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ABSTRACT

Genetic immune disorders often lead to severe infections and immune dysfunction
early in childhood, which, due to their complexity, rarity, and often need for clinical
intervention, pose a significant challenge for patients, families, and physicians. Yet,
studying the immune dysregulation in these patients enables us to identify critical
components and mechanisms of the human immune response, thereby enriching our
understanding of immunity in both health and disease and subsequently increasing our
chances of developing improved therapies for these and other, more common,

conditions.

In this study, we investigated three patients from two families with a novel genetic defect
impacting the secondary lymphoid organ (SLO) compartment, resulting in a distinct
inborn error of immunity. We identified biallelic loss-of-function mutations in LTBR
encoding the lymphotoxin beta receptor (LTBR), primarily expressed on stromal cells.
We show that LTBR signaling is crucial for SLO development in humans, as evident by
the functional hyposplenism, absent tonsils, and complete lymph node aplasia in these
patients. SLOs create specialized microenvironments where stromal and immune cells
interact to initiate adaptive immune responses and promote B-cell differentiation.
Subsequently, LTBR-deficient patients had hypogammaglobulinemia and diminished

memory B cells, which collectively led to recurrent infections.

Furthermore, we have shown that B-cell differentiation in an ex vivo co-culture system
was intact, implying that the observed B-cell defects were not intrinsic in nature and
instead resulted from LTBR-dependent stromal cell interaction signaling critical for SLO
formation. This is of particular significance, as it suggests that these patients are
unlikely to benefit from hematopoietic stem cell transplantation, a common yet high-
risk therapeutic approach for individuals with inborn errors of immunity. Instead, these
patients benefit from the early initiation of immunoglobulin replacement therapy and

antibiotic prophylaxis.

Recent studies have shown that the activation of LTBR signaling could have a positive
effect on the outcome in various types of cancers, while the opposite seems to be the
case in autoimmune diseases. The results from our study are therefore also significant

for the development of pharmacological therapies in these common forms of disease.
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ZUSAMMENFASSUNG

Angeborene Storungen der Immunitat fihren oft bereits im frihen Kindesalter zu
schwerwiegenden Infektionen und Immunfehlfunktionen und stellen durch ihre
Komplexitat, Seltenheit und meist frihzeitig notwendigen klinischen Intervention eine
groBe Herausforderung fiir Betroffene, Angehérige und Arzte dar. Die Erforschung dieser
Patienten ermoglicht es uns jedoch auch, die wichtigsten Komponenten und
Mechanismen der menschlichen Immunantwort zu identifizieren. Dadurch verbessert
sich unser Verstandnis der Immunitat in Gesundheit und Krankheit, was wiederum
unsere Chancen erhoht, bessere Therapien flir diese sowie auch flir andere, haufigere
Erkrankungen zu entwickeln.

In dieser Studie beschreiben wir drei Patienten von zwei Familien mit einem neuartigen
genetischen Defekt, der die sekundaren lymphatischen Organe (SLOs) beeintrachtigt
und dadurch einen angeborenen Immunfehler verursacht. Wir konnten eine homozygote
Mutation mit Funktionsverlust im LTBR-Gen nachweisen, welches den Lymphotoxin-
Beta-Rezeptor (LTBR) kodiert, der hauptsachlich auf Stromazellen exprimiert wird.
Unsere Ergebnisse zeigen, dass LTBR-Signale essenziell fur die Entwicklung von SLOs
beim Menschen sind, wie die funktionelle Hyposplenie, das Fehlen von Tonsillen und die
vollstandige Lymphknotenaplasie dieser Patienten verdeutlichen. SLOs bilden
spezialisierte Mikroumgebungen, in denen Stromazellen und Immunzellen interagieren,
um adaptive Immunantworten und die B-Zell-Differenzierung zu fordern. Folglich wiesen
diese LTBR-defizienten Patienten eine Hypogammaglobulindmie und reduzierte
Memory-B-Zellen auf, was zu wiederkehrenden Infektionen fuhrte.

Wir konnten in einem neu entwickelten Zellkultursystem nachweisen, dass der Defekt in
der B-Zell-Differenzierung nicht intrinsisch, sondern durch fehlende LTBR-abhangige
Signale von Stromazellen bedingt ist, die fur die SLO-Bildung entscheidend sind. Dies ist
insofern von Bedeutung, da diese Ergebnisse darauf hindeuten, dass diese Patienten
von einer hamatopoetischen Stammzelltransplantation — einer etablierten, jedoch
risikoreichen Therapieform fir angeborene Immunfehler — vermutlich nicht profitieren
wirden. Stattdessen profitieren diese Patienten von der frihen Initiierung der
Immunglobulinsubstitution sowie antibiotischer Prophylaxe.

Aktuelle Studien zeigen, dass die Aktivierung des LTBR-Signalwegs bei verschiedenen
Tumoren einen positiven Einfluss auf die Prognose haben kann, wahrend sie bei
Autoimmunerkrankungen negative Effekte zeigt. Unser Forschungsbeitrag ist daher auch
fur das Verstandnis dieses Signalwegs bei haufigeren Erkrankungen von groBer
Bedeutung und kdénnte die Entwicklung neuer pharmakologischer Therapien maBgeblich
unterstitzen.
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1. INTRODUCTION

1.1 Inborn Errors of Immunity (IEI)

1.1.1 Identification of patients with |EI

Inborn Errors of Immunity (IEls), previously known as Primary Immunodeficiencies (PIDs), are
genetic disorders that result in a severely impaired immune system. These conditions can
manifest as immunodeficiency, autoinflammation, autoimmunity, or a combination thereof.
Because of the importance of the functional immune system for survival, these defects are
inherently rare. Although each individual genetic defect affects only a small number of people, the
cumulative number of identified defects, along with advances in early diagnostics and
therapeutic options, contributes to a growingly recognized patient population. Recent estimates
suggest that 6 out of every 10,000 people in the US suffer from an IEIl (Rider et al, 2024). This
amounts to approximately 200,000 affected individuals in the US alone. Moreover, other studies
report prevalence rates ranging from 1 in 5,000 to as high as 1 in 1,000 (Tangye et al, 2020), with

some authors even proposing figures as high as 1 in 500 (Akalu & Bogunovic, 2024).

In addition to the severity of the disease, the diagnosis can be challenging and time-consuming,
yet early diagnosis and treatment initiation are critical in preventing long-lasting effects. Chronic
inflammation caused by immune dysregulation or recurrent infections can result in a generalized
failure to thrive or organ-specific defects such as bronchiectasis, a reduced function of the lungs
due to permanent dilatation of bronchi following repeated infections and inflammation (Barker,
2002). While increased susceptibility to infections is the best known symptom, more than 30% of
cases with |IEl initially present with other manifestations, including autoimmunity,
hyperinflammation, lymphoproliferation, and malignancy (Figure 1) (Thalhammer et al, 2021). To
increase awareness of the broader clinical spectrum of these disorders, the International Union
of Immunological Societies (IUIS) replaced the original classification Primary

Immunodeficiencies (PID) with Inborn Errors of Immunity (IEl) (Bousfiha et al, 2013).
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Figure 1. Simplified overview summarizing typical signs of IEl and the core steps of
the diagnostic process

Schematic illustration of typical clinical presentations in IEl patients alongside
key initial diagnostic evaluations. Patients present with recurrent infections,
autoinflammation, autoimmunity, or any combination of these conditions. The
severity of the disease and the typical early onset negatively can cause a
significant drop in growth percentiles. A positive family history and syndromic
features are additional risk factors for an underlying genetic disease. Investigative
steps include examination of the lymphoid organs, including measurement of
thymic output with Recent thymic emigrants (RTE) and T-cell receptor excision
circles (TRECs), followed by assessment of laboratory parameters. While a
diagnosis of IEl can often be suspected based on clinical and laboratory findings,
DNA-based testing provides the molecular confirmation necessary for a
conclusive diagnosis in many cases. Figure created with BioRender.com.

