featurecount software (version 2.0.3) [158].  Differential gene expression analysis was performed 

on the gene count matrices by a custom R script, using the DESeq2 R package (version 1.44.0) [160]. 

The results of the differential gene expression analysis were then used for gene set enrichment analysis 

(GSEA), using the fgsea R package (version 1.30.0) [160].  

Code and data availability. Raw sequencing data was submitted to the ENA database under accession 

number PRJNA1177674. Code that was used to analyze the data can be found on github at 

“https://github.com/caggtaagtat/QuantSeq-3-mRNA-sequencing”. 

Statistical analysis. GraphPad Prism software (version 10) was used for data analysis. Symbols 

represent individual animals, columns represent mean values, and error bars represent the ± standard 

deviation (SD). Outliers were identified and excluded from the data using the ROUT test (Q = 1%) after 

which the Shapiro-Wilk test of normality was performed. Parametric data was analyzed using 2-way 

analysis of variance (ANOVA) corrected for multiple comparison using Tukey’s post hoc test. 
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Nonparametric data was analyzed using the Kruskal-Wallis test followed by Dunn’s multiple 

comparison test. Comparisons with a P value of ≥ 0.05 were considered statistically not significant and 

were not specifically marked.  

 

Supplementary information 

 

 

Figure S1: Gating strategy for the detection of B cell subpopulations in the BM. 
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Figure S2: Absolute cell numbers and dead B cell subpopulation frequencies in the BM of LTβR-/- and WT mice 
during T. gondii infection. Using surface marker staining and flow cytometry, the following immune cell 
populations (gating strategy: Fig. S1) were identified in the BM of WT (n ≥ 12/group) and LTβR-/- (n ≥ 11/group) 
mice: (a) Pan-B cells (CD19+ B220+), (b) Pro-B cells (Lin+ IgM- AA4.1+ CD25- ckit+), (c) Pre-B cells (Lin+ IgM- AA4.1+ 
CD25+ ckit-), (d) Immature B cells (Lin+ IgM- IgD-), (e) Transitional B cells (Lin+ IgM- IgDlow), (f) Mature B cells (Lin+ 
IgM- IgDhigh), (g) dead leukocytes (FVD eFluor780+, % of single cells), (h) dead early B cells (FVD eFluor780+ CD19+ 
AA4.1+ IgM-, % of dead B cells), and (i) dead mature B cells (FVD eFluor780+ CD19+ IgM+ IgD+, % of dead B cells). 
All data shown represent at least three independent experiments; symbols represent individual animals and 
columns represent mean values ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Figure S3: B cell populations and leukocyte counts in the blood of LTβR-/- and WT mice during T. gondii 
infection. Using surface marker staining and flow cytometry, the following immune cell populations were 
identified in the blood of WT (n ≥ 6/group) and LTβR-/- (n ≥ 6/group) mice and quantified as percentages of live 
cells: (a) early B cells (CD19+ AA4.1+ IgD-) (b & c) AA4.1-positive myeloid cells (CD11b+), (b) shows a set of 
representative images. (d) Counted blood leukocytes from WT (n ≥ 4/group) and LTβR-/- (n ≥ 5/group) mice. (e) 
Pan-B cells (CD19+) (f) Mature B cells (CD19+ AA4.1- IgD+). All data shown represent at least two independent 
experiments; symbols represent individual animals and columns represent mean values ± SD. *, P < 0.05; **, 
P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Figure S4: BAFF in BMSN and serum, and BM plasma cells of LTβR-/- and WT mice during T. gondii infection. BAFF 
measured in the (a) BMSN and (b) serum of uninfected and infected WT (n ≥ 10/group) and LTβR-/- (n ≥ 8/group) 
mice via a bead-based immunoassay (LegendPlex, BioLegend, USA). Using surface marker staining and flow 
cytometry, the following immune cell populations were identified in the BM of WT (n ≥ 9/group) and LTβR-/- (n ≥ 
8/group) mice: (c) Representative images of plasma cell (TACI+ 138+) gating, (d) absolute numbers of pan-plasma 
cells, (e) representative images of surface IgM and IgA plasma cell gating, and (f – h) absolute numbers of (f) IgM 
plasma cells, (g) IgA plasma cells and (h) IgM- IgA- (IgG) plasma cells in the BM. BMSN = bone marrow supernatant. 
Data shown represent at least three independent experiments; symbols represent individual animals and 
columns represent mean values ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Figure S5: Gating strategy for the detection of T cell subpopulations in the BM. 
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Figure S6: Gating strategy for the detection pDCs, NK cells, and myeloid subpopulations in the BM. 
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Figure S7: Absolute numbers of BM T cells, (MHCII+) proinflammatory monocytes/macrophages, NK cells, NKT 
cells, pDCs, and neutrophils in the BM, and MHCII+ proinflammatory monocytes/macrophages in the PB and 
PerC. Using surface marker staining and flow cytometry, the following immune cell populations (gating strategy: 
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Fig. S5, S6 and S8) were identified: in the BM of WT (n ≥ 9/group) and LTβR-/- (n ≥ 7/group) mice: (a) pan-T cells 
(CD3e+), (b) double-negative T cells (CD3e+ CD4- CD8-), (c) CD4+ T cells (CD3e+ CD4+), (d) CD8+ T cells (CD3e+ CD8+), 
and (e) MHCII-positive proinflammatory monocytes/macrophages (CD19- CD3e- NK.1.- CD11b+ Ly6G- Ly6C+ 
MHCII+). MHCII-positive proinflammatory monocytes/macrophages were also identified in the (f) PB and (g) PerC 
of WT and LTβR-/- mice (both n ≥ 5/group), reported as % of live cells. Absolute numbers of BM (h) 
proinflammatory monocytes/macrophages (CD19- CD3e- NK.1.- CD11b+ Ly6G- Ly6C+), (i) NK cells (CD19- CD3e- 
NK1.1+), (j) NKT cells (CD3e+ NK1.1+) and (k) plasmacytoid DCs (pDCs; CD19- CD3e- NK.1.- CD11c+ CD11b- MHCII+ 
B220+ BST-2+). BM neutrophils (CD19- CD3e- NK.1.- CD11b+ Ly6G+) reported as (l) frequency of live cells and (m) 
absolute numbers. BM = bone marrow. PB = peripheral blood. PerC = peritoneal cavity. Data shown represent: 
four independent experiments (BM) and two independent experiments each for PB and for PerC; symbols 
represent individual animals and columns represent mean values ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001. 

 

 

Figure S8: Gating strategy for the detection of B cells, T cells, and myeloid populations in the PerC. 
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Figure S9: Complete GSEA genotype comparison and T. gondii-reads on day 9 p.i. GSEA of RNA sequencing data 
from BM samples of uninfected and T. gondii-infected WT and LTβR-/- mice (n = 3/group, except for LTβR-/- 
uninfected: n = 2). A positive NES value indicates gene set enrichment in the experimental condition, a negative 
NES value indicates gene set in the control condition, and a gray color describes non-significance (adjusted p-
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value > 0.01). (a) Uninfected LTβR-/- vs WT controls, displaying enrichment/depletion in LTβR-/- BM. (b) LTβR-/- vs 
WT, day 6 p.i., displaying enrichment/depletion in LTβR-/- BM. (c) LTβR-/- vs WT, day 9 p.i., displaying 
enrichment/depletion in LTβR-/- BM. (d) NES of selected GSEA gene sets, summarized and represented as colors 
in a heat map. The left panel summarizes genotype comparisons (LTβR-/- vs. WT), displaying enrichment in the 
LTβR-/- compared to WT controls. The middle panel summarizes intra-WT comparisons: d6 and 9 p.i. vs. 
uninfected controls, displaying enrichment in infected animals; and d9 vs. d6, displaying enrichment on day 9 p.i. 
compared to the day 6 p.i. control. Similarly, the right panel summarizes intra-LTβR-/- comparisons: d6 and 9 p.i. 
vs. uninfected controls, displaying enrichment in infected animals; and d9 vs. d6, displaying enrichment on day 
9 p.i. compared to the day 6 p.i. control. (e) Absolute counts of T. gondii-derived transcripts found in the BM of 
infected WT and LTβR-/- mice on day 9 p.i. 
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Figure S10: Complete GSEA of intra-genotype comparisons during T. gondii infection. GSEA of RNA sequencing 
data from BM samples of uninfected and T. gondii-infected WT and LTβR-/- mice (n = 3/group, except for LTβR-/- 
uninfected: n = 2). A positive NES value indicates gene set enrichment in the experimental condition, a negative 
NES value indicates gene set enrichment in the control condition, and a gray color describes non-significance 
(adjusted p-value > 0.01). (a) LTβR-/- day 6 p.i. and (b) LTβR-/- day 9 p.i. vs uninfected controls, displaying 
enrichment/depletion in infected LTβR-/- BM. (c) LTβR-/- day 9 vs day 6 p.i., displaying enrichment/depletion on 
day 9 p.i. (d) WT day 6 p.i. and (e) WT day 9 p.i. vs uninfected controls, displaying enrichment/depletion in 
infected WT BM. (f) WT day 9 vs day 6 p.i., displaying enrichment/depletion on day 9 p.i. 
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Figure S11: Absolute numbers of B cell subpopulations and direct B-1a gating in the PerC of T. gondii-infected 
WT and LTβR-/- mice. Using surface marker staining and flow cytometry, the following immune cell populations 
(gating strategy: Fig. S8) were identified in the PerC of WT (n ≥ 12/group) and LTβR-/- (n ≥ 10/group) mice: absolute 
numbers of (a) dead leukocytes (FVD eFluor780+), (b) B cells (CD19+), (c) B-2 cells (CD19+ B220high), and (d) B-1 
cells (CD19+ B220low/int) per ml peritoneal lavage. (e) CXCL13 measured in the BMSN of uninfected and infected 
WT (n ≥ 9/group) and LTβR-/- (n ≥ 8/group) mice via a bead-based immunoassay (LegendPlex, BioLegend, USA). 
(f) B-1a (CD5+) and B-1b (CD5-) cell gating in a set of representative images. (g & h) Alternative, direct detection 
of B-1a cells (CD19+ CD5+) independent of prior B-1 (CD19+ B220low/int) cell gating. (g) shows a set of representative 
images. (i) Absolute numbers of B-1a cells (CD19+ B220low/int CD5+) and (j) B-1b cells (CD19+ B220low/int CD5-) per 
ml peritoneal lavage. No reliable cell counts could be determined for day 9 p.i. due to extensive cell debris and 
clumping in the peritoneal lavages. While excluding non-single-cell events during flow cytometry allowed for the 
determination of live cell frequencies, absolute immune cell numbers could not be assessed on day 9 p.i.. PerC = 
peritoneal cavity. BMSN = bone marrow supernatant. All data shown represent at least three independent 
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experiments; symbols represent individual animals and columns represent mean values ± SD. *, P < 0.05; **, 
P < 0.01; ***, P < 0.001; ****, P < 0.0001. 

 

 

Figure S12: Absolute numbers of neutrophils and T cell subsets in the PerC of T. gondii-infected WT and LTβR-/- 
mice. Using surface marker staining and flow cytometry, the following immune cell populations (gating strategy: 
Fig. S8) were identified in the PerC of WT (n ≥ 12/group) and LTβR-/- (n ≥ 10/group) mice: absolute numbers of 
(a) neutrophils (CD19- CD5- NK1.1- CD11b+ Ly6G+), (b) T cells (CD19- CD5+), (c) double negative T cells (CD19- CD5+ 
CD4- CD8-), (d) CD4+ T cells (CD19- CD5+ CD4+), and (e) CD8+ T cells (CD19- CD5+ CD8+). For (c) and (d): WT: 
n ≥ 6/group) and LTβR-/-: n ≥ 5/group. No reliable cell counts could be determined for day 9 p.i. due to extensive 
cell debris and clumping in the peritoneal lavages. While excluding non-single-cell events during flow cytometry 
allowed for the determination of live cell frequencies, absolute immune cell numbers could not be assessed on 
day 9 p.i.. PerC = peritoneal cavity. All data shown represent at least two independent experiments; symbols 
represent individual animals and columns represent mean values ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001. 
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Figure S13: Histological analysis of kidneys in WT and LTβR-/- mice during T. gondii infection. Representative 
H&E images of kidneys from WT and LTβR-/- mice before and during T. gondii infection. n = 3 per genotype, except 
for LTβR-/- uninfected mice (n = 1). Scale bars: 200 µm. 