Thanks to rapid advancements in sequencing technologies and analysis, high-throughput

techniques such as whole-exome sequencing (WES) (Ng et al, 2009) and whole-genome




sequencing (WGS) (Wheeler et al, 2008) now enable the comprehensive analysis of a patient's
entire coding or even non-coding genomic regions. Additionally, it has become more reasonable
and economically feasible to include family members in the sequencing process. Despite these
advances, the sequencing process is still not error-free and requires manual control to reduce the
likelihood of wrongfully annotated genes as well as to account for areas with limited read depth

resolution or alignment artifacts (Goldstein et al, 2013).

The correctinterpretation of genetic findings requires the combined effort and close collaboration
of clinicians, geneticists, and immunologists to put the molecular data in the clinical and
immunological context. Although the number of identified disease-causing gene mutations
continues to grow rapidly, many variants detected in patients with IEl remain of uncertain
significance. These often include previously unreported variants or variants occurring in genes for
which no disease-associated mutations have yet been described (Grumach & Goudouris, 2021).
Diagnostic decisions can be further complicated by the existence of gene mutations with
incomplete penetrance or even more complicated cases such as somatic mosaicism, where the
mutation is not the result of a germline mutation, but arises during embryonic or later
development (Gruber et al, 2020). These cases require additional testing and research efforts in
order to correctly diagnose the patient, optimize treatment, and provide genetic counseling to the

family.

1.1.2 The research value of studying IEls

IEls pose significant challenges for patients, their families, and medical professionals due to their
complexity and severity. Yet, they also serve as invaluable models for unraveling the fundamental
workings of the human immune system. While inbred mice have long been hailed as the "Rosetta
Stone" of modern immunology, they come with notable limitations, such as the inability to
capture the genetic diversity and varied microbial exposures found in human populations
(Medetgul-Ernar & Davis, 2022). Moreover, given the longer lifespan, delayed sexual maturation,
and lower reproductive output of humans compared to mice, it is reasonable to expect that the
demands on the immune system—and consequently its functions—differ between the two
species. In addition to anatomical differences, a study comparing the transcription profiles of

human and mouse immune cell types identified 169 genes with significantly different expression




levels between corresponding cell lineages (Shay et al, 2013), not even factoring in
posttranslational modifications or non-immunological tissues contributing via cytokines and
chemokines (Medetgul-Ernar & Davis, 2022). These discrepancies likely contribute to the low
translational success rates in drug development, where only about 10-15% of investigational
drugs entering Phase | clinical trials eventually secure FDA approval (Hay et al, 2014; Wong et al,

2019).

Nevertheless, early breakthroughs in immunology were predominantly derived from mouse
studies, especially after the introduction of inbred mouse strains in the 1950s, which provided a
controlled environment to elucidate fundamental immune mechanisms. Examples for these
most fundamental discoveries related to the immune system were the discovery of the essential
role of the thymus in lymphocyte development (Miller, 1961) or the mechanism by which T cells
are activated through the major histocompatibility complex (MHC) (Zinkernagel & Doherty, 1974;
Medetgul-Ernar & Davis, 2022).

In contrast, analogous insights into human immune function emerged much later, with physicians
becoming more aware of the existence of IEl. One of the first widely known human cases was
David Vetter, who was born in 1971 and would become famously known as the “bubble boy”. He
suffered from an undiagnosed severe combined immunodeficiency (SCID), an especially severe
IEl, that requires early diagnosis and HSCT or complete isolation (Rennie, 1985). Finally, in 1985,
the first genetic cause of an |IEl could be identified in the form of adenosine deaminase deficiency
(ADA) (Bonthron et al, 1985). Whereas by 2000, fewer than 100 different IEls had been genetically
characterized, this number rapidly increased due to advances in next-generation sequencing
(Tangye et al, 2022). In 2024, following rapidly decreasing costs, coupled with significant
improvements in bioanalytical techniques and our overall understanding of the immune system,
more than 555 genetic causes for IEl, attributed to mutations in 504 different genes, have been

identified (Poli et al, 2025).

Insights gained from studying IEls have not only improved the quality of life and life expectancy of
these patients but also had a direct and dramatic impact on the treatment of much more common
causes of disease. Studies of patients with mutations in genes encoding for checkpointinhibitors
such as Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4) (Kuehn et al, 2014) and

Programmed Cell Death Protein 1 (PD-1) (Ogishi et al, 2021) improved our understanding of these




proteins and their regulation, and therefore helped us to predict eventual side effects of inhibiting
these proteins in cancer patients. Together with the progress made in gene therapy, these

advancements clearly demonstrate the importance of continued research in IEI.




1.2 Organization and effector functions of the immune system

1.2.1 Classifications and functions of the immune system

The main role of the immune system is to keep and restore homeostasis by removing harmful
pathogens, mutated or dysfunctional and dead cells, and by supporting wound healing. In order
to fulfil these functions, the immune system is equipped with an array of mechanisms, functions,
and activity patterns that enable it to mount rapid as well as long-lasting responses. This requires
a finely tuned and coordinated system that is highly regulated with multiple checkpoints and
feedback loops, ensuring context-dependent immune reactions while preventing excessive

inflammation, as seen in autoinflammatory, autoimmune, and allergic diseases.

The immune system is traditionally divided into an innate part providing rapid and non-specific
responses, as well as adaptive immunity, which requires more time to respond, but is capable of
mounting stronger and more specific responses to particular pathogens, coupled with the
capacity for memory (Figure 2). While this simplistic view makes it easier to understand, in reality,
there is an intense crossover between the components of this system (lwasaki & Medzhitov,
2015). Notonly is the adaptive immune response dependent on the "time" that the innate immune
system provides by slowing down pathogen spread, but it is even more reliant on the innate
immune system to be activated by innate antigen-presenting cells (APCs). Both branches of the
immune system utilize and depend intensively on fine-tuning and communication using cytokines
and chemokines (Murphy & Weaver, 2016). Moreover, our growing understanding of immune
mechanisms has shown that cells traditionally categorized as part of the innate response are
capable of functions attributed to the adaptive immune response. Innate immune cells, such as
natural killer (NK) cells (Kleinnijenhuis et al, 2014) or monocytes and macrophages
(Kleinnijenhuis et al, 2012), can also be “trained” to adapt — a concept achieved through
epigenetic and metabolic reprogramming and known as trained immunity (Ochando et al, 2023).
On the other hand, subtypes of B and T lymphocytes have been identified that display innate-Llike
characteristics and have since been described as part of the innate immune system. For example,
B-1 B cells can produce antibodies without previous activation of T cells (Murphy & Weaver, 2016),
and are capable of phagocytosis (Parra et al, 2012), while yd T cells can directly bind to antigens,
making them independent of MHC presentation (Morita et al, 1995). These examples highlight

that the traditional division between innate and adaptive immunity, while conceptually useful,




does not fully reflect biological reality, as many cells and mechanisms operate in the space

between and connect both parts of the immune system.

Physical and
chemical barriers
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Figure 2. Timeline and mechanisms of the immune response

A simplified overview of the different layers of the immune response and their temporal
sequence following exposure to pathogenic microorganisms. The first layer of defense
consists of physical and chemical barriers, such as the epithelial surfaces, mucosal
secretions, and antimicrobial peptides. Upon breach of these barriers, components of
the innate immune system sense and respond to various danger-associated molecular
patterns. If these initial mechanisms fail to contain the pathogen and the signal exceeds
the threshold required to activate pattern recognition receptor (PRR)-mediated
pathways, an inflammatory response is initiated. This subsequently leads to the
activation of the adaptive immune system, culminating in a pathogen-specific immune
response orchestrated by T cells and plasma cell-derived antibodies. Figure adapted
from (Paludan et al, 2021) and used with permission of Springer Nature BV conveyed
through Copyright Clearance Center, Inc.