 

Antibodies Clone Fluorochromes Final dilution* Manufacturer 

AA4.1 (CD93) AA4.1 PE 1:150 BioLegend 

BST-2 (CD317, PDCA1) 927 BV650 1:150 BioLegend 

B220 (CD45R) RA3-6B2 PerCP-Cy5.5 1:300 BioLegend 

B220 (CD45R) RA3-6B2 FITC 1:150 BD Biosciences 

CD3e 145-2C11 BV711 1:150 BioLegend 

CD3e 145-2C11 FITC 1:150 BD Biosciences 

CD4 GK1.5 PerCP-Cy5.5 1:200 BioLegend 

CD5 53-7.3 PE 1:400 BioLegend 

CD8a 53/6.7 BV711 1:150 BioLegend 

CD8a 53/6.7 APC 1:150 BD Biosciences 

CD11b M1/70 BV510, AlexaFluor 700 1:200 BioLegend 

CD11c HL3 PE-Cy7 1:200 BD Biosciences 

CD16/32 93 - 1:100 eBioscience 

CD19 6D5 BV421, BV510, BV605, BV785 
1:150 (BV510, BV785) 

1:200 (BV421, BV605) 
BioLegend 
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CD25 PC61 PE-Cy7 1:800 BioLegend 

c-kit (CD117) 2B8 BV650 1:600 BioLegend 

IgA - (polyclonal) AlexaFluor 647 1:10,000 SouthernBiotech 

IgD 11-26c.2a AlexaFluor 647 1:1400 BioLegend 

IgM RMM-1 FITC 1:150 BioLegend 

Ly6C HK1.4 BV605 1:200 BioLegend 

Ly6G 1A8 PerCP-Cy5.5, BV421 1:200 BioLegend 

MHCII (I-A/I-E) M5/114.15.2 BV510 1:200 BioLegend 

NK1.1 PK136 BV421, BV650 1:200 BioLegend 

CD138 (Syndecan-1) 281-2 PE 1:1500 BioLegend 

TACI (CD267) 8F10 BV421 1:500 BD Biosciences 

- - 
Fixable Viability Dye (FVD) 

eFluor780 
1:5000 eBioscience 

Supplementary Table 1: Antibody-conjugates and dyes utilized in the flow cytometry analysis. Final dilution 
refers to antibody dilution after addition to cells incubated in Fc-block (CD16/32) solution. APC = Allophycocyanin, 
BV = Brilliant Violet, Cy = Cyanine, FITC = Fluorescein, PE = Phycoerythrin, PerCP = Peridinin-Chlorophyll-protein. 

 

  

Name 
 

Marker 
Gating strategy 

supplementary figure 

General live cells FVD eFluor780- All 

dead cells FVD eFluor780+ All 

   

Bone 

marrow 
B cells CD19+ B220+ 1 

pro-B cells CD19+ B220+ AA4.1+ IgM- c-kit+ CD25- 1 

pre-Bcells CD19+ B220+ AA4.1+ IgM- c-kit- CD25+ 1 

immature B cells CD19+ B220+ IgM+ IgD- 1 

transitional B cells CD19+ B220+ IgM+ IgD(low) 1 

mature B cells CD19+ B220+ IgM+ IgD(high) 1 

dead B cells FVD eFluor780+ CD19+ 1 

dead early B cells FVD eFluor780+ CD19+ AA4.1+ IgM- 1 

dead mature B cells FVD eFluor780+ CD19+ IgM+ IgD+ 1 

   

plasma cells TACI+ CD138+ - 

IgM+ plasma cells TACI+ CD138+ IgM+ IgA- - 

IgA+ plasma cells TACI+ CD138+ IgM- IgA+ - 

IgM- IgA- (IgG) plasma cells TACI+ CD138+ IgM- IgA- - 

   

T cells CD3e+ 5 

CD4+ T cells CD3e+ CD4+ CD8a- 5 

CD8+ T cells CD3e+ CD4- CD8a+ 5 

double-negative T cells CD3e+ CD4- CD8a- 5 

NKT cells CD3e+ NK1.1+ 5 

   

NK cells CD19- CD3e- NK1.1+ (CD11b+) 6 
proinflammatory 
monocytes/macrophages CD19- CD3e- NK1.1- CD11b+ Ly6G- Ly6C+ 6 

MHCII+ proinfl. MoMacs 
CD19- CD3e- NK1.1- CD11b+ Ly6G- Ly6C+ 
MHCII+ 6 

pDCs 
CD19- CD3e- NK1.1- CD11c+ CD11b- MHCII+ 
B220+ BST-2+ 6 
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Peritoneal 

cavity 
B cells CD19+ 8 

B-2 cells CD19+ B220(high) 8 

B-1 cells CD19+ B220(low/int) 8 

B-1a cells CD19+ B220(low/int) CD5+ (CD11b+) 8 

B-1a cells (B-1 independent) CD19+ CD5+ (CD11b+) 8 

B-1b cells CD19+ B220(low/int) CD5- (CD11b+) 8 

dead B cells FVD eFluor780+ CD19+ 8 

   

T cells CD19- CD5+ 8 

CD4+ T cells CD19- CD5+ CD4+ CD8a- 8 

CD8+ T cells CD19- CD5+ CD4- CD8a+ 8 

double-negative T cells CD19- CD5+ CD4- CD8a-  8 

   

neutrophils CD19- CD5- NK1.1- CD11b+ Ly6G+ 8 
proinflammatory 
monocytes/macrophages CD19- CD5- NK1.1- CD11b+ Ly6G- Ly6C+ 8 

MHCII+ proinfl. MoMacs 
CD19- CD5- NK1.1- CD11b+ Ly6G- Ly6C+ 
MHCII+ 8 

   

Blood B cells CD19+ - 
early B cells CD19+ AA4.1+ IgM- - 
mature B cells CD19+ AA4.1- IgM+ IgD+ - 

   
AA4.1+ myeloid cells AA4.1+ CD11b+ - 
neutrophils CD19- CD3e- NK1.1- CD11b+ Ly6G+ similar to 1 

MHCII+ proinfl. MoMacs 
CD19- CD3e- NK1.1- CD11b+ Ly6G- Ly6C+ 
MHCII+ 

similar to 1 

Supplementary Table 2: Identified immune cell populations in the BM, PerC, and blood of mice. 
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Abstract 

The lymphotoxin beta receptor, a member of the TNF-receptor superfamily, is vital for lymphoid organ 

development, immune cell homeostasis, and structured immune responses. LTβR deficient mice show 

significant immune deficiencies, including the absence of lymph nodes, an altered splenic architecture 

and differences in immune cell populations, leading to increased susceptibility to various pathogens. 

This includes Toxoplasma gondii, an obligate intracellular protozoan parasite. T. gondii has infected 

approximately 30 % of the global human population and poses severe risks to immunocompromised 

individuals and fetuses. While IL-12-driven IFNγ production is critical for controlling acute infection, 

our previous research showed that LTβR-deficient mice exhibit impaired cell-autonomous and 

adaptive immune responses against T. gondii.  

In this study, we explored antibody-mediated protection in LTβR-/- mice through passive immunization 

experiments. Although the immune serum transfer significantly prolonged survival of LTβR-/- mice, it 

did not prevent mortality or reduce parasite burden, likely due to the intracellular nature of T. gondii. 

Interestingly, in WT mice, immune serum transfer led to a reduction in specific T. gondii IgM and IgG 

antibodies, particularly against GRA7 and GRA8 antigens, possibly due to IgG-mediated suppression 

through mechanisms such as epitope masking or trogocytosis. Anti-ROP1c-specific antibodies were 

less affected, likely due to lower anti-ROP1c IgG levels in the transferred serum. These findings suggest 

that while immune serum transfer can offer partial protection in LTβR-deficient mice, it may also 

selectively suppress specific antibody responses, highlighting the need to carefully consider the 

dynamics of antibody transfer in experimental and therapeutic strategies.  

Additionally, we investigated the role of LTβR signaling in specific immune cells during T. gondii 

infection, using mouse models with targeted LTβR inactivation in DCs (LTβRfl/fl x CD11c-Cre, from here 

on referred to as LTβR-CD11cCre) and myeloid cells (LTβRfl/fl x LysM-Cre, from here on referred to as 

LTβR-LysMCre). Preliminary results show that LTβR deletion in myeloid cells was associated with a non-

significant trend toward reduced survival, whereas deletion in DCs did not increase susceptibility 

compared to WT mice. Female WT and LTβR-LysMCre mice had comparable survival rates, while male 

LTβR-LysMCre mice tended to exhibit shorter survival during the acute stage and WT males tended to 

display prolonged survival during the chronic stage of T. gondii infection, indicating potential genotype- 

and sex-specific effects. These findings suggest that LTβR mediated signaling in myeloid cells may 

contribute to survival during acute infection, although further research is needed to clarify the 

significance of these observations. 
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Introduction 

The lymphotoxin beta receptor (LTβR) is part of the tumor necrosis factor (TNF)-receptor superfamily 

and expressed by various cell types, including epithelial, endothelial, stromal, and myeloid cells such 

as monocytes and macrophages [1,2], neutrophils [3], dendritic cells (DCs) [4] and mast cells, but is 

absent from lymphoid cells [5]. In contrast, the two known ligands of the LTβR are found on lymphoid 

cells, indicating that LTβR signaling predominantly occurs in a paracrine or juxtracrine manner. The 

LTα1β2
 ligand specifically binds only to the LTβR, whereas LIGHT (homologous to lymphotoxins, exhibits 

inducible expression, and competes with HSV glycoprotein D for herpes virus entry mediator, a 

receptor expressed by T lymphocytes) also interacts with the herpes virus entry mediator (HVEM) 

receptor and soluble decoy receptor 3 (DcR3), thus creating a larger signaling network [5-8]. LTβR 

signaling primarily activates the canonical and alternative nuclear factor 'kappa-light-chain-enhancer' 

of activated B-cells (NF-κB) pathways [9] but can also involve extracellular signal-regulated kinase (Erk) 

and c-Jun N-terminal kinase (JNK) signaling pathways [10]. 

The LTβR is crucial for lymphoid organ development during embryogenesis and for maintaining 

lymphoid organ structure and immune cell homeostasis in adulthood [11]. LTβR-deficient mice (LTβR-/-) 

lack lymph nodes and Peyer’s patches (PPs) [11,12], have fewer DCs [4,13], and exhibit a significant 

reduction in natural killer (NK) and NKT cell numbers [11,14-17]. LTβR signaling also affects the thymus 

by regulating thymocyte migration and selection [18], and the spleen by maintaining B and T cell 

compartmentalization, germinal center formation, and the homeostasis of follicular DCs and 

macrophage subpopulations [11,12,19-24]. The high susceptibility of LTβR-/- mice to various pathogens 

due to defective immune responses highlights its essential role for a functional host defense [11,17,25-

30]. Furthermore, LTβR-/- mice show signs of autoimmunity, such as splenomegaly, increased 

perivascular lymphocytic infiltrations in non-lymphoid organs, autoantibody production, and 

heightened baseline immune activation [11,12,17,26,31,32]. Thus, the LTβR is receiving great interest 

regarding its role, but also as a potential therapeutic target, in autoimmune diseases [3,33-35] and 

cancer [36,37]. 

Toxoplasma gondii is a highly successful obligate intracellular protozoan parasite that has infected an 

estimated 30% of the global human population, with no human vaccine currently available [38,39]. 

Although members of the mammalian Felidae family serve as the definitive hosts for this eukaryotic 

parasite, T. gondii can infect virtually all warm-blooded vertebrates and undergo asexual reproduction 

in these intermediate hosts, including humans [40]. While toxoplasmosis, the disease caused by 

T. gondii infection, typically results in mild, flu-like symptoms in immunocompetent individuals, it can 

be devastating for immunocompromised patients. First-time infection during pregnancy can lead to 
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abortion of the fetus or can cause severe health issues in the child, such as encephalitis, myocarditis, 

and pneumonia with potentially long-term effects. [41].  

During acute infection, T. gondii exists as so-called ‘tachyzoites’, which can rapidly replicate and 

disseminate within the host. Upon invading a host cell, the parasite becomes engulfed in a 

parasitophorous vacuole (PV), which is derived from the host cell membrane but modified with 

T. gondii-derived molecules. This creates a replicative niche within the cell where the parasite is 

protected from the host immune response and supplied with nutrients [42]. Typically, within two 

weeks of infection in mice and humans, the immune system recognizes and begins to control the 

infection. At this stage, tachyzoites differentiate into slower-replicating ‘bradyzoites’. As bradyzoites, 

encapsulated in cysts, preferentially within brain and muscle tissue, and by maintaining a low profile 

to evade decisive immune responses, T. gondii can persist lifelong in the host as chronic infection with 

the risk of reactivation and retransition into acute toxoplasmosis [43].  

A coordinated and efficient response involving innate, adaptive, and cell autonomous immunity is 

crucial for controlling T. gondii infection [44-47]. T. gondii-derived molecules are detected by Toll-like 

receptors (TLRs) [48-51] and the C-C chemokine receptor type 5 (CCR5) receptor [52,53] on DCs and 

macrophages, leading to the production of proinflammatory cytokines, including interleukin 12 (IL-12). 

An early and robust expression of interferon-gamma (IFNγ) by NK cells [54,55] and innate lymphoid 

cells 1 (ILC1) [56], driven by IL-12, is vital for the induction of potent cell autonomous immune 

mechanisms, such as the production of murine guanylate-binding proteins (mGBPs), which directly 

target and destroy the PV and the parasite within [57-61]. IL-12 also drives the characteristic T helper 

1 (Th-1) response against intracellular pathogens, resulting in additional IFNγ production by CD4 (and 

CD8) T cells [54,62,63]. Neutrophils have also been identified as sources of IFNγ against T. gondii, 

independent of IL-12 [64]. 

While the role of B cell- and antibody-mediated protection has been relatively neglected compared to 

T cell- and cell-autonomous immunity, it nevertheless contributes significantly to the host defense 

against intracellular pathogens, including T. gondii [65-67]. Antibodies provide protection by 

opsonizing T. gondii parasites and blocking host cell invasion [68-73]. The antibody response is 

dependent on CD4 T cells, highlighting the necessity of a coordinated immune response against this 

pathogen [74,75]. Additionally, natural antibodies with germline-like characteristics, which can be 

secreted spontaneously without exogenous antigenic stimulation, are part of the “first line of defense” 

against invading pathogens as they are present before infection [76]. While natural antibodies have 

multiple functions and provide protection against various pathogens, natural IgM was found to be non-

protective against T. gondii invasion [68].  
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In general, protozoan parasites elicit a certain degree of immunosuppression in their hosts through 

different mechanisms, for example by inducing apoptosis in specific B cell subpopulations [77,78], 

which serves their survival and reproduction [79]. Reported mechanisms that partially suppress 

antibody responses also include the induction of suppressor macrophages and/or T cells (depending 

on the invading parasitic species [80]), the release of soluble factors from T. gondii-infected monocytes 

[81], and the temporary disruption of the splenic architecture [74]. T. gondii also targets essential IFNγ-

mediated mechanisms directly by secreting the parasite-derived molecule TgIST, which translocases 

to the host cell nucleus and blocks IFNγ-dependent [82] (and type I IFN-dependent [83]) gene 

expression. 

Overall, the interplay between the humoral immune response and protozoan parasites is diverse and 

not fully understood [79]. While the humoral immune response may contribute to host protection, the 

invading parasites strive to overcome this protection which is also reflected in the difficulties in vaccine 

development [39]. In addition to active immunization, which aims to stimulate an endogenous 

antibody response, passive immunization aims to provide immediate protection by transferring pre-

formed antibodies from an immune donor to a recipient. In the literature, both approaches have led 

to ambiguous results, as some studies confirmed a protective effect [67,70,75,84-87] while others 

report no enhancement of the humoral response in immunized subjects [88-90].  

In our previous studies, we investigated the susceptibility of LTβR-/- mice to T. gondii infection and 

found that cell-autonomous immunity, particularly the expression of IFNγ and mGBPs, as well as 

adaptive immunity, were severely impaired in the absence of LTβR signaling [17,26]. LTβR deficiency 

led to absent T. gondii-specific IgG and reduced IgM antibodies in the serum, indicating defective 

affinity maturation and immunoglobulin class-switching in these mice [17]. 

In this study, we extended our investigation of the role of LTβR signaling in the humoral immune 

response during protozoan parasite infection by conducting passive immunization experiments. While 

passive immunization conferred some protective effects, it did not significantly limit parasite 

replication in either WT or LTβR-/- mice. Interestingly, recipients of WT immune serum exhibited 

reduced levels of T. gondii-specific IgM and IgG antibodies in their serum. This specific reduction may 

be attributed to the potential immunosuppressive effect of transferred high-affinity IgG antibodies, 

which is a critical factor to consider for future experiments and therapeutic strategies. Furthermore, 

while cytokine expression profiles and splenic immune cell populations in LTβR-/- mice displayed the 

known alterations, these parameters were not significantly affected by the immune serum transfer. 

These findings highlight the complex relationship between humoral immunity and intracellular 

parasites, underscoring the challenges of enhancing protection against T. gondii.  
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Additionally, we investigated the requirements of LTβR signaling in DCs (LTβR-CD11cCre) and myeloid 

cells (LTβR-LysMCre) for T. gondii defense to further elucidate how LTβR signaling modulates the 

immunes response against this parasite. Preliminary results show a trend towards reduced survival in 

LTβR-LysMCre mice, indicating a potential role of LTβR signaling in myeloid cells during infection. 

Moreover, potential sex-specific effects were observed: female WT and LTβR-LysMCre mice had similar 

survival rates, whereas male LTβR-LysMCre exhibited a trend of increased susceptibility during the 

acute stage of T. gondii infection. In contrast, male WT mice exhibited a trend of increased survival 

compared to females and LTβR-LysMCre mice during the chronic stage of infection. While preliminary, 

these results warrant further investigation to confirm the observed trends. 

 

Results 

A passive immunization experiment was performed to investigate antibody-mediated protection in 

LTβR-/- mice during T. gondii infection. As depicted in Fig. 1a, the required immune serum was 

generated from T. gondii-infected WT donor mice 14 days postinfection (p.i.) and was tested for 

T. gondii-specific IgM and IgG antibodies before usage, whereas control serum was generated from 

uninfected WT littermates. Recipient WT and LTβR-/- mice received immune or control serum via 

intraperitoneal (i.p.) injections before (day -1) and on day 2, 5 and 8 p.i., and were sacrificed for analysis 

one day after each serum transfer (day 3, 6 and 9 p.i.). Uninfected WT and LTβR-/- mice that did not 

receive serum served as additional controls. 

 

Passive immunization provides a protective effect but does not prevent mortality and does not 

significantly reduce parasite burdens in LTβR-/- mice  

LTβR-/- mice are highly susceptible to intraperitoneal T. gondii-infection and do not survive beyond day 

14 p.i., as shown in our previous studies [17,26]. The transfer of immune serum significantly, albeit 

briefly, prolonged the survival of LTβR-/- recipient mice compared to those receiving control serum (Fig. 

1b). Nevertheless, all animals of both LTβR-/- cohorts died before reaching day 14 p.i. (immune serum) 

and day 12 p.i. (control serum) while most animals of both WT cohorts survived the T. gondii infection 

until the end of the experiment on day 21 p.i. While not statistically significant, the immune serum also 

had a protective effect on the survival of WT recipient mice compared to those receiving control serum. 

IFNγR-/- mice are even more susceptible to T. gondii infection than LTβR-/- mice and served as infection 

controls.  
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Figure 1: Passive immunization offers partial protection but fails to prevent mortality nor significantly reduces 
parasite burdens in LTβR-/- mice. (a) Schematic representation of the passive immunization model. Control serum 
was derived from uninfected WT mice, while immune serum was obtained on d14 p.i. from WT mice infected 
with T. gondii. T. gondii-specific IgM and IgG antibodies were semi-quantified using antigen-loaded line blots. WT 
and LTβR-/- mice received multiple i.p. injections of either immune or control serum on the days indicated. Mice 
were infected i.p. with bradyzoites from 10 lysed cysts of the T. gondii ME49 strain and were sacrificed at 
designated time points for analysis. (b) Survival of T. gondii-infected WT and LTβR-/- mice that received immune 
or control serum (n = 12 for all groups except LTβR-/- control serum: n = 10 and IFN-γR-/-: n = 6). Statistical analysis 
was conducted using the log-rank (Mantel-Cox) test. (c) Parasite burden was assessed via T. gondii-specific qPCR 
targeting the TgB1-gene in the spleen, lung, brain, and peritoneal lavage samples (n ≥ 8 for all tissue and cohorts). 
Uninfected WT and LTβR-/- mice served as controls. All data shown represent at least three independent 
experiments; symbols represent individual animals and columns represent means ± SD. *, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001. 

 



                           3.2 - Publications 

 93 

The parasite burden in the peritoneal lavage, spleen and lung were significantly increased in LTβR-/- 

mice on day 9 p.i. compared to WT mice, and there was no significant difference between immune 

serum and control serum recipients in both genotypes (Fig. 1c). The peritoneal lavage had both the 

highest number of parasites compared to other investigated tissue and the most significant difference 

between LTβR-/- and WT animals on day 9 p.i. Conversely, the brain exhibited the overall lowest 

parasite burden in both WT and LTβR-/- mice, with no significant difference between the two 

genotypes. Additionally, parasite numbers in the peritoneal lavage and spleen of WT mice did not 

increase further from day 6 to day 9 post-infection, in contrast to lung and brain and all investigated 

tissues from LTβR-/- mice. 

 

Immunized WT mice have reduced amounts of specific T. gondii-specific IgM and IgG serum 

antibodies compared to control serum recipients 

Serum from WT donor mice (day 14 p.i.) was analyzed for T. gondii-specific IgM and IgG via 

commercially available immunoblots (“line blots”, Recomline, Mikrogen Diagnostics) loaded with eight 

selected recombinant T. gondii tachyzoite and bradyzoite antigen proteins (ROP1c, MIC3, GRA7, GRA8, 

p30, MAG1, GRA1 and rSAG1). In our serum transfer model, antibodies against four of these eight 

T. gondii-antigens were detectable: anti-ROP1c, anti-GRA7, anti-GRA8 and anti-MAG1. As quality 

control, all generated immune serum batches were analyzed via serial dilution for T. gondii-specific 

IgM and IgG before use (Fig. 2a, Suppl. Fig. 1). Overall, the immune serum contained higher levels of 

T. gondii-specific IgM than IgG, with less anti-MAG1 IgM compared to anti-ROP1c, anti-GRA7 and anti-

GRA8 IgM, and less anti-ROP1c IgG compared to anti-GRA7, anti-GRA8 and anti-MAG1 IgG (Fig 2a, 

Suppl. Fig. 1). 