1.2.2 Innate Immunity

The parts of the innate immune system can be broadly categorized into physical and chemical
barriers and a soluble and cellular component. Physical barriers are created by epithelial cells of
the skin and the respiratory, urogenital, and gastrointestinal tract. Epithelial cells are held
together by tight junctions, which impose a physical barrier between the internal milieu of the
body and the external world that contains pathogens. Mucosal epithelial cells produce the
viscous fluid mucus, which prevents microorganisms from adhering to the epithelium. The
importance of its contribution to the immune system is evident in cystic fibrosis, where a genetic
defect affects mucus production, resulting in decreased expulsion of microorganisms in the
respiratory tract (Riordan et al, 1989). Three important classes of antimicrobial peptides (AMPs)
in mammals are defensins, cathelicidins, and histatins. These are small proteins that act directly
microbicidally against a broad spectrum of pathogens. Defensins and cathelicidins are mostly
produced by epithelial cells and neutrophils, whereas histatins are produced by cells in salivary
glands. Epithelial cells can also produce lactoferrin, which binds and sequesters iron that is
required for bacterial growth (Wozniak et al, 2024). Other examples of chemical barriers are the
low pH level in the stomach created by parietal cells, fatty acids on the skin produced by
sebocytes and keratinocytes, and lysozyme, an enzyme secreted by salivary glands, tears, and

mucosal epithelial cells, which degrades bacterial cell walls (Murphy & Weaver, 2016).

The soluble component of the innate immune system is known as the complement system, a
collection of more than 50 soluble proteins present in blood and other body fluids. Upon
detection and binding of pathogens via certain surface motifs known as microorganism-
associated molecular pattern (MAMP) and damage-associated molecular pattern (DAMP)
recognition, respectively, the complement system is activated as a cascade of protein
interactions and proteolytic reactions. One of the key functions of the complement system is
opsonization, the binding of pathogens, marking them for destruction by phagocytes (Ricklin et
al, 2010). Following their cleavage and activation, some complement proteins can act as
chemoattractants and recruit immune effector cells to sites of infection and inflammatory
damage (Ricklin et al, 2010). It also has an effect on the adaptive immunity by stimulating

lymphocyte activation and proliferation, as well as promoting antigen presentation (Carroll &




Isenman, 2012). Finally, it can also kill pathogens directly by assembly of the multiprotein, cell

membrane-perforating complex termed membrane attack complex (MAC) (Mastellos et al, 2024).

Cells of the innate immune system include eosinophils, basophils, neutrophils, monocytes,
macrophages, NK cells, and dendritic cells (DCs). Unlike lymphocytes, these cells do not undergo
somatic recombination to enhance pathogen recognition but instead rely on the detection of
signals associated with danger to host homeostasis. These signals include conserved molecular
structures on microbes, termed pathogen-associated molecular patterns (PAMPs), or damage-
associated molecular patterns (DAMPs) released by endogenous host cells. The receptors that
recognize these features are pattern recognition receptors (PRRs) and can be classified into four
main groups on the basis of their cellular localization and their function: free receptors in the
serum, membrane-bound phagocytic and signaling receptors, and cytoplasmic signaling

receptors (lwasaki & Medzhitov, 2015).

The main function of the innate immune system is to provide an immediate response that
contains pathogens to prevent them from spreading and to initiate additional immune
mechanisms. It also plays a critical role in alerting and recruiting other immune cells, including
those of the adaptive immune system, thereby buying time until a more specific and long-lasting
response can be generated. To do so, cells of the innate immune system have a plethora of
different functions and mechanisms at their disposal. If the pathogen has been opsonized by
either complement proteins or antibodies, phagocytes such as neutrophils, monocytes,
macrophages, mast cells and DCs can ingest the target and kill it using different mechanisms,
such as respiratory burst, a process that includes the production of reactive oxygen-containing
molecules, hence also termed oxygen-dependent intracellular killing (Brown, 2024). Cells can
also utilize toxic substances for extracellular killing. NK cells eliminate pathogens through
degranulation of cytotoxic molecules such as perforin and granzymes (Voskoboinik et al, 2015),
whereas neutrophils release antimicrobial proteins and enzymes such as defensins and
myeloperoxidase, or immobilizing DNA-containing neutrophil extracellular traps (NETs) (Zhang et
al, 2024). In order to escalate the immune response, innate immune cells recruit additional
immune cells via the release of chemokines, produce cytokines that activate immune cells as
well as induce proliferation and differentiation, and, importantly, initiate the adaptive immune

response through antigen-presentation. Following phagocytosis, macrophages and DCs can




process and present peptides from microbial proteins on their surface using major
histocompatibility complex (MHC) molecules. Once these peptide-MHC complexes are
recognized by CD4" T-helper cells or CD8" cytotoxic T cells, the adaptive immune response is
mounted, leading to clonal expansion, effector cell differentiation and activation, and the

establishment of immunological memory (Murphy & Weaver, 2016).

1.2.3 Adaptive Immunity

In contrast to the innate immune response, the adaptive response is characterized by a delayed
but highly specific response to the pathogen. Moreover, the adaptive immune system has the
capacity to learn from previous encounters and develop a long-lasting immune memory that
enables a faster and more robust response upon subsequent exposure to the same pathogen
(Murphy & Weaver, 2016). In order to develop their ability to recognize a vast array of different
antigens, B and T lymphocytes have to undergo several maturation and differentiation steps
(Figure 3). Both originate from common lymphoid progenitor stem cells located in the bone
marrow, which themselves derive from the multipotent hematopoietic stem cells (Kumar et al,
2018). Immature precursor T cells have to migrate to the thymus, where they undergo V(D)J
recombination, the mechanism by which variable (V), diversity (D), and joining (J) gene segments
are rearranged to generate a diverse repertoire of antigen receptors (Nikolich-Zugich et al, 2004).
Some of the key enzymes involved in this process are recombination activating genes 1 and 2
(RAG1/2), Artemis, and DNA ligase IV (LIG4), for which germline mutations have been described
that result in a complete absence of functional lymphocytes and severe combined
immunodeficiency (SCID) (de Villartay et al, 2003). Following this rearrangement, T cells are
positively selected for the development of a functional T cell receptor (TCR) that is capable of
binding to MHC molecules presenting self-antigens. T cells that are not capable of forming
functional TCR-MHC contacts don’t receive vital survival signals and go into apoptosis. During
this stage, itis also decided whether T cells become CD4" helper T-cells or CD8" cytotoxic T cells.
To prevent autoimmune reactions by self-reactive T cells, positively selected T cells have to
undergo the process of negative selection, where T cells that bind too strongly to self-antigen are
eliminated via apoptosis or differentiate to become T-regulatory (Treg) cells (Hogquist et al, 2005).

The mature naive T cells can then exit the thymus and go into circulation (Kumar et al, 2018).
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Figure 3. Lymphocyte biogenesis

Lymphocytes are derived from CD34 *hematopoietic stem and progenitor cells,
which reside in the fetal liver during embryogenesis and in the bone marrow after
birth. Lineage commitment occurs following the common lymphoid progenitor
(CLP) stage. While B lymphocytes mature and perform V(D)) recombination in the
bone marrow, T cells migrate to the thymus, where they undergo selection
processes to eliminate autoreactive clones and develop into CD4 *or CD8 *
single-positive T cells. Although V(D)) recombination occurs earlier during thymic
development, the final stages of functional differentiation for both T and B cells
take place in secondary lymphoid organs, particularly during immune activation.
In these sites, T cells differentiate into specialized effector subsets, while B cells
undergo class-switch recombination, somatic hypermutation, and differentiation
into memory B cells or antibody-secreting plasma cells. Figure adapted from
(Stiehm, 2012) and used with permission of Springer Nature BV conveyed through
Copyright Clearance Center, Inc.
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Using the same recombinase system and core enzymes as T cells, B cells also undergo the
process of V(D)J recombination, but whereas T cells rearrange T-cell receptor genes, the B cells
rearrange immunoglobulin genes to generate a diverse B cell receptor (BCR) repertoire (Pieper et
al, 2013). Immunoglobulin gene rearrangement occurs in a stepwise manner during B-cell
development. In the pro-B cell stage, the D and J gene segments of the heavy chain locus
recombine first, followed by the joining of a V segment to the DJ complex. If the rearrangement is
successful, a functional p heavy chain is produced. This py chain pairs with a surrogate light chain,
composed of VpreB and A5, to form the pre-B cell receptor (pre-BCR). Expression of the pre-BCR
on the cell surface signals successful heavy chain rearrangement and allows the cell to progress
to the pre-B stage, where light chain rearrangement takes place and, if successful, leads to

surface expression of a complete IgM receptor (Murphy & Weaver, 2016).