We previously described reduced amounts of T. gondii-specific IgM and the absence of T. gondii-

specific IgG antibodies from the serum of infected LTβR-/- mice [17]. In line with these observations, 

here also, no T. gondii-specific antibodies were detectable at all in the serum from LTβR-/- control 

serum recipients on day 9 p.i. (Fig. 2b). In contrast, LTβR-/- immune serum recipients showed low 

amounts of IgM directed against ROP1c, GRA7, GRA8, and MAG1 and only very low amounts of anti-

GRA7 IgG compared to WT mice. In both WT cohorts (immune and control serum recipients) IgM and 

IgG against four antigens were detectable, with the exceptions of anti-ROP1c IgG in WT immune serum 

recipients and anti-MAG1 IgG in WT control serum recipients, which were not detectable. In addition 

to their unique occasional display of anti-ROP1c IgG, surprisingly, WT control serum recipients had 

equal or significantly higher amounts of parasite-specific IgM and IgG compared to WT immune serum 

recipients. This contrasts with the LTβR-/- cohorts, where control serum recipients consistently had lower 

amounts of parasite-specific IgM compared to the immune serum recipients. 
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Figure 2: T. gondii-specific IgM and IgG serum antibodies are absent in LTβR-/- control serum recipients and 
reduced in WT immune serum recipients on day 9 p.i. T. gondii-specific serum IgM and IgG was quantified using 
commercially available line blots loaded with recombinant T. gondii antigens (Recomline, Mikrogen, Germany). 
(a) Line blot analysis of pre-transfer WT donor immune serum batches of day 14 p.i., final dilution 1:100. IgG 
control bands are of unknown specificity and did not react with murine samples, as the assay was originally 
designed for human samples. (b) Line blot analysis of serum from WT and LTβR-/- immune and control serum 
recipients on day 9 p.i. Band signal intensities were determined using FIJI/ImageJ software and normalized to 
pre-transfer WT donor immune serum levels (n = 12 mice). All data shown are summarized from four 
independent experiments; symbols represent individual animals and columns represent means ± SD. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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To verify the presence of transferred antibodies in the serum of recipient mice, immune serum was 

administered via a single i.p. injection to two uninfected WT mice. After 24 hours, the serum was 

collected and analyzed. While the overall antibody transfer via i.p. injection was successful, antibody 

levels were lower compared to the pre-transfer immune serum (Suppl. Fig. 2). Anti-ROP1c, anti-GRA7, 

and anti-GRA8 IgM were clearly detectable, while anti-MAG1 IgM was only weakly detectable. Among 

the IgGs, only anti-GRA7 was clearly present, anti-GRA8 was weakly detectable, and anti-ROP1c and 

anti-MAG1 were not detectable. 

Additionally, pre-transfer control and immune sera were analyzed for proinflammatory cytokines. 

While slight variations were observed across the four batches of generated serum, most cytokine 

concentrations were similar between the control and immune sera (Suppl. Fig. 3). Notable exceptions 

were elevated levels of IFNγ, TNFα (except in batch #3), and IL-6 in the immune sera.   

  

Passive immunization does not alter proinflammatory cytokine concentrations in the serum of WT 

and LTβR-/- cohorts during T. gondii infection 

Proinflammatory cytokine levels in the serum of uninfected LTβR-/- mice were elevated compared to 

WT mice (Fig. 3), consistent with our previous findings [17]. The most pronounced differences were 

observed for IFNγ. While IFNγ concentrations were comparable between genotypes on day 3 p.i., they 

were significantly higher in WT mice on day 6 p.i. compared to LTβR-/- mice, which maintained basal 

IFNγ levels until day 9 p.i. A similar, though less pronounced, pattern was observed for TNFα. By day 9 

p.i., IL-12p70 and particularly MCP-1 (CCL-2) concentrations were significantly higher in LTβR-/- cohorts 

compared to WT cohorts. Notably, immune serum recipients did not exhibit significant changes in 

cytokine patterns compared to control serum recipients. However, LTβR-/- immune serum recipients 

showed a trend towards reduced levels of IL-1α, IL-12p70, GM-CSF, and MCP-1 on day 9 p.i. compared 

to control serum recipients. 
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Figure 3: Passive immunization does not alter proinflammatory cytokine levels in the serum of WT and LTβR-/- 
cohorts during T. gondii infection. Cytokines measured in the serum of uninfected and infected WT (n ≥ 9) and 
LTβR-/- (n ≥ 9) mice via bead-based multiplex assay (LegendPlex, BioLegend, USA). All data shown represent four 
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independent experiments; symbols represent individual animals and columns represent means ± SD. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 

 

Passive immunization does not alter the splenic immune cell composition of WT and LTβR-/- cohorts 

during T. gondii infection 

No significant differences were observed in splenic immune cell frequencies between immune and 

control serum recipients within both WT and LTβR-/- cohorts, with the exception of pan-T cells (CD3+) 

which were elevated in LTβR-/- immune serum recipients on day 9 p.i. (Fig. 4). Contrary to previous 

findings, there was no significant reduction in B cell frequencies on day 9 p.i., whereas earlier studies 

showed a clear decrease in splenic B cell numbers in both WT and LTβR-/- mice by day 10 p.i. [17]. 

During infection, pan-T cell frequencies decreased in WT cohorts but remained significantly elevated 

in LTβR-/- cohorts on day 9 p.i. The ratio of CD4 to CD8 T cell subsets also shifted, with all cohorts 

showing an increase in CD4 and a decrease in CD8 frequencies; the latter was significantly lower in 

LTβR-/- cohorts compared to WT cohorts on day 9 p.i. Activated (CD25+) T cells were significantly 

reduced in uninfected LTβR-/- mice, and although both genotypes exhibited increased activated T cell 

frequencies during infection, this increase occurred earlier in WT cohorts (from day 3 to day 6 p.i.) 

compared to LTβR-/- cohorts (from day 6 to day 9 p.i.). 

Furthermore, the spleens of uninfected LTβR-/- mice exhibited the expected virtual absence of NK [16] 

and NKT cells [14,17], and reduced DC populations [4,12,91] compared to WT animals. This was 

observed for pan-DCs as well as the plasmacytoid DC subpopulation (pDCs, Fig. 4). Notably, the 

differences between WT and LTβR-/- animals in NK cell, NKT cell, pan-DC and pDC frequencies became 

less distinct during T. gondii infection, as frequencies declined and variability increased in the WT 

cohorts. Neutrophil frequencies remained stable until day 9 p.i., on which they increased across all 

cohorts but were significantly higher in WT compared to LTβR-/- animals. 
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Figure 4: Analysis of splenic immune cell populations after passive immunization and T. gondii infection. Based 
on surface marker staining and flow cytometry (gating strategy: Suppl. Fig. 4 & 5), the following immune cell 
populations were identified in the spleen of WT (n ≥ 6) and LTβR-/- (n ≥ 6) serum recipients: B cells (CD19+ CD3-), 
pan-T cells (CD19- CD3+), CD4 T cells (CD19- CD3+ CD4+ CD8-, % of pan-T cells), CD8 T cells (CD19- CD3+ CD4- CD8+, 
% of pan-T cells), activated T cells (CD19- CD3+ CD25+, % of pan-T cells), NKT cells (CD3+ NK1.1+), NK cells (CD19- 
CD3- CD11b+ CD11c+ NK1.1+), pan-DCs (CD19- CD3- NK1.1- CD11c+ MHCII+), pDCs (CD19- CD3- CD11c+ B220+ BST2+), 
neutrophils (CD19- CD3- NK1.1- CD11b+ Ly6G+), and proinflammation monocytes/macrophages (CD19- CD3- 
NK1.1- CD11b+ CD11clow Ly6G- Ly6Chigh). Additionally, the MHCII median fluorescence intensity (MFI) was 
determined on proinflammatory monocytes/macrophages. Unless stated otherwise, frequencies are reported as 
live cell frequencies. All data shown represent at least two independent experiments; symbols represent 
individual animals and columns represent means ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Moreover, the frequencies of splenic proinflammatory (Ly6Chigh) monocytes/macrophages were 

significantly reduced in uninfected LTβR-/- mice compared to WT mice. This initial difference diminished 

as the infection progressed, with all cohorts showing an increase from day 6 to day 9 p.i. However, 

MHCII expression on these proinflammatory monocytes/macrophages was consistently higher in WT 

mice, particularly on day 6 p.i., whereas LTβR-/- cohorts did not exhibit a significant increase in MHCII 

expression throughout the infection. Notably, WT control serum recipients showed an early rise in 

MHCII expression on day 3 p.i., a response absent in WT immune serum recipients. 

Additionally, the immune serum did not affect spleen weight in either WT or LTβR-/- mice. Although 

spleen weight increased during T. gondii infection across all cohorts, WT mice had significantly higher 

spleen weights on day 9 p.i. compared to LTβR-/- mice, consistent with our previous findings (Suppl. 

Fig. 6, [17]). 

 

LTβR inactivation in myeloid cells shows a trend towards reduced survival in male mice during acute 

infection  

In addition to investigating complete LTβR-deficient mice (LTβR-/-), we examined the impact of LTβR- 

deficiency specifically in DCs (LTβR-CD11cCre) and myeloid cells (LTβR-LysMCre) on mouse survival 

during T. gondii infection. Mice with ubiquitous LTβR inactivation (LTβRfl/fl x Cre-deleter, from here on 

referred to as LTβR-CreDeleter) served as positive controls for the Cre/loxP-mediated LTβR 

inactivation, while LTβRfl/fl mice were used as negative controls. 

The acute stage of infection of a ME49 T. gondii infection lasts approximately 14 days and is 

characterized by rapid tachyzoite proliferation and severe infection symptoms in mice, including 

weight loss and behavioral changes such as reduced activity and fur grooming. As the host immune 

pressure intensifies, tachyzoites begin transitioning into bradyzoites, initiating the chronic stage of 

infection. During this phase, mice gradually regain weight and exhibit improved activity compared to 

the acute stage of infection, usually to the point of complete recovery. 

During acute T. gondii infection, LTβR-LysMCre mice showed a trend towards intermediate survival, 

situated between the higher susceptibility of LTβR-/- and LTβR-CreDeleter strains, and the lower 

susceptibility of WT and LTβRfl/fl control strains (Fig. 5a). Notably, LTβR-LysMCre, LTβR-CD11cCre, 

LTβRfl/fl, and WT mice exhibited significantly prolonged survival compared to LTβR-/- and LTβR-

CreDeleter mice, which succumbed entirely by day 11 p.i. and did not reach the chronic stage of 

infection. Except for one WT mouse, all WT, LTβRfl/fl, and LTβR-CD11cCre mice survived the acute stage, 

whereas several LTβR-LysMCre mice succumbed during this period. 
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During the chronic stage of T. gondii infection, WT and LTβRfl/fl mice began to succumb, with 

approximately 30 % surviving by the end of the observation period. LTβR-LysMCre mice continued to 

exhibit a trend of increased susceptibility, whereas LTβR-CD11cCre mice showed a trend of prolonged 

survival compared to WT mice during chronic infection. Additionally, the survival curves of LTβR-

LysMCre and LTβR-CD11cCre mice differed significantly. 

 

Figure 5: LTβR deletion in myeloid cells shows a trend towards reduced survival in LTβR-LysMCre mice. (a) 
Survival of T. gondii-infected (ME49, bradyzoites from 10 cysts, i.p.) WT (n = 16), LTβR-LysMCre (n = 16), LTβR-
CD11cCre (n = 7), LTβRfl/fl (n = 3), LTβR-/- (n = 3), and LTβR-CreDeleter (n = 3) mice. (b) Survival of WT, LTβR-
LysMCre and LTβR-CD11cCre mice according to sex. Statistical analysis was conducted using the log-rank (Mantel-
Cox) test. *, P < 0.05 

When analyzed by sex, male LTβR-LysMCre mice showed a tendency towards increased mortality 

during the acute stage of infection, while females appeared less susceptible and more similar to the 

survival curves of WT mice (Fig. 5b). Female LTβR-LysMCre as well as female WT mice succumbed 

during the early chronic stage, between days 14 and 30 p.i. Male WT mice also began to succumb 

during chronic infection, albeit at a lower rate compared to the females. Due to limited mouse 
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availability, only female LTβR-CD11cCre mice were studied so far, and their survival curve appeared 

similar to that of male WT mice (data not shown). 

All WT, LTβR-LysMCre and LTβR-CD11cCre mice experienced severe weight loss during T. gondii 

infection, which temporarily stabilized around day 14 p.i. but remained below initial levels for the rest 

of the experiment (Suppl. Fig. 7). LTβR-/-, LTβRfl/fl, and LTβR-CreDeleter mice displayed similar patterns 

of weight loss (data not shown).  