Similar to the selection of T cells, these B cell precursors have to be tested to ensure that this
enormous diversity of antibody specificities does not result in autoreactivity. The first selection
step is after the differentiation into the pre-B stage to ensure productively rearranged heavy chain
gene segments. This not only provides the cell with survival signals but also shuts down the
enzyme machinery catalyzing the rearrangement to prevent the expression of 2 H-chains with
different specificities by the same cell. Once IgM production has been established, the B cells are
tested for autoreactivity. If the newly expressed receptor binds too strongly to antigen expressed
in the bone marrow, the B cell can undergo additional gene rearrangements to replace the
autoreactive receptor with a new receptor that is not self-reactive. If this mechanism, termed
receptor editing, is successful, the B cell continues with its normal development. If the receptor
remains autoreactive and no additional light chain V and K gene segments are available for
recombination, the cells are undergoing clonal deletion, meaning being subjected to cell death

via apoptosis (Pieper et al, 2013).

After leaving the bone marrow, immature B lymphocytes migrate to the spleen, where they
complete their maturation through two distinct transitional stages, called T1 and T2. T1 B cells are
almost exclusively present in the spleen due to their inability to recirculate. Once these cells have
entered the B follicles in the spleen and acquired cell surface IgD and CD23, they are termed T2
B cells. These cells are now able to recirculate and can further differentiate into mature follicular

or marginal zone B cells. This differentiation is dependent on the survival and differentiation signal
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B cell-activating factor (BAFF) and B cell receptor (BCR) signaling, with the strength of BCR
signaling acting as a key determinant: weak BCR signals promote marginal zone B cell
development, intermediate signals favor follicular B cell differentiation, and strong signals induce
apoptosis. Marginal zone B cells are retained in the spleen and have the ability of self-renewal,
whereas follicular B cells recirculate through the bloodstream and the secondary lymphoid

organs (Pillai & Cariappa, 2009).

1.2.4 Secondary lymphoid organs

Together with the lymph nodes and mucosa-associated lymphoid tissue (MALT), the spleen
constitutes one of the secondary lymphoid organs (SLOs). Historically, the spleen was often
viewed as a dispensable organ, mainly involved in filtering blood and recycling erythrocytes
(Mebius & Kraal, 2005). Following traumatic injury, the spleen could rupture and, as one of the
most vascularized organs in the body result in life-threatening internal bleeding, with the removal
of the spleen often being the only therapeutic option (Uranues & Kilic, 2008). Long-term studies
of soldiers subjected to splenectomy following injury in the Second World War contributed to our
improved understanding and acknowledgment of the immunological functions of the spleen.
These patients suffered an increased susceptibility to infections, especially caused by
encapsulated bacteria such as Haemophilus influenzae, Streptococcus pneumoniae, and
Neisseria meningitidis (Robinette & Fraumeni, 1977). A similar vulnerability has been observed in
patients with congenital asplenia (Mahlaoui et al, 2011) or in whom splenectomy was performed
as a treatment for other underlying diseases such as idiopathic thrombocytopenic purpura or

thalassemia (Pedersen, 1983).

Nowadays, it has become abundantly clear that SLOs are critical for the initiation of adaptive
immunity (van de Pavert & Mebius, 2010). While antigens introduced directly into the bloodstream
are picked up by APCs in the spleen, pathogens located in other tissues are either drained via
lymphatic vessels or taken up by APCs, which then migrate to the nearest draining lymph node
(Banchereau & Steinman, 1998). The immense diversity of lymphocytes naturally results in very
low precursor frequencies for individual antigen responding lymphocytes. The SLOs provide a
confined environment in which APCs can encounter lymphocytes that respond to the presented

antigen (Gretz et al, 1997). Once an APC carrying an antigen and expressing co-stimulatory
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molecules has engaged with a naive T cell that recognizes the presented antigen, the T cell
becomes activated, resulting in differentiation and proliferation in a process termed priming.
Naive CD8" T cells differentiate into cytotoxic T cells, whereas CD4" T cells can differentiate into
various types of effector cells that differ by the secretion of a set of cytokines. One of these
subtypes are the T follicular helper (Tgs) cells, which are specialized for interacting with B cells to
provide help for affinity maturation, differentiation, and class-switching in the course of the

Germinal Center (GC) reaction and thereafter (Itano & Jenkins, 2003).

1.2.5The Germinal Center Reaction

In the absence of infection, resting B cells are found in B cell follicles located between the T cell
zone and the capsule in lymph nodes or between the T cell zone and the marginal zone in the
spleen (reviewed in Victora & Nussenzweig, 2022). Following antigen delivery to SLOs, these are
usually picked up and presented by macrophages residing in the subcapsular sinus of the lymph
nodes (Banchereau & Steinman, 1998). There they are picked up by B cells, which migrate back to
the B cell follicles and present them to follicular dendritic cells (FDCs), a specific subset of
stromal cells that provide the network required to maintain the B cell follicles and which are able
of trapping the antigen on its cell surface to be accessible by B cells and DCs (Heesters et al,
2014). Activated helper T cells differentiate and either leave the lymph node or migrate to the
border of the B cell follicle to engage with the activated B cells (Garside et al, 1998). ICOSL
secreted by B cells completes differentiation of T cells into Teq cells, which in return provide B cells
with CD40L and IL-21, which together with BAFF secreted by FDCs, DCs, and stromal cells are

essential for B cell survival, proliferation, and differentiation (Denton & Linterman, 2017).

While some activated B cells stay near the medullary area of SLOs where they proliferate rapidly
and differentiate into short-lived plasmablasts that secrete IgM antibodies that offer some
immediate protection against the infection, other migrate back to the B cell follicle in the outer
cortex of the lymph node and initiate the germinal center (GC) reaction (Chan et al, 2009). Here,
the B cells undergo additional processes in order to produce antibodies more effectively in
eliminating infections (Chan et al, 2009). During the process of somatic hypermutation (SHM)
random mutations are introduced into the V regions of the immunoglobulin genes, a mechanism

mediated by an enzyme termed activation-induced cytidine deaminase (AID), which is only
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expressed by B cells in the GC (Revy et al, 2000). While the majority of these changes resultin a
reduction of affinity or unstable immunoglobulins, some increase the affinity to the antigen
presented by TFH cells (Stebegg et al, 2018). These B cells receive additional pro-survival and
proliferation-inducing signals, whereas B cells with reduced affinity undergo apoptosis (Stebegg
et al, 2018). AID also induces mutations in switch regions of immunoglobulin genes (Muramatsu
etal, 2000). This results in the class-switch of produced antibodies from the IgM and IgD isotypes
to the IgG, IgA, and IgE isotypes. These differ in their ability for tissue penetration and effector
functions (Stebegg et al, 2018). In the final stage of the germinal center process, the most
adapted B cells differentiate into antibody-secreting plasma cells and memory B cells, which
provide long-term protection against subsequent infections of the same pathogen (Akkaya et al,
2020). This marvelous process that mimics evolution in a rapid immunological setting requires
the close interaction of various cell types and, therefore, the microenvironment provided by the

SLOs (Denton & Linterman, 2017).
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1.3 Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)

1.3.1 The NF-kB signaling pathway

The mammalian Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) family
consists of five members, namely NF-kB1 (p105/p50), NF-kB2 (p100/p52), p65 (RelA), V-Rel
reticuloendotheliosis viraloncogene homolog B (RelB), and c-Rel (Zhang et al, 2017). Allmembers
of the NF-kB family are constantly expressed in the cell in the form of preformed, but inactive
protein dimers, allowing for rapid activation following upstream signaling. These proteins form
various hetero- or homo-dimer complexes that act as major transcription factors (Murphy &
Weaver, 2016). The pathway can be activated by various signals ranging from direct ligand-
receptor interactions to less specific signals such as DNA damage following ionizing radiation

(Basu et al, 1998; Fitzgerald et al, 2007).