 

Discussion 

Since LTβR-/- mice display profound defects in their endogenous production of T. gondii-specific IgM 

and IgG antibodies [17], we aimed to investigate the effect of reconstituted antibody protection in 

LTβR-/- mice via a passive immunization model. Although the transfer of immune serum significantly 

prolonged survival in LTβR-/- recipient mice, it did not prevent their eventual death. A similar, but 

statistically non-significant trend of prolonged survival was also observed for WT immune serum 

recipients. However, parasite burdens in the spleen, lung, peritoneal lavage, and brain were not 

significantly reduced in LTβR-/- or WT immune serum recipient mice. This limited effect of passive 

immunization is likely due to the obligate intracellular nature of T. gondii, which prevents its direct 

targeting by antibodies. While there are short periods in the life cycle of T. gondii where it is exposed 

to the extracellular space and humoral immune responses, IFNγ-driven cell-autonomous immunity 

likely provides a more potent defense against this parasite [46,47,92]. Despite slightly elevated basal 

levels of several proinflammatory cytokines under steady-state conditions, LTβR-/- mice are unable to 

efficiently upregulate IFNγ production following infection, which likely contributes significantly to their 

heightened susceptibility to T. gondii.  

The protective effect of immune serum observed in this study might be at least partially caused by co-

transferred IFNγ and TNFα, as these cytokines were consistently elevated in the analyzed batches of 

pre-transfer immune serum. Since the first immune serum transfer was performed via intraperitoneal 

injection one day prior to T. gondii infection, peritoneal immune cell populations may have been pre-

activated by the transferred proinflammatory cytokines, contributing to the antibody-mediated 

protection we aimed to achieve. For future experiments, it will be essential to include recipients of 

IFNγ-spiked control serum to assess the specific impact of proinflammatory cytokines present in the 

transferred immune serum. However, it should also be noted that neither WT nor LTβR-/- immune 

serum recipients displayed elevated levels of IFNγ or TNFα on day 3 p.i. compared to control serum 

recipients, suggesting that the immune serum transfer from day 2 p.i. did not lead to a significant 

and/or sustained systemic increase of these cytokines. Interestingly, WT immune serum recipients also 
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showed significantly lower MHCII expression on splenic proinflammatory monocytes/macrophages 

compared to control serum recipients on day 3 p.i. Since IFNγ is known to activate proinflammatory 

monocytes/macrophages and induce MHCII expression [93,94], this finding also suggests that there 

was no substantial systemic activation from the co-transferred IFNγ – however, this observation does 

not exclude the possibility of activated peritoneal monocytes/macrophages. 

Antibodies exert functions beyond neutralization and opsonization, such as complement activation or 

mediation of antibody-dependent cellular cytotoxicity [95], and provide protection against 

intracellular pathogens [86,96-99]. And vice versa, defects in the B cell compartment cause increased 

susceptibility to pathogens such as T. gondii [66,67,100]. Thus, despite the relatively limited effect of 

passive immunization observed in this study, it is important to recognize the significant role of humoral 

immunity in the defense against (obligate) intracellular pathogens, which can substantially contribute 

to host defense [65]. The literature on immunization against T. gondii reflects a similar complexity, 

with some studies confirming the protective effects of both active [70,87] and passive immunization 

[67,75,84-86], while others have found no protective benefit and, in some cases, even suppression of 

the humoral response in immunized recipients [89-91]. One of the key challenges in this field is the 

wide range of variables – such as inbred mouse strains, parasite strains, routes of infection, and 

immunization strategies – that complicate the evaluation of immunization efficacy against this 

intracellular parasite [101,102]. 

In our study, passive immunization notably reduced specific T. gondii-specific antibodies in the serum 

of WT recipient mice, particularly anti-GRA7 IgM, anti-GRA8 IgM, and anti-GRA8 IgG, compared to WT 

control serum recipients. A control experiment confirmed the functionality of our passive 

immunization model, as transferred antibodies were clearly detectable in the serum of uninfected WT 

mice 24 hours post-transfer. To exclude the possibility that band signal saturation might have obscured 

differences in anti-ROP1c IgM titers between immune and control serum recipients, we performed 

additional line blot tests with increasingly diluted serum. However, these tests still revealed no 

difference (data not shown). The fact that only specific T. gondii-specific antibodies were reduced in 

immune serum recipients, while others remained comparable to control serum recipients, suggests a 

specific effect rather than a nonspecific suppression of the antibody response, which has been 

frequently reported as a consequence of T. gondii infection as discussed below. 

T. gondii has been shown to interfere with humoral immunity by manipulating macrophages to 

promote immune evasion [103-105], partly by enabling them to act as suppressor cells. These 

suppressor macrophages inhibit the proliferative response of lymphocytes to antigen stimulation 

through direct cell-to-cell contact with target cells, causing involution of splenic follicles during the 

acute phase of infection and nonspecifically suppressing the antibody response in the host [106-109]. 
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This suppressive effect of T. gondii varies drastically between inbred strains of mice, which is, for 

example, present in C57BL/6 mice but absent from BALB/c mice [106,108]. This factor likely 

contributes to the varying susceptibility of different mouse strains to T. gondii and the issue of high 

experimental complexity [101,102]. However, this parasite-induced macrophage suppression does not 

explain the observed reduction of specific antibodies in WT immune serum recipients in this study, as 

no parasites were co-transferred with the immune serum, and both immune and control serum WT 

recipients were equally exposed to potential T. gondii-derived immune regulation after infection. 

Nevertheless, we cannot rule out the possibility that unknown soluble factors, either directly from 

T. gondii or from infected cells, may have been co-transferred with the immune serum and contributed 

to the suppression of the antibody response in recipient mice.  

Another crucial factor to consider is the antibody dosage in the transferred immune serum. While our 

control experiment confirmed that an i.p. injection of immune serum successfully transfers T. gondii-

specific antibodies into the host’s circulatory system, the serum transfer model could be further 

optimized to potentially increase the efficacy of passive immunization. For instance, administering the 

immune serum intravenously rather than intraperitoneally might enhance its effectiveness, as this 

method allows the transferred antibodies to bypass hepatic metabolism and directly enter the 

recipient’s circulatory system [110]. Studies have demonstrated that the antibody response to 

Toxoplasma gondii [90] or other pathogens [111,112] can be either enhanced or suppressed in passive 

immunization experiments, with the antigen-to-antibody ratio being a key contributing factor to this 

variation. However, while too few antibodies may fail to provide adequate protection, excessively high 

doses might also adversely affect the humoral immune response [111]. In general, there are several 

proposed mechanisms that may explain how transferred antibodies can interfere with the endogenous 

antibody production in immune serum recipient mice [113,114]. One such mechanism is epitope 

masking, where the transferred antibodies bind to specific T. gondii epitopes, preventing the immune 

system from recognizing and targeting them effectively, leading to lower overall antibody levels 

against those epitopes in the recipients.  

Importantly, different immunoglobulin isotypes have varying effects on the antibody response in 

recipients. While both transferred IgM and IgG can either suppress or enhance immune responses, 

IgM is more commonly associated with enhancing antibody production. Conversely, IgG, especially at 

high doses or with high affinity, is well-known for its ability to suppress antibody responses, with all 

IgG subclasses being capable of this effect [113,115]. The observed reduction in some but not all 

analyzed T. gondii-specific antibodies in WT immune serum recipients may be attributed to the 

transferred IgG antibodies. Specifically, IgM against GRA7 and GRA8 was significantly lower in immune 

serum recipients compared control serum recipients, while anti-ROP1c IgM levels remained relatively 

comparable. This discrepancy could be explained by the lower levels of IgG directed against ROP1c 
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compared to GRA7 and GRA8 in the pre-transfer immune serum. The transferred IgG antibodies may 

have interfered with the production of endogenous IgM against GRA7 and GRA8, while their impact 

on ROP1c was limited due to the smaller amounts of transferred anti-ROP1c IgG. In line with this 

hypothesis, transferred anti-ROP1c IgG was undetectable in the serum of uninfected mice 24 hours 

post-transfer in the control experiment. In contrast, anti-GRA7 IgG was clearly detectable, and anti-

GRA8 IgG was weakly detectable, confirming lower systemic levels of transferred anti-ROP1c IgG in 

recipient mice.  

However, the precise mechanisms underlying IgG-mediated antibody suppression are still not fully 

understood. In addition to epitope masking, trogocytosis has been suggested as a possible mechanism 

[115]. Trogocytosis refers to the process where lymphocytes capture membrane fragments from 

antigen-presenting cells (APCs) during immunological synapse formation [116]. In this context, the 

binding of transferred IgG to antigens on the surface of APCs may trigger the removal of these antigens 

through trogocytosis, thereby reducing their availability for recognition by the host’s immune system 

and impairing the subsequent antibody response. Other potential mechanisms include Fcγ receptor 

(FcγR)-mediated B cell inhibition, activation of the complement system, and increased clearance of 

IgG-antigen complexes [115]. Our results suggest that while the transfer of pre-existing IgG antibodies 

did not diminish the overall benefit of the immune serum – evidenced by the prolonged survival of 

LTβR-/- mice – it can specifically suppress certain components of the antibody response, such as the 

endogenous production of anti-GRA7 and anti-GRA8 IgM. This selective suppression is an important 

consideration for potential therapeutic applications. 

 

Impact of LTβR deletion in myeloid cells on survival following T. gondii infection 

In addition to our investigation of complete LTβR-deficient mice, we aimed to investigate the impact 

of specifically targeted LTβR inactivation in myeloid (LTβR-LysMCre) and dendritic (LTβR-CD11c-Cre) 

cells on mouse survival during T. gondii infection. LTβR-CreDeleter mice served as positive controls for 

ubiquitous Cre/loxP-mediated LTβR inactivation. As expected, these mice displayed a high 

susceptibility to T. gondii infection and completely succumbed during the acute stage, comparable to 

LTβR-/- mice. LTβRfl/fl mice served as negative controls and similar to WT mice, they survived the acute 

phase but began to succumb during the early chronic stage, primarily due to progressive weight loss.  

Notably, all investigated mouse strains displayed significantly prolonged survival compared to LTβR-/- 

and LTβR-CreDeleter mice, confirming the increased susceptibility of these strains to T. gondii. LTβR-

LysMCre exhibited a tendency towards reduced survival, especially during the acute stage of infection, 

compared to WT mice. This reduction in survival was statistically significant when compared to LTβR-
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CD11cCre survival. Therefore, the question arises as to how the absence of LTβR signaling in myeloid 

cells and DCs might affect the immune response against T. gondii. 

The role of LTβR signaling in myeloid cells remains ambiguous. LTβR signaling in both macrophages [2] 

and neutrophils [3] has been shown to ameliorate otherwise exacerbated DSS-induced colitis, 

indicating a role in controlling and down-regulating the inflammatory response [117,118]. In line with 

these findings, other studies showed that LTβR signaling in macrophages does not induce 

proinflammatory cytokine expression but rather promotes expression of TRIM30α, a regulator of 

NF-κB activation [119], rendering macrophages hyporesponsive to subsequent TLR-stimulation 

[1,120]. However, IL-8 is a notable exception, as its expression is enhanced by LTβR signaling in human 

macrophage-like THP-1 cells [121] and bronchial epithelial cells [122]. Furthermore, LTβR activation on 

murine bone marrow-derived mast cells induces the expression of cytokines such as IL-4, IL-6 and 

TNFα, indicating a proinflammatory role instead [123].  

Even less is known about the impact of LTβR deficiency in myeloid cells during actual infection 

challenges. One study found that while LTβR deficiency in myeloid cells leads to increased bacterial 

loads in blood and feces, the mice were still able to survive Citrobacter rodentium infection, suggesting 

a mild to moderate immunological deficiency [124]. Similarly, the observed trend towards reduced 

survival in LTβR-LysMCre mice compared to WT mice in this study indicates a potential negative effect 

of LTβR inactivation in myeloid cells on mouse survival, though whether this difference reaches 

statistical significance has yet to be determined. If significant, the loss of LTβR signaling in myeloid cells 

could potentially lead to pro-inflammatory effects (e.g. exacerbated inflammation, immunopathology) 

or anti-inflammatory effects (e.g. loss of function, reduced cytokine expression) and/or changes in 

migratory responses, ultimately contributing to the observed reduction in survival.   

In contrast, LTβR-CD11cCre mice did not exhibit increased susceptibility to T. gondii infection. All mice 

survived the acute stage and showed even a trend towards prolonged survival compared to WT mice 

in the chronic stage. LTβR signaling is required for the development, homeostasis, and function of DCs 

[4,11,13,91,125]. During T. gondii infection, DCs, particularly CD8α+ DCs, play a critical role in the 

detection of parasite-derived profilin and serve as major producers of IL-12 [49,126,127]. Interestingly, 

lymphoid tissue CD8α+ DCs are less affected by the absence of LTβR signaling than other DC 

subpopulations [4], which could explain the unaffected survival of LTβR-CD11cCre mice. Additionally, 

T. gondii preferentially infects DCs and may exploit them as a Trojan horse for dissemination to 

immune-privileged organs, such as the brain [128-130]. This shuttle mechanism could be impaired in 

LTβR-CD11cCre mice, potentially contributing to prolonged survival during the chronic stage. 

All mouse lines investigated exhibited severe weight loss, which temporarily stabilized during the 

transition between the acute and chronic stages of infection. While all remaining lines (WT, LTβR-
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LysMCre, LTβR-CD11cCre, and LTβRfl/fl) displayed improved activity and grooming in the chronic stage, 

their weight loss continued, ultimately requiring the euthanasia and removal of several mice from the 

experiment. T. gondii infection is known to cause severe intestinal inflammation and alterations to the 

gut microbiome, with C57BL/6 mice being more susceptible compared to genetically resistant BALB/c 

mice [131-135]. It is therefore conceivable that unresolved intestinal inflammation may contribute to 

the continued weight loss during the chronic stage of infection. 

Notably, the tendency towards increased susceptibility of LTβR-LysMCre mice during the acute stage 

was biased to male mice, whereas female mice started to succumb during the early chronic stage. 

Additionally, male WT mice showed a tendency for prolonged survival compared to females during the 

chronic stage, suggesting potential sex-based differences in susceptibility to T. gondii infection. In 

literature, sex-determined differences in the murine immune response against T. gondii vary 

depending on factors such as the mouse strain, route of infection, and parasite strain (mainly type I or 

II) used. For example, female SCID mice infected orally with the Beverly type II strain displayed a 

delayed upregulation of IL-12 and reduced levels of IFNγ in the serum compared to male mice [136]. 

In contrast, female BALB/c mice infected i.p. with the Prugniaud type II strain displayed significantly 

increased serum concentrations of IFNγ (but not IL-12p70), TNFα and MCP-1 compared to male mice 

[137]. In another study, female CBA/J mice infected i.p. with the ME49 type II strain also showed a 

tendency for increased IFNγ, IL-6 and MCP-1 concentrations during chronic infection compared to male 

mice, though this difference was not statistically significant [138]. Interestingly, female mice have more 

numerous tissue-resident leukocyte populations, including macrophages, which respond more 

efficiently to acute inflammation due to greater TLR-expression, enhanced phagocytosis and NADPH-

oxidase-mediated pathogen elimination [139]. At the same time, this is balanced by a higher presence 

of immunomodulatory CD4+ T cells [139]. If LTβR deficiency impairs myeloid cell functionality in LTβR-

LysMCre mice, this could be particularly detrimental to male mice due to their potentially less efficient 

acute immune response, contributing to their higher mortality during the acute stage of T. gondii 

infection. 

However, in another study, an investigation of the transcriptome of male and female CBA/J mice during 

T. gondii (ME49) infection did not find a profound sexual dimorphism, as both sexes displayed an 

overall comparable immune response and no significant difference in their survival rates [138]. 

Although male mice expressed greater amounts of low-abundance genes and had more brain cysts 

than female mice at three months p.i., this difference in cyst numbers was no longer observed at six 

months p.i.  

In conclusion, while there may be certain sex-determined differences during the immune response to 

T. gondii, these differences may also be influenced by variables such as mouse strains (genetic 
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backgrounds as well as specific alterations, such as the LTβR inactivation in myeloid cells in LTβR-

LysMCre mice), parasite strains, and routes of infection. As sexual dimorphism is increasingly 

recognized in infectious diseases and in the concept of personalized medicine [140], it is important to 

consider this variable in future experiments regarding antibody-mediated protection against T. gondii 

as well as the role of LTβR signaling. 

 

Materials and Methods 

Mice. LTβR-/- mice were described previously [12] and back-crossed to a C57BL6/N background for at 

least 10 generations. Wildtype (WT) littermates were used as controls. Mice were housed in the animal 

facility of the Heinrich Heine University Düsseldorf under specific-pathogen-free (SPF) conditions and 

were 8 to 16 weeks old at the time of infection; both male and female mice were used. CD1 mice from 

Charles River Breeding Laboratories were used to maintain and propagate ME49 Toxoplasma gondii 

for infection experiments. IFNγR-/- mice were used as infection controls. For the survival experiments 

with Cre/loxP-mediated, cell type-specific LTβR inactivation, LTβR-LysMCre, LTβR-CD11cCre, and LTβR-

CreDeleter mice were generated by crossing LTβR-floxed mice (LTβRfl/fl, [124]) with LysM-Cre [141], 

CD11c-Cre [142], and Cre-Deleter [143] mice, respectively. CD11c-Cre (B6J) mice were a gift of Prof. 

Ingo Drexler and used to generate the LTβRfl/fl x CD11c-Cre line, which was back-crossed to the LTβRfl/fl 

(B6N) line for at least three generations. All animal experiments were conducted in strict accordance 

with the German Animal Welfare Act. The protocols were approved by the local authorities (Permit 

no. 81-02.04.2018.A406, 81-02.04.2021.A060 and 81-02.05.40.18.082). All applicable international, 

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

T. gondii cyst preparation. ME49 (type II strain) cysts were isolated from the brains of CD1 mice via 

Ficoll-Paque gradient centrifugation 11 to 19 weeks after infection. Briefly, the murine cerebrum was 

homogenized by passaging through successively thinner cannulas (smallest size: 23G). After 

centrifugation (130 x g, 5 min, room temperature (RT)), the pellet was resuspended in 20 ml PBS. 10 

ml of Ficoll-Paque Plus (GE Healthcare, USA) was carefully layered below the PBS, followed by 

centrifugation (1,250 x g, 25 min, RT) without brakes. Pelleted cysts were washed with PBS, counted 

(10 cysts per mouse) and lysed with Trypsin-EDTA. Lysis was stopped with the addition of heat-

inactivated (56 °C, 30 min) fetal calf serum (FCS, PAN-Biotech, Germany). After a final wash with PBS 

followed by centrifugation (660 x g, 10 min, RT), ME49 bradyzoites were resuspended in 0.2 ml PBS 

per murine recipient.  

Generation of control and immune serum. Uninfected WT mice aged between 8 and 16 weeks were 

anesthetized with 100 mg/kg Ketamine (Zoetis, USA) and 10 mg/kg Xylazine (Elanco, USA), and then 
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bled through the vena cava inferior (20G cannula). The blood was allowed to coagulate for 30 min at 

room temperature (RT), centrifuged twice (10 min, 8,000 x g), and pooled to generate control serum. 

To generate immune serum, the same procedure was followed using T. gondii infected WT mice 

(ME49, 10 cysts) 14 days after infection. 4 batches of immune serum were analyzed for T. gondii-

specific IgM and IgG antibodies via serial dilution and line blot assay, with control serum serving as 

negative control. 

Detection of T. gondii-specific antibodies. T. gondii-specific IgM and IgG serum antibodies were 

detected with line blots loaded with recombinant T. gondii-antigens (RecomLine Toxoplasma IgM/IgG, 

Mikrogen, Germany). IgM and IgG conjugates (anti-human) provided within the kit were replaced with 

anti-mouse IgM-HRP and IgG-HRP antibodies (Thermo Fisher Scientific, USA) to allow assessment of 

murine samples. While the line blot IgM controls functioned with this adjustment, the IgG controls and 

cut-off controls did not work with murine samples. The assay was performed according to the 

manufacturer’s protocol, and donor control and immune serum served as negative and positive 

controls, respectively. Band signal intensities of line blot images (TIFF format, 600 dpi, grayscale) were 

determined as grey mean values using FIJI/ImageJ software and normalized to the values of pre-

transfer WT donor immune serum. The WT donor immune serum itself was semi-quantified by a range 

of serial dilutions (1:100, 1:400, 1:1,600, 1:6,400, 1:12,800 and 1:25,600) before line blot analysis.  

Serum transfer. Acceptor WT and LTβR-/- mice received 0.2 ml of undiluted control or immune serum 

via intraperitoneal injection one day prior to infection (d-1) and on days 3, 6 and 9 p.i. As control, 

immune serum was transferred once via i.p. injection into two uninfected WT mice, which were then 

sacrificed and bled 24 hours later. The generated serum was then analyzed for transferred T. gondii-

specific antibodies via line blot assay.  

T. gondii infection in mice. Age- and sex-matched mice, 8 to 16 weeks old, were infected with T. gondii 

bradyzoites (ME49, from 10 cysts per murine recipient) in 0.2 ml PBS via i.p. injection and were 

weighed and scored daily for the duration of the experiment.  

Mouse material preparation and processing. The mice were anesthetized with 100 mg/kg Ketamine 

(Zoetis, USA) and 10 mg/kg Xylazine (Elanco, USA). Peritoneal lavage: was performed by injection of 

5 ml ice-cold PBS (22G cannula) into the peritoneal cavity, followed by a gentle massage and peritoneal 

fluid extraction. Aliquots were prepared for flow cytometry and quantitative real-time PCR (qRT-PCR). 

For qRT-PCR, the extracted fluid was centrifuged (470 x g, 3 min) and total DNA was isolated from the 

remaining pellet using a DNA isolation kit (Genekam, Germany) according to the manual. Samples were 

adjusted to 100 ng/µl DNA. Spleen: The spleen was harvested, weighed, and a part of the caudoventral 

extremity was cut and removed for qRT-PCR. For qRT-PCR, the tissue was homogenized with Precelly 

beads (CK28) and the Precelly Evolution Homogenizer (2x 5,500 RPM for 20 sec; Bertin, France) prior 
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to DNA isolation. For flow cytometry, remaining spleen tissue was shredded and incubated for 30 min 

at 37 °C in digestion buffer (PBS + 3,000 U DNAse I/ml [Thermo Fisher Scientific, USA] + 1 mg/ml 

Collagenase [Sigma-Aldrich, USA]). After the addition of PBS + 10 mM EDTA, splenocytes were filtered 

through a 70 µm strainer, centrifuged (470 x g, 3 min, 4 °C) and treated with red blood cell lysis buffer 

(Morphisto, Germany). Remaining leukocytes were washed with PBS, counted, and stained for flow 

cytometry. Lung and brain: The left lung and brain tissue were harvested and prepared for qRT-PCR as 

described for the spleen.   

Detection of parasite burden via qRT-PCR. TgB1 primer (Forward: 5’-GCT AAA GGC GTC ATT GCT GTT-

3’, Reverse: 5’-GGC GGA ACC AAC GGA AAT-3’) and a FAM-probe (5’→3’: FAM-ATC GCA ACG GAG TTC 

TTC CCA GAC GT-BHQ1), both purchased from Metabion (Germany) were used to amplify and detect 

a defined sequence of the 35-fold repetitive B1 gene from T. gondii. qRT-PCR was performed on Bio-

Rad CFX-96 systems. DNA isolated from a defined number of ME49 tachyzoites (2.914 ± 214/µl) was 

used to generate a standard curve and calculate parasite loads. 

Cell surface staining for flow cytometry. Cells were stained in U-bottom polystyrene plates and were 

incubated with Fc-blocking CD16/32 antibody (1:100) in staining buffer (1x PBS, 2 mM EDTA, 2% FCS 

(v/v)) for 30 min at 4 °C. Fluorophore-labeled antibodies were prepared in staining buffer, added to 

cells (final volume: 50 µl) and incubated for 30 min (4 °C, light-protected). Cells were then washed and 

analyzed with a BD LSRFortessa II flow cytometer and FlowJo v10.8 software. All antibodies and dyes 

are listed in Supplementary Table 1, all cell populations are listed in Supplementary Table 2, and all 

gating strategies are shown in Supplementary Figures 4 & 5. 