NF-kB is a central regulator of cellular responses, playing a crucial role in immune homeostasis,
cell survival, and proliferation. Due to its involvement in these fundamental processes, NF-kB is
also critically implicated in various diseases. As a result, since its discovery in 1986, it has
become one of the most extensively studied signaling pathways (Sen & Baltimore, 1986; May,
2006). The NF-kB pathway can be separated into a rapid but transient canonical pathway,
involving the NF-kB1/p105 protein, and a slow but persistent non-canonical (or alternative)
pathway centered around NF-kB2/p100. NF-kB1/p105 and NF-kB2/p100 are the inhibitory
precursors of their partially processed and active forms, p50 and p52, respectively, which then
form homo-dimers or hetero-dimers with the other members of the NF-kB family, p65/RelA, RelB,
and c-Rel. The Rel proteins are suppressed by inhibitory proteins of the IkB family (typically IkBa),
which bind and mask the nuclear localization signals (NLS) on the Rel proteins, thus deterring
their translocation into the nucleus. In contrast, p105 and p100 are not inhibited by IkB proteins
but lack the transactivation domain (TAD) of the other NF-kB family members, thereby preventing
their activity to induce gene transcription (Fliegauf et al, 2022). Both p105 and p100 contain
ankyrin repeats that interact with the Rel Homology Domain (RHD) of all NF-kB subunits, including
their active forms p50 and p52. This interaction prevents these subunits from binding DNA motifs
and initiating transcription, thereby functioning similarly to the inhibitory IkB proteins. In most cell
types, p105 and p100 undergo continuous limited proteasomal processing, which selectively

removes their C-terminalinhibitory region containing the ankyrin repeats. As a result, they existin
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both an inhibitory and an active form simultaneously. For NF-kB activation, inhibitory IkB proteins
must be removed from RelA, RelB, and c-Rel to free them for nuclear translocation. In contrast,
p105 and p100 must be either fully degraded or partially processed, releasing both their active
forms, p50 and p52, as well as their bound Rel proteins, allowing them to participate in

transcriptional regulation (Beinke & Ley, 2004; Liu et al, 2017).

The canonical pathway can be activated by a range of cytokine receptors, pattern recognition
receptors (PRRs), members of the TNF receptor (TNFR) superfamily, as well as T-cell receptor
(TCR) and B-cell receptor (BCR), and various stress agents (Figure 4) (Liu et al, 2017). These
receptors activate the canonical NF-kB pathway through multiple distinct mechanisms,
depending on the type of receptor, the stimulus, and the cellular context, but they all converge on

the activation of the IkB kinase (IKK) complex (Guo et al, 2024).

This trimeric complex comprises the two catalytic subunits IKKa and IKKB and the regulatory
subunit IKKy, also known as NF-kB essential modulator (NEMO). Following activation, the IKK
complex phosphorylates the inhibitory IkB proteins, resulting in their ubiquitin-dependent
proteasomal degradation. Additionally, it phosphorylates p105, leading to its partial degradation
and subsequent release of bound NF-kB dimers comprised of the heterodimers RelA/p50, c-
Rel/p50, and the homo-dimer p50/p50, whereas the latter still lacks the TAD and is therefore not
transcriptionally active on its own. The release of the bound dimers by either p105 or IkB
degradation enables the translocation of the NF-kB dimers into the nucleus, where they activate

the transcription of numerous target genes (Guo et al, 2024).
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Figure 4. The canonical and non-canonical NF-kB pathway

The canonical and non-canonical NF-kB pathways are activated by a range of
stimuli, including cytokines, pathogen-associated molecular patterns such as
lipopolysaccharide (LPS), and antigens. To allow for rapid initiation, members of
the NF-kB family involved in canonical signaling are sequestered in the cytosol
through binding by inhibitors of the IkB protein family. Upon upstream signaling,
the suppressing IKB proteins are phosphorylated, ubiquitinated, and
subsequently degraded, releasing the bound NF-kB dimers, which then
translocate into the nucleus to initiate transcription. In contrast, the non-
canonical NF-kB pathway centers on the processing of the NF-kB precursor
protein p100. Under homeostatic conditions, this pathway is kept inactive
through continuous degradation of NIK (NF-kB-inducing kinase). Following




receptor engagement, NIK becomes stabilized and activates IKKa, which
phosphorylates p100, triggering its partial proteasomal processing into the
transcriptionally active subunit p52. Similar to the canonical pathway, these
processed NF-kB proteins form dimers and translocate to the nucleus, where
they function as key transcriptional regulators. Not depicted here are the
numerous points of cross-talk and regulatory interactions between components
of the canonical and non-canonical NF-kB pathways. Figure adapted from (Guo et
al, 2024) and used with permission of Springer Nature BV conveyed through Copyright
Clearance Center, Inc.

1.3.2 Effects of canonical NF-kB signaling

NF-kB activation can be triggered by a diverse array of signals, including extrinsic factors such as
cytokines, microbial components, and carcinogens like UV light and heavy metals, as well as
intrinsic stressors like DNA damage, hypoxia, cellular stress, and oncogene activation. As a key
transcription factor, canonical NF-kB regulates a wide range of genes involved in metabolic
processes and the maintenance of cellular homeostasis that enable cells to adapt to
environmental changes and stress-related challenges. The effects of NF-kB activation are highly
pleiotropic and depend on the cellular context and type, but predominantly influence processes

related to inflammation, immune function, cell survival, and proliferation (Agdas & Sung, 2023).

In innate immune cells, dendritic cells and certain types of epithelial cells, NF-kB signaling not
only induces the production of pro-inflammatory cytokines such as TNF-a and IL-1B (Cao et al,
1996; Suwara et al, 2014), but thereby also initiates the formation and activation of the NLR family
pyrin domain containing (NLRP) inflammasomes (Bauernfeind et al, 2009). These intracellular
multi-protein complexes are formed in response to PAMP and DAMP activation. Once activated,
inflammasomes perpetuate the inflammatory response by producing additional pro-
inflammatory cytokines and by initiating pyroptosis through the activation of pore-forming
proteins. Pyroptosis is a highly inflammatory form of cell death that results in the release of even
more cytokines and DAMP molecules such as HMGB-1, ATP, and DNA in order to recruit and
activate more immune cells, further intensifying the inflammatory cascade (Bauernfeind et al,

2009).
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Canonical NF-kB signaling has been shown to be a key driver of cell differentiation. In
macrophages, NF-kB activation promotes the differentiation of activated macrophages towards
classically activated macrophages (M1), which are more pro-inflammatory than their
alternatively-activated (M2) and regulatory (Mreg) counterparts (Mosser & Edwards, 2008; Wang
et al, 2014). M1 macrophages depend on NF-kB signaling to produce a variety of inflammatory
proteins, including TNF-q, IL-1B, IL-6, IL-12p40, and cyclooxygenase-2 (Liu et al, 2017). Following
TCR activation and subsequent NF-kB signaling, naive T cells differentiate into different subsets
of effector T cells. It has been shown that in addition to the context provided by the cytokines and
pathogens, NF-kB signaling influences T-cell differentiation by both cytokines secreted by other
immune cells and T-cell intrinsic factors (Oh & Ghosh, 2013). Similarly to T lymphocytes, both
canonical and non-canonical NF-kB signaling is also involved in B cell development, where it is

critical for class-switching, affinity maturation, and differentiation (Pone et al, 2012).

1.3.3 Monogenic defects in receptors driving canonical NF-kB activation

The discovery of IEls affecting genes that encode receptors that primarily signal through the NF-
kKB pathway has provided valuable insight into the specific roles of these receptors in host
defense. The distinct patterns of pathogen susceptibility in these patients have helped define
which microbial signals are sensed through each receptor, as well as highlighting their non-

redundant contributions to human immunity (Zhang et al, 2017).

TLRs are a family of highly conserved receptors of the innate immune system that contribute to
the first line of host defense against microbial pathogens by inducing the production of pro-
inflammatory cytokines through the NF-kB and mitogen-activated protein kinase (MAPK)
pathways, as well as Type | interferon (IFN) through interferon regulatory factor 3 (IRF3) and IRF7
(reviewed in Kawai et al, 2024). To date, 10 different TLRs have been identified in humans, each
recognizing a wide array of PAMPs and DAMPs, classified into cell surface and endosomal
subfamilies. Disease-causing monogenic mutations have been described in the cell surface TLR4
(Capitani et al, 2023) as well as in the endosomal receptors TLR3 (Zhang et al, 2007), TLR7 (van
der Made et al, 2020) and TLR8 (Bleesing, 2022), highlighting their non-redundant roles in human

antiviral and antibacterial immunity.
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Figure 5. Activators and signaling pathways of Toll-like-receptors

(Top) Members of the TLR family recognize different PAMPs and DAMPs expressed or
produced by a wide range of pathogens. Whereas receptors detecting extracellular
microbial components are expressed on the cell surface, the TLRs detecting nucleic acids
from viruses or bacteria are located intracellularly. (Bottom) With the exception of TLR3,
all human TLRs primatrily signal through the adaptor protein MyD88, resulting in the
recruitment of IRAK kinases and TRAF6 and the subsequent activation of the NF-kB and
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MAPK pathways. In contrast, TLR3 signals exclusively via the adaptor protein TRIF, while
TLR4 can engage both MyD88 (at he plasma membrane) and RIF (following endocytosis).
TRIF not only recruits TRAF6 but also TRAF3 in order to induce the Type | IFN pathway
through IRF3 activation. Figure adapted from (Kawai et al, 2024) and used with permission
of Elsevier Science & Technology Austria conveyed through Copyright Clearance Center,
Inc.

TLR3 recognizes double-stranded RNA, which is produced during the viral replication of viruses
such as herpes simplex virus 1 (HSV-1) (Lim et al, 2014). The importance of functional TLR3
signaling and subsequent interferon production is demonstrated by the susceptibility of children
with TLR3 deficiency, who suffer from life-threatening herpes simplex encephalitis (HSE) as a
complication of primary infection with HSV-1 (Zhang et al, 2007). A similar predisposition to HSE
has been found in patients with mutations in TLR3-associated genes, such as UNC93B1,
encoding for UNC-93B, an endoplasmic reticulum (ER) protein required for the trafficking of TLR3,
TLR7, TLR8, and TLR9 from the ER to the endosomal compartment (Casrouge et al, 2006).
Furthermore, defects in the gene encoding the adaptor protein TIR-domain-containing adapter-
inducing interferon-B (TRIF), downstream of TLR3 and TLR4 activation, are also characterized by
an inherent risk for developing HSE (Sancho-Shimizu et al, 2011). Interestingly, this clinical
phenotype is also shared by patients carrying autosomal dominant mutations in TNF receptor-
associated factor 3 (TRAF3), an E3 ubiquitin ligase and adaptor protein that is involved in multiple
signaling pathways, including non-canonical NF-kB signaling and IRF3-induced type | IFN

production (de Diego et al, 2010).

Surprisingly, biallelic mutations in TLR4 do not lead to increased susceptibility to viral infections
but have instead been associated with a variable clinical presentation ranging from asymptomatic
cases to inflammatory bowel disease (IBD) (Capitani et al, 2023). A potential explanation could
be the wider spectrum of PAMPs detected by TLR4, including the bacterial cell wall component
lipopolysaccharide (LPS), several viral structural proteins, and microbial carbohydrates
commonly found on the surfaces of fungi and parasites. Myeloid differentiation factor 2 (MD-2) is
a protein encoded by the LY96 gene and an essential co-receptor for TLR4, facilitating the binding
of LPS (Kawai et al, 2024). So far, only two siblings have been described, with one suffering from
very early onset IBD, whereas the other from recurrent respiratory infections (Li et al, 2023). MD2-
deficient cells showed decreased cytokine expression in response to LPS or gram-negative, but

not gram-positive bacteria.
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TLR7 and TLR8 recognize single-stranded RNA derived from viruses and bacteria and orchestrate
host responses against RNA viruses, including influenza A virus, HIV, vesicular stomatitis virus,
and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Kawai et al, 2024). Loss-of-
function mutations in TLR7 have been found in otherwise healthy young men with severe
coronavirus disease 2019 (COVID-19) (van der Made et al, 2020). So far, no loss-of-function
mutations in TLR8 have been identified, but one patient with a heterozygous gain-of-function
mutation, causing spontaneous NF-kB activation and resulting in a clinical phenotype of
autoinflammatory and autoimmune disease, highlighting that TLR8 signaling must be tightly

regulated (Bleesing, 2022).

Several members of the TNF receptor superfamily primarily signal through the canonical NF-kB
pathway (Guo et al, 2024). Heterozygous mutations in TNFRSF13B encoding TACI
(transmembrane activator and calcium-modulator and cyclophilin ligand interactor) can result in
CVID with variable clinical expression and penetrance, as some of the variants that have been
identified as disease-causing are also present in 1-2% of the general population (Salzer &
Grimbacher, 2021). Interestingly, TNFRSF13B is a highly polymorphic gene, which is an unusual
finding for genes in IEl, as these are typically under selective pressure during evolution and
therefore usually more conserved (Rapaport et al, 2021). TACI is expressed on B cells and
mediates B-cell differentiation into plasma cells and isotype switching through MyD88-mediated
NF-kB and mTOR-signaling following activation by its ligands BAFF and APRIL, fitting with the

hypogammaglobulinemia commonly seen in TACI patients (Castigli et al, 2005).

CD137is encoded by TNFRSF9 and is expressed on activated lymphocytes, but its main role is to
enhance proliferation, survival, and cytolytic activity of CD8 T-cells (Shen et al, 2023). Biallelic
mutations in TNFRSF9 lead to recurrent bacterial and viral infections, with a particular
susceptibility to Epstein—-Barr virus (EBV) infections resulting in chronic EBV viremia, EBV-driven
lymphoproliferation, and EBV-related B-cell lymphoma in some of the patients, as well as signs of

autoimmunity (Somekh et al, 2019; Alosaimi et al, 2019).

Kaposi sarcoma is an endothelial tumor that, though induced by a human herpes virus 8 (HHV-8),
only appears in a small fraction of individuals infected with HHV-8 (Chang et al, 1994). To date,

only one patient with disease-causing OX40 deficiency has been described in public literature
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(Poli et al, 2025). OX40 expression was decreased in cells from these otherwise healthy adults,
and they were also unable to bind OX40L, resulting in a specifically impaired response to HHV-8
and childhood-onset Kaposi sarcoma (Byun et al, 2013). Although CD4* T-cell recall responses to
several antigens were markedly reduced, Epstein—-Barr virus (EBV)-specific CD8* T cells were
present at normal frequencies, indicating that OX40 is dispensable for at least some CD8* T-cell
responses and potentially explaining the absence of notable susceptibility to common childhood

infections in this patient (Buchan et al, 2018).

Furthermore, disease-causing mutations have been identified in TNFRSF1A (McDermott et al,
1999) and TNFRSF6 (Rieux-Laucat et al, 1995). However, in these cases, the resulting
autoinflammatory phenotype appears to arise less from dysregulated NF-kB activation and more
from alternative pathogenic mechanisms. Autosomal dominant mutations in TNFRSF1A, which
encodes TNFR-1, cause TNFR-associated periodic syndrome (TRAPS), a hereditary
autoinflammatory disorder (McDermott et al, 1999). Though the precise mechanism of the
disease is still unclear, it is believed that the autoinflammation is not caused by a typical gain-of-
function mutation leading to increased TNFR1 and NF-kB activation, but is rather the result of
intracellular accumulation of misfolded mutant protein, defective receptor shedding, TNF-
induced cell death, production of reactive oxygen species, and autophagy impairment (Cudrici et
al, 2020). The TNFRSF6 gene encodes the FAS receptor, and pathogenic mutations in this gene
are a known cause of autoimmune lymphoproliferative syndrome (ALPS) (Rieux-Laucat et al,
1995). The disease is driven by defective FAS-induced apoptosis due to impaired caspase
signaling, resulting in an accumulation of autoreactive T cells that would otherwise be eliminated

to prevent damage to the body (Paskiewicz et al, 2023).