Cytokine concentrations. Murine cytokines were measured with a pre-selected bead-based multiplex 

panel (LEGENDplex Mouse Inflammation Panel from BioLegend, USA) according to the manufacturer’s 

protocol. Samples were acquired with a BD FACSCanto II or LSRFortessa II and analyzed with the Qognit 

software (BioLegend).  

Statistical analysis. GraphPad Prism software (version 10) was used for data analysis. Symbols 

represent individual animals, columns represent mean values, and error bars represent the ± standard 

deviation (SD). Outliers were identified and excluded from the data using the ROUT test (Q = 1%) after 

which the Shapiro-Wilk test of normality was performed. Parametric data was analyzed using 2-way 

analysis of variance (ANOVA) corrected for multiple comparison using Tukey’s post hoc test. 

Nonparametric data was analyzed using the Kruskal-Wallis test followed by Dunn’s multiple 

comparison test. Comparisons with a P value of ≥ 0.05 were considered statistically not significant and 

were not specifically marked. 
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Supplementary information 

 

 

Supplementary Figure 1: Semi-quantification of T. gondii-specific antibodies in the four pre-transfer WT donor 
immune serum batches via serial dilution. T. gondii-specific IgM and IgG serum antibodies were quantified using 
commercially available line blots loaded with recombinant T. gondii antigens (Recomline, Mikrogen, Germany).  
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Supplementary Figure 2: Transferred T. gondii-specific antibodies are detectable in the serum of recipient 
mice. Pooled donor immune and control sera were analyzed pre-transfer for T. gondii-specific IgM and IgG using 
antigen-loaded line blots (Recomline, Mikrogen, Germany). The immune serum was then injected once into two 
uninfected WT mice (200 µl, i.p.). After 24 hours the sera of these uninfected mice were analyzed for the 

presence of the transferred T. gondii-specific IgM and IgG using the same method. 
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Supplementary Figure 3: Cytokine profiles in the four batches of pre-transfer WT donor immune and control 
serum. Cytokine concentrations were measured using a bead-based multiplex assay (LegendPlex, BioLegend, 
USA). 

 

 

 

Supplementary Figure 4: Gating strategy for the identification of murine T cell populations in the spleen. 
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Supplementary Figure 5: Gating strategy for the identification of murine B cells, NK cells, NKT cells, pan-DCs, 
pDCs, neutrophils, proinflammatory monocytes/macrophages in the spleen. 

 

 

 

 

 

Supplementary Figure 6: Passive immunization does not influence spleen weight in WT and LTβR-/- mice. All 
data shown represent at least four independent experiments; symbols represent individual animals and columns 
represent means ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Supplementary Figure 7: WT, LTβR-LysMCre and LTβR-CD11cCre mice show comparable weight loss during 
T. gondii infection. Relative weight loss during infection is expressed as a percentage change from baseline 
(day 0) weight. 

 

Antibodies Clone Fluorochromes Final dilution Manufacturer 

BST-2 (CD317, PDCA1) 927 BV650 1:150 BioLegend 

B220 (CD45R) RA3-6B2 FITC 1:150 BD Biosciences 

CD3e 145-2C11 BV711 1:150 BioLegend 

CD3e 145-2C11 FITC 1:150 BD Biosciences 

CD4 GK1.5 PerCP-Cy5.5 1:200 BioLegend 

CD8a 53/6.7 APC 1:150 BD Biosciences 

CD11b M1/70 AlexaFluor 700 1:200 BioLegend 

CD11c HL3 PE-Cy7 1:200 BD Biosciences 

CD16/32 93 - 1:100 eBioscience 

CD19 6D5 BV785 1:150 BioLegend 

CD25 PC61 PE-Cy7 1:150 BioLegend 

Ly6C HK1.4 BV605 1:200 BioLegend 

Ly6G 1A8 PerCP-Cy5.5 1:200 BioLegend 

MHCII (I-A/I-E) M5/114.15.2 BV510 1:200 BioLegend 

NK1.1 PK136 BV421 1:200 BioLegend 

- - 
Fixable Viability Dye (FVD) 

eFluor780 
1:5000 eBioscience 

 
Supplementary Table 1: Antibody-conjugates and dyes utilized in the flow cytometry analysis. Final dilution 
refers to antibody dilution after addition to cells incubated in Fc-block (CD16/32) solution. APC = Allophycocyanin, 
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BV = Brilliant Violet, Cy = Cyanine, FITC = Fluorescein, PE = Phycoerythrin, PerCP = Peridinin-Chlorophyll-protein. 

 

Immune cell population Marker 
Gating strategy 
supplementary figure 

live cells FVD eFluor780- Suppl. Fig. 4 & 5 

B cells CD3- CD19+ Suppl. Fig. 4 & 5 

pan-T cells CD3+ CD19- Suppl. Fig. 4 & 5 

CD4 T cells CD19- CD3+ CD4+ Suppl. Fig. 4 

CD8 T cells CD19- CD3+ CD8+ Suppl. Fig. 4 

activated T cells CD19- CD3+ CD25+ Suppl. Fig. 4 

NKT cells CD19- CD3+ NK1.1+ Suppl. Fig. 5 

pan-DCs CD3- CD19- NK1.1- CD11c+ MHCII+ Suppl. Fig. 5 

pDCs CD3- CD19- NK1.1- CD11c+ B220+ BST2+ Suppl. Fig. 5 

NK cells CD3- CD19- CD11chigh- CD11b+ NK1.1+ Ly6G- Suppl. Fig. 5 

Neutrophils CD3- CD19- CD11chigh- CD11b+ NK1.1- Ly6G+ Suppl. Fig. 5 

Proinflammatory 

monocytes/macrophages 
CD3- CD19- CD11chigh- CD11b+ NK1.1- Ly6G- Ly6C+ Suppl. Fig. 5 

 
Supplementary Table 2: Selected murine splenic immune cell populations and surface markers and dyes used 
for their identification. 

 

Data availability 

The data that support the findings of this study are available from the corresponding author. 
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4. Discussion and concluding remarks 

B cells are an essential part of the immune response against T. gondii, as B cell-deficient mice exhibit 

significantly reduced resistance to the parasite despite maintaining a normal IFNγ production [273-

276]. LTβR-/- mice show increased susceptibility to T. gondii infection, characterized by impaired innate 

and adaptive immune responses and increased mortality compared to WT animals [242,248]. LTβR-/- 

mice exhibit a pronounced deficiency in their humoral immune response, with only low amounts of 

parasite-specific IgM and no parasite-specific IgG detected in their serum during T. gondii infection 

[248]. This study aimed to further investigate B cell- and antibody-mediated protection and contains 

two major parts: the investigation of B cell (sub)populations in the BM and PerC of LTβR-/- mice, and 

the analysis of antibody-mediated protection through passive immunization of LTβR-/- mice during 

T. gondii infection. 

Several previously not described alterations were identified in the BM and PerC of LTβR-/-. BM B cell 

frequencies were significantly increased compared to WT mice prior to and during infection, 

predominantly due to an expansion of mature B cells, whereas earlier developmental stages were 

mostly similar between genotypes. While developing B cells leave the BM to complete their 

development in SLOs, they can re-enter the BM as mature B cells, residing in extravascular 

perisinusoidal niches with BMDCs and T cells, and participating in immune responses against blood-

borne pathogens [277-279]. The status of these BMDCs in the LTβR-/- BM is currently unknown but of 

great interest, as these cells produce MIF, which is a crucial survival factor for mature B cells in the BM 

[277,278,280,281]. One hypothesis is that the absence of SLOs in LTβR-/- mice [187,234] may promote 

B cell accumulation in alternative niches, such as the BM or PerC. Alternatively, LTβR signaling might 

influence B cell migratory properties, in analogy to its established role in thymic T cell migration [249].  

The frequency of mature B cells in the BM of LTβR-/- mice did not change during T. gondii infection, 

which is in contrast to the significant reduction found in WT mice. Multiple factors may contribute to 

this observation. One possibility is that infection-induced changes in the BM microenvironment, which 

could affect the mature B cells, might occur later LTβR-/- mice. This is supported by the BM GSEA data 

that indicates reduced or delayed inflammatory responses in LTβR-/- compared to WT BM. And 

although mature BM B cells are less reliant on CXCL12 for retention compared to earlier developmental 

stages, they still depend on this chemokine for proper BM localization [35,282,283], which could 

explain the decrease of mature BM B cells in WT animals. Conversely, the persistence of mature B cells 

in LTβR-/- BM despite declining CXCL12 levels is remarkable and suggests the involvement of altered or 

unidentified retention mechanisms, warranting further investigation. Regarding early B cells, both 

genotypes exhibited significant reductions in these populations in the BM on day 9 p.i., likely due to 

the inflammation-induced CXCL12 depletion [283]. Unfortunately, these mobilized early B cells were 
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not detectable in the blood of WT and LTβR-/- mice on day 9 p.i. as they likely underwent apoptosis and 

were cleared by this time, given their high sensitivity to apoptosis [284]. Thus, future studies should 

examine this earlier, on days 7 or 8 p.i., to gain better insights into the dynamics of early B cell egress.  

The delayed expression of IFNy and IFNy-induced effector molecules like mGBPs, IDO or iNOS, which 

are key players in the cell-autonomous immunity against T. gondii, marks a profound disadvantage for 

LTβR-/- mice after infection [98,99,120,242,248]. BM mRNA sequencing revealed reduced expression 

of IFN-related gene sets in LTβR-/- BM compared to WT BM, underscoring the impaired IFN response in 

these mice. Conversely, the ‘TNFα signaling via NF-κB’ gene set was upregulated in LTβR-/- BM, 

suggesting a compensatory mechanism, as LTβR, TNFR1, and TNFR2 share downstream adaptor 

molecules and signaling pathways [187,188,194,212]. Furthermore, genes associated with migration 

and adhesion and known to be inducible via LTβR signaling, such as Vcam-1, Icam-1, Sele (E-selectin), 

Cxcl12, Cxcl13, and MAdCAM-1 [226,238,285-287], were not among the top 40 differentially expressed 

genes between WT and LTβR-/- BM. However, given the variability in their expression among the 

biological triplicates (data not shown), future RNA sequencing or gene expression studies with larger 

sample sizes could provide a more robust analysis of these target genes. Other genes involved in 

chemotaxis, such as Ccl6, Ccl9, Fn1, Ccr2 and Cxcl9, were identified to be differentially expressed and 

should be included in future investigations. The LTβR-/- BM also contained increased immunoglobulin 

transcript levels (Igkc, Ighm, Iglc2 and Ighd), likely reflecting the higher abundance of mature B cells or 

an altered B cell activation status. Single cell sequencing could elucidate the impact of absent LTβR 

signaling on the homeostasis of mature B-2, B-1a and B-1b cells. B-1a cells are of particular interest, as 

their frequencies were not increased in LTβR-/- mice, unlike other examined B cell subpopulations. 

Additionally, single cell RNA sequencing and flow cytometry could be employed to investigate the 

dynamics of LTβR-ligand expression on B cell subsets and during T. gondii infection. For instance, 

LIGHT, which is absent from naïve and regulatory T cells but present on activated effector and memory 

T cells and myeloid inflammatory effector cells, is primarily expressed in proinflammatory settings 

[200,288-290]. Notably, LIGHT is not as commonly associated with B cells as it is with T cells and other 

immune cell types. Similar to its T cell expression pattern, LIGHT is also virtually absent from naïve 

B cells but can be induced upon activation, for example via CD40 stimulation [200,288,290-292]. On 

the other hand, surface LTα1β2 is present on naïve B cells in LNs and the spleen where it is upregulated 

after antigen encounter, but it is significantly reduced on B cells in the blood and BM [288,293]. This 

pattern highlights the importance of LTα1β2 for B cell functions in the LNs and spleen, including T cell 

zone and B cell follicle organization, GC formation, and FDC homeostasis [237,271,272,294,295]. It also 

suggests that LTα1β2 expression is downregulated as B cells migrate out of these compartments  [293]. 