Canonical NF-kB signaling can also be initiated through activation of BCR or TCR. Following
antigen presentation via MHC to TCR, the binding is stabilized by either CD4 or CD8 on T cells.
After forming the immunological synapse, multiple signaling molecules are recruited, including
Zeta-chain-associated protein kinase 70 (ZAP-70), lymphocyte cell-specific protein tyrosine
kinase (LCK), and activating linker for the activation of T cells (LAT), resulting in the activation of
phospholipase Cy (PLCy). In B cells, antigen binding to the BCR recruits spleen-associated
tyrosine kinase (SYK) and members of the Src kinase family, followed by B cell linker (BLNK) and

Bruton tyrosine kinase (BTK), which subsequently activate PLCy. Both BCR and TCR signaling
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use PLCy to generate second messengers and activate protein kinase C (PKC). PKC recruits and
establishes the “CBM complex”, a protein complex made of caspase recruitment domain family
member 11 (CARMA1), B cell leukemia/lymphoma 10 (Bcl-10), and MALT1paracaspase (MALT1),
that ultimately acts on TGF-beta-activated kinase 1 (TAK1) and the IKK complex (Guo et al,
2024).

Even though no pathogenic mutations have been identified to date in IL-1R and BCR, IEls have
been reported in individuals with mutations in TRAC encoding for the TCRa subunit. (Morgan et al,
2011). The mutation resulted in reduced expression of CD3 and TCRaB on the surface of T
lymphocytes, and the patients displayed a phenotype of combined immunodeficiency with
susceptibility to viral and bacterial infections (Béziat et al, 2021). Additionally, the patients also
showed signs of immune dysregulation with lymphoproliferation, eczema, eosinophilia, elevated

IgE, and autoimmunity (Sagar & Ehl, 2025).

1.3.4 Non-canonical NF-kB signaling

In contrast to canonical signaling, the non-canonical pathway is triggered by a limited set of
receptors, including B-cell activating factor receptor (BAFF-R), CD40, receptor activator of
nuclear factor kB (RANK), and lymphotoxin beta receptor (LTBR) (Sun, 2011). While these
receptors partially also activate the canonical pathway, they have a stronger preference for TRAF3

binding and activation of the non-canonical pathway (Sun, 2011).

Whereas regulation of canonical NF-kB signaling is dependent on inhibitory proteins of the IkB
family controlling the processing of the precursor protein p105 to p50, non-canonical signaling is
dependent on the inhibition of the protein NF-kappa-B-inducing kinase (NIK), and the binding of
p100/NF-kB2 to RelB, preventing its nuclear translocation (Figure 4) (Régnier et al, 1997). Under
resting conditions, NIKis continuously targeted for degradation by a complex consisting of TRAF2,
TRAF3, and the E3 ubiquitin ligases clAP1/2. TRAF2 acts as a scaffold protein, recruiting TRAF3,
which binds to NIK, enabling its ubiquitination via clAP1/ 2 (Zarnegar et al, 2008).

Upon receptor activation, the TRAF2-TRAF3-clAP1/2 complex is recruited to the receptor, and
TRAF2 facilitates a substrate switch of clAP1/2-mediated ubiquitination to TRAF3 instead of NIK.

Following TRAF3 degradation, NIK is no longer bound and targeted for degranulation, allowing it
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to accumulate and initiate downstream signaling (Zarnegar et al, 2008). NIK then phosphorylates
IKKa, which forms activated homodimers that then bind and phosphorylate p100, resulting in its
subsequent ubiquitination and partial degradation to its active form p52. The p52 and Relb dimer
then translocates into the nucleus, where it binds to kB sites in DNA and acts as a major

transcription factor (Xiao et al, 2001).

1.3.5 Effects of non-canonical NF-kB signaling

As mentioned above, the non-canonical NF-kB is generally considered a slower-acting response
compared to the canonical pathway, but it leads to more sustained and long-lasting effects.
However, it is important to note that this is a simplified view, as there is extensive cross-talk
between both pathways. Non-canonical NF-kB signaling has been shown to be critical for
lymphocyte survival and homeostasis, especially in B cells, where activation through CD40 and
BAFFR is essential for multiple aspects of their biology, including development, maturation,
differentiation, activation, proliferation, and survival (Sun, 2017). Activation through RANK

stimulates osteoclast generation and activation (Yang et al, 2010).

Non-canonical NF-kB signaling is critical for the development of SLOs during embryonic
development (Rennert et al, 1996). A special subset of hematopoietic cells termed lymphoid
tissue inducer (LTi) cells are formed in the fetal liver and are crucial for the initiation of lymph
nodes by interacting with stromal cells (Figure 6) (White et al, 2007). Studies using genetic
knockout or pharmacological inhibition have demonstrated that members of the TNF superfamily
of ligands and receptors are essential for this process, particularly LTBR and its ligand
lymphotoxin, a heterotrimer composed of lymphotoxin alpha and beta subunits. Knockout or
blockade of either LTBR or the beta subunit of lymphotoxin results in diminished lymph node
formation, whereas the spleen, tough expressed, shows significant aberrations in cellular
organization, characterized by dysfunctional segregation of T-cell and B-cell zones (Rennert et al,

1996).

Whereas LTBR is expressed on a variety of cell types, most notably stromal cells, it is almost
exclusively absent on lymphocytes, which instead express its ligands lymphotoxin and the less

well-characterized LIGHT (homologous to lymphotoxin, exhibits inducible expression and

26



competes with HSV glycoprotein D for binding to herpesvirus entry mediator, a receptor
expressed on T-lymphocytes) (Mauri et al, 1998). It can therefore be described as a
communication tool between immune cells and non-immune cells. LTi cells respond to RANKL
and IL-7, produced by stromal and endothelial cells at sites of prospective lymph nodes, by
upregulating lymphotoxin (Yoshida et al, 2002). Lymphotoxin then binds to LTBR expressed on
stromal cells, particularly a specific subset termed lymphoid tissue organizer (LTo) cells (Wang et
al, 2018). This results in a positive feedback loop consisting of further differentiation of LTo cells,
secretion of chemokines and cytokines, recruiting additional LTi cells and other lymphoid cells to

these sites, ultimately forming the lymph nodes.
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Figure 6. Early stage of lymph node development

Fetal liver derived lymphoid tissue inducer (LTi) cells interact with specialized stromal
cells termed lymphoid tissue organizer (LTo) via lymphotoxin (LTaB:) and LTBR. This
induces cytokine and chemokine production by the LTo cells, attracting additional LTi
cells and other lymphocytes. Additionally, IL-7 and RANKL produced by the LTo cells
further upregulates LTaf3,; expression on LTi cells, causing a positive feedback loop.
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Figure adapted from (Onder & Ludewig, 2018) and used with permission of Elsevier
Science & Technology Journals conveyed through Copyright Clearance Center, Inc.

1.3.6 Monogenic defects in receptors driving canonical NF-kB activation

Unlike the canonical pathway, the non-canonical NF-kB pathway is almost exclusively activated
by TNF receptor superfamily members, with the exception of the macrophage colony-stimulating
factor receptor mediating the differentiation and proliferation of macrophages (Sun, 2017; Jin et

al, 2014).

CD40 is expressed on a variety of cell types, including B cells, endothelial cells,
monocytes/macrophages, epithelial cells, platelets, keratinocytes, and dendritic cells (Elgueta et
al, 2009). It can be activated by both the membrane-bound and soluble forms of CD40L, which
are primarily expressed on activated T-cells and platelets (Elgueta et al, 2009). Studies in murine
models have established the essential role of CD40 signaling in germinal center formation,
antibody class switching, somatic hypermutation, and the generation of memory B-cells (Foy et
al, 1994). The discovery of individuals with complete CD40 deficiency has confirmed a similar role
in human biology, as these patients are characterized by profoundly reduced memory B cells,
despite normal B cell counts, along with decreased IgG and IgA serum levels, often coupled with
elevated IgM levels (Ferrari et al, 2001). CD40 signaling also seems to affect dendritic cell
function and cytokine production, resulting in a broader immunological defect that includes

increased susceptibility to viral infections, hence making it a CID form of IEl (Banday et al, 2023).