Investigation of the dynamics of LTα1β2 and LIGHT expression on transitional and mature BM B cells, 

as well as on peritoneal B cell subpopulations, could reveal alterations in LTβR-/- mice that might help 
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to elucidate the role of LTβR signaling on B cell homeostasis in these compartments. It should also be 

kept in mind that T. gondii infection itself might further modulate LTα1β2 and LIGHT expression on 

activated B cells. 

In addition to B cells, the frequencies of several other immune cell populations were altered in the BM 

and PerC of LTβR-/- mice. MHCII+ monocytes/macrophages were reduced in the BM and spleen of 

LTβR-/- mice, presumably due to the absence of NK cells, which produce IFNy and prime monocytes 

during T. gondii infection in WT mice [109,296]. This defect in MHCII expression and antigen 

presentation, along with the absence of NK cells, was corroborated by the BM mRNA analysis, which 

revealed significantly reduced expression of MHCII- and NK cell-associated genes in LTβR-/- mice. 

Interestingly, a CD11b+ AA4.1+ population was significantly increased in the blood of WT mice 

compared to LTβR-/- mice on day 9 p.i. This population likely consists of peripheral blood monocytes, 

as these cells also express AA4.1 (also known as CD93 and C1qRp) [297,298], which would add altered 

monocyte mobilization to the defective activation phenotype observed in the BM of LTβR-/- mice. 

T cell subpopulations were also affected by the absence of LTβR signaling. In the BM of LTβR-/- mice, 

DN T cells were decreased, while CD4+ and CD8+ T cells frequencies were increased. The ontogeny and 

functionality of DN T cells remains rather elusive. They can participate in both proinflammatory 

responses and immune regulation, including the inhibition of B cell proliferation [299,300]. Therefore, 

it is conceivable that their reduced presence in LTβR-/- mice could contribute to the increased B cells 

and immunopathology observed in these mice. Additionally, the LTβR-/- PerC immune cell composition 

was dominated by neutrophils on day 9 p.i., in contrast to the CD4+ T cell-dominated WT PerC. Further 

characterization of these CD4+ T cells is essential, as they may include IFNy-producing Th1 cells or 

immunosuppressive Tregs. A reduction in Th1 cells would imply an absent source of IFNy, while a 

reduction in Tregs, potentially due to impaired migration [301,302], could exacerbate inflammation and 

immunopathology in LTβR-/- mice [303-306], particularly given the potentially amplified pathogenicity 

of neutrophils in these mice [193]. 

While B cells are an essential part of the immune response against T. gondii, the extent to which 

antibodies mediate protection against this parasite in LTβR-/- mice was rather unclear, which is why it 

was further investigated in this study. Both active immunization, which aims to stimulate endogenous 

antibody production, and passive immunization, where pre-formed exogenous antibodies are 

transferred to recipients, have been employed in other studies to confer protection against this 

parasite, although with mixed success. On the one hand, numerous studies demonstrate that 

antibodies provide a certain degree of protection against T. gondii, achieved through both active and 

passive immunization [274,275,307-317]. Mechanistically, antibodies neutralize and opsonize the 

parasites, inhibiting their ability to invade host cells and promoting their phagocytosis and destruction 
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by mononuclear phagocytes [308,311,318-323]. On the other hand, some studies report a lack of 

significant enhancement of the humoral response in immunized subjects [324-326], and no human 

vaccine against T. gondii is currently accepted, highlighting both the limitations of antibody-mediated 

protection and the challenges of vaccine development [89,327]. The evaluation of antibody-mediated 

protection is further complicated by the various inbred mouse strains, parasite strains, routes of 

infection, and methods of immunization employed by these studies. 

In this study, passive immunization prolonged survival but failed to effectively reduce parasite 

numbers in the lung, spleen, and PerC of LTβR-/- mice. It is possible that the effectiveness of the 

transferred antibodies is further restricted in LTβR-/- mice due to the absence or impaired function of 

effector cells that typically target opsonized parasites. For example, NK cells mediate antibody-

dependent cellular cytotoxicity (ADCC) [328] and are absent in LTβR-/- mice, while aforementioned 

monocytes/macrophages show reduced MHCII expression, indicating insufficient priming and 

probably limited ability to participate in ADCC or parasite phagocytosis in these mice. Furthermore, 

humoral immunity against T. gondii has been shown to depend on help from CD4+ T cells [310], which 

are functionally impaired in LTβR-/- mice [248] and exhibit altered kinetics in the peritoneal cavity 

during infection, as demonstrated in this study. It should also be kept in mind that the transferred 

immune serum likely contained not only antibodies but also other host- and parasite-derived proteins 

or factors, which could have positively or negatively affected the observed protection.   

In addition to the functional deficiencies caused by the absence of LTβR signaling, T. gondii further 

undermines the host’s humoral response through immune evasion and manipulation. The parasite can 

nonspecifically suppress antibody responses through the induction of suppressor macrophages, which 

inhibit the proliferative responses of nearby target cells through direct cell-to-cell contact [325,329-

331]. Intriguingly, parasite-induced suppressor macrophages occur in several inbred mouse strains, 

including C57BL/6 mice, but are notably absent in BALB/c mice [332]. T. gondii possesses an extensive 

arsenal of both known and yet-to-be-identified molecules capable of manipulating various immune 

cell populations, including B cells  [167,169,185,235,333-335]. Other unicellular parasites also target 

B cell responses. For example, Trypanosoma cruzi, another obligate intracellular parasite, affects both 

immature and mature B cell subsets. In T. cruzi-infected mice, immature B cells in the BM undergo 

apoptosis, mediated by a soluble product of the cyclooxygenase (Cox) pathway secreted by CD11b+ 

cells [336]. Additionally, T. cruzi-infected mature B cells upregulate Fas and Fas ligand (FasL) on their 

surface, inducing apoptosis in neighboring B cells, particularly parasite-specific IgG+ B lymphocytes 

[337]. Furthermore, infections with T. cruzi as well as Plasmodium chabaudi also lead to a severe 

reduction in early B cell stages in the BM, attributed to B cell egress triggered by reduced CXCL12 

concentrations rather than apoptosis [338,339], similar to our observations during T. gondii infection. 

However, this phenomenon appears to stem from general inflammation rather than a parasite-specific 
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strategy, as it has also been observed in experiments involving immunization-induced inflammation in 

the absence of any pathogen [283]. Other parasite-induced mechanisms targeting the B cell response 

include the activation of polyclonal B cells in the spleen, which inhibits the GC-dependent production 

of high-affinity, parasite-specific antibodies, as well as the disruption of established memory B cell-

mediated protection [340]. Therefore, known (and unknown) counteractive mechanisms employed by 

T. gondii may further diminish the effectiveness of antibody-mediated protection in LTβR-/- mice. 

Furthermore, a notable outcome of passive immunization was the specific suppression of 

endogenously produced antibodies against T. gondii in WT recipient mice. We assume that the 

transferred parasite-specific IgG antibodies are responsible, as this antibody isotype is well-known for 

its ability to suppress antibody production, with multiple underlying mechanisms being discussed 

[341]. Optimization of antibody concentration may reduce this effect, as high dosages have been 

shown to be detrimental compared to lower doses under certain circumstances [342]. LTβR-/- immune 

serum recipients had low amounts of parasite-specific antibodies in their serum, which presumably 

originate from the transferred serum rather than endogenous production. In line with this, LTβR-/- 

control serum recipients did not exhibit any T. gondii-specific IgM and IgG on day 9 p.i., underscoring 

the severe impact of their deficiencies on their humoral response. In contrast, in the study by 

Tersteegen et al., LTβR-/- mice also completely lacked parasite-specific IgG but displayed low amounts 

of parasite-specific IgM in their serum on day 10 p.i. [248], suggesting rudimentary production. Due to 

the dysfunctional GC reaction in LTβR-/- mice, it could be speculated that the parasite-specific IgM in 

these mice are of low-affinity and could be derived from B-1 cells and B-1-derived PCs, which are major 

producers of circulating polyreactive natural IgM and low-affinity IgM during infection, independently 

of GC reactions [42,45,274,343-346]. Regarding the IgM+ rather than IgA+ PCs found in LTβR-/- BM, it is 

possible that this population may, at least in part, consist of B-1-derived PCs. Additionally, activated 

BM B-2 cells, which are capable of T cell-independent IgM secretion in response to blood-borne 

microbes, may contribute to the pool of parasite-specific IgM in LTβR-/- mice [277]. While this would 

not explain the contradictory data regarding the absence (this study) or presence [248] of parasite-

specific IgM in LTβR-/- mice, it nevertheless would be interesting to investigate B-1 cell subsets in the 

spleen and BM of LTβR-/- mice, as B-1 cells in these compartments rather than those within the 

peritoneal cavity were identified as major source of natural IgM [346].  

More recently, Nfkbid, encoding IκBNS, an atypical NF-κB inhibitor with restricted nuclear localization, 

has been identified as a central regulator of both B-1 and B-2 development and immune responses to 

T. gondii infection [274]. The study by Souza et al. highlights that NF-κB, the major downstream 

signaling pathway downstream of the LTβR, is critically involved in humoral immunity against T. gondii. 

It would be interesting to explore the expression of Nfkbid and other NF-κB-related genes in mature 

B-1a, B-1b and B-2 cells in LTβR-/- mice, for example, via single cell RNA sequencing. While the LTβR is 
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not expressed on B cells and thus cannot directly affect NF-κB signaling in these cells, its absence may 

indirectly affect this crucial signaling pathway through altered expression of cytokines, chemokines, or 

surface signaling molecules on neighboring stromal or myeloid cells. 

In summary, the passive immunization protocol in this study could be further optimized, particularly 

in terms of antibody concentration to minimize the endogenous antibody suppression, and the route 

and frequency of administration to enhance overall protection. Although the IgG subclass is likely 

responsible for the immunosuppressive effect observed in this study, excluding IgGs from future 

approaches would be premature, as they are an important component of the humoral immune 

response against T. gondii [274,308,312,313,320,322]. 

Finally, the use of mice with targeted LTβR inactivation in DCs (LTβR-CD11cCre) and myeloid cells 

(LTβR-LysMCre) allows the assessment of cell type-specific roles of LTβR signaling. Although the 

survival data on these mouse strains have not reached statistical significance so far and require further 

corroboration, they suggest that LTβR-LysMCre mice exhibit intermediate susceptibility to T. gondii 

infection, positioned between LTβR-/- and WT mice. It would be interesting to assess the impact of 

myeloid-specific LTβR inactivation on parameters such as splenic architecture, immune cell 

homeostasis, organ infiltration, parasite-specific antibody production, and to investigate the status of 

the various B cell subpopulations analyzed in this study. Furthermore, the survival data hint at a 

possible sexual dimorphism, with male LTβR-LysMCre mice showing increased susceptibility compared 

to females during acute T. gondii infection. While this requires further investigation, it underscores the 

importance of considering sex as a variable in immunological research, especially in the context of 

emerging sex-specific treatments in human medicine. 

In conclusion, the findings of this study expand our knowledge about the B cell compartment and 

antibody-mediated protection in LTβR-/- mice during T. gondii infection. This includes the BM RNA 

sequencing results which highlight severely impaired IFN-related responses in LTβR-/- mice, consistent 

with previous studies [242,248], and provide new directions for future gene expression analysis. 

Furthermore, while LTβR signaling was previously known to influence T cell migration and 

development in the thymus [249], lymphocyte homing to LNs [286], the organization of B and T cells 

in the spleen [187,233,234,243,293,294], and the trafficking of Tregs [301,302], the results from this 

study strongly suggest that LTβR signaling also plays a role in the homeostasis and/or migration of 

mature B cells. These findings point to new interesting areas of future research for elucidating the role 

of LTβR signaling in B cell development and could pave the way for the exploration of potential 

therapeutic strategies targeting toxoplasmosis.  
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