BAFF binding to its receptor BAFF-R, which is differentially expressed at distinct stages of human
B cell maturation, activates multiple downstream signaling pathways, including NF-kB2, PI3K,
and ERK (Sevdali et al, 2021). Although various homozygous TNFRSF13C variants have been
reported with incomplete penetrance and variable clinical phenotypes, only one homozygous
deleterious variant leading to reduced BAFF-R expression has been identified in two siblings
(Warnatz et al, 2009). These patients exhibited a developmental arrest at the transitional B cell
stage, with a severe reduction in all subsequent B cell subsets, highlighting the essential role of
BAFF-R signaling in B cell development and survival (Warnatz et al, 2009). Consequently, they

had markedly decreased serum IgG and IgM levels and were unable to mounta T cell-
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independent immune response against pneumococcal cell wall polysaccharides (Warnatz et al,

20009).

Like other members of the TNFRSF, RANK lacks intrinsic kinase activity and instead depends on
the recruitment of adaptor proteins, particularly TRAFs, to initiate downstream signaling
pathways, including both canonical and non-canonical NF-kB (Walsh & Choi, 2014). RANKL
signaling through RANK is fundamental for osteoclast maturation, as demonstrated by
osteopetrosis, the hardening of bones due to malfunctioning osteoclasts and their inability to
resorb bone, in mice due to targeted deletion of either gene (Dougall et al, 1999). Additionally, the
pathway is also critical for immune functions as highlighted by the deficiency of B cells in the
spleen and complete absence of peripheral lymph nodes, whereas mucosal-associated
lymphoid tissues, including Peyer’s patches, were retained in RANK—— mice (Dougall et al, 1999).
A broad spectrum of diseases following mutations in TNFRSF11A encoding for RANKL have been
described. Biallelic LOF mutations can result in severe osteopetrosis and
hypogammaglobulinemia, or dysosteosclerosis, a milder sclerosing bone dysplasia typically
without immune deficiency (Kirkgoz et al, 2022). In contrast, autosomal dominant TNFRSF11A
mutations have been described that lead to enhanced bone resorption, presumably due to
constitutive activation of RANK signaling (Guo et al, 2018). The gain-of-function variants result in
increased osteoclastic activity and disrupted bone remodeling, causing disorganized bone

architecture (Hughes et al, 2000; Alonso et al, 2021).
1.3.7 Monogenic mutations in NF-kB core members

Dysfunctional or dysregulated NF-kB signaling has been demonstrated in various diseases,
including immune disorders, cancer, metabolic dysregulation, and skeletal disorders (Guo et al,
2024). Specifically, the multitude of identified IEls caused by mutations in components of this
pathway have clearly demonstrated the critical role of functional and regulated NF-kB signaling
for immune homeostasis (Poli et al, 2025). The diverse functions of NF-kB in cellular processes
such as proliferation, inflammation, survival, apoptosis, and tolerance give rise to a wide
spectrum of phenotypes in IEls, presenting as immunodeficiency, autoimmunity,
autoinflammation, cancer susceptibility, and various combinations of these manifestations
(Schnappauf & Aksentijevich, 2020). The increasing number of IEls caused by members and

regulators of this pathway not only improves our understanding of this complex master regulator
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of gene transcription but also highlights the requirement of fine-tuning this important pathway.
The inheritance patterns for these diseases include autosomal dominant, autosomal recessive,
X-linked forms of genetic inheritance, and functional deviations following haploinsufficiency,

loss-of-function (LoF), and GoF mutations (Dabbah-Krancher & Snow, 2023).

Disease-causing mutations have been described for all five members of the NF-kB family (Poli et
al, 2025). Following their identification, heterozygous mutations in NFKB1(Fliegauf et al, 2015)
and NFKB2 (Chen et al, 2013) now represent the most common monogenic causes for common
variable immunodeficiency with autosomal inheritance patterns (Tuijnenburg et al, 2018;
Abolhassani et al, 2020). The associated clinical phenotype is highly variable and often exhibits
incomplete penetrance, most likely caused by the diverse effects of individual mutations on DNA
binding or nuclear translocation ability, or overall protein stability (Kaustio et al, 2017).
Interestingly, the defect in NF-kB signaling not only causes the expected immunodeficiency,
characterized primarily by recurrent infections, hypogammaglobulinemia, and impaired B-cell
differentiation, but also increases the risk of autoimmunity and autoinflammation (Dabbah-
Krancher & Snow, 2023). A large cohort study of NFKB1 mutation carriers revealed that out of 156
individuals, 57.4% presented with autoimmunity, 29.6% with autoinflammation, and 16.8% with
malignancy (Lorenzini et al, 2020). Mutations in NFKB2 lead to an even more heterogeneous
clinical phenotype, as different variants can result in either gain- or loss-of-function effects that
impact the inhibitory role of p100 or the transcriptional activity of its processed form, p52, leading

to a mixed clinical presentation of immune deficiency and autoimmunity (Fathi et al, 2024).

The identification and characterization of additional IEl patients with variants in known NF-kB
pathway genes, as well as the discovery of patients with mutations in previously unlinked NF-kB-
associated genes, will not only expand the clinical and genetic landscape of inborn errors of
immunity but also provide critical insights into the intricate regulatory mechanisms governing NF-

KB activation and its diverse roles in immune function and human disease.
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1.4. Aims of this thesis

This thesis aimed to (1) identify the genetic defect underlying a novelimmune disorder in three
patients from two unrelated families, characterized primarily by a B cell defect, (2) provide clear
evidence of a causal relationship between the genotype and phenotype, and (3) uncover novel

functions of the identified gene in human immune biology.

To achieve these aims, we performed whole-exome sequencing on genomic DNA of patients 2
and 3, followed by a careful filtering strategy for the identification of potentially causative novel,
rare, homo-/hemizygous-variants in immune-related genes. Following this process, the resulting
list of variants in candidate genes was confirmed and segregated using Sanger sequencing on
DNA isolated from blood samples of all three patients and their healthy relatives. This resulted in

the identification of our main candidate gene, LTBR, encoding for the TNFRSF member LTBR.

Utilizing dermal fibroblasts obtained through skin biopsies from all three patients, we clearly
showed the physical and functional absence of LTBR in patient cells, which we were able to
correct using the CRISPR/Cas9 editing technology. We performed a variety of functional and
biochemical assays to explore the consequences of absent LTPR signaling and to further our
understanding of its function in human biology. Techniques applied included single-cell RNA
sequencing and a newly developed ex vivo model to study the ability of different cell types to
interact and induce B-cell differentiation to mimic the GC reaction. This approach allowed us to
demonstrate that the lymphocytes of these patients are seemingly functional, but lack the

necessary microenvironment typically provided by secondary lymphoid organs.

In summary, we define a novel human inborn error of immunity caused by biallelic loss-of-
function mutations in LTBR encoding for the NF-kB activator LTBR, resulting primarily in a
stromal defect affecting the development and function of SLOs. Our findings have a profound

impact on the therapeutic strategy applied to these and potential future LTBR-deficient patients.
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2. RESULTS

The following chapter contains content reprinted with permission from the American
Association for the Advancement of Science, conveyed through Copyright Clearance Center,
Inc. The article resulted from work done during the period of this doctoral thesis and was
published in Science Immunology on November 22, 2024, at

https://www.science.org/doi/10.1126/sciimmunol.adq8796.

The author of this thesis is the first author of this study, has acquired the majority of the
published data, and was involved in the coordination of all experiments, as well as in the

assembly of all figures and writing of the manuscript.
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INTRODUCTION

Secondary lymphoid organs (SLOs) are strategically localized through-
out the body in the form of tonsils, lymph nodes, the spleen, and
Peyer’s patches (1). They act as surveillance centers and provide the
specialized microenvironment necessary for the initiation of adap-
tive immune responses (2). Through a complex network of stromal
cells, alongside tightly regulated chemical signals, they facilitate the
interaction of various immune cell types, culminating in the formation
of germinal centers (GCs) where high-affinity antibody-secreting
plasma cells and memory B cells are formed (3).

Patients with inborn errors of immunity (IEIs), such as BTK (4),
RAGI, and RAG2 (5) deficiencies, can present with nonpalpable
lymph nodes. However, in these cases, the stromal compartment
develops normally, and the lymph node structures are formed,
although they are not populated by lymphocytes. After successful
hematopoietic stem cell transplantation (HSCT), these lymph nodes
can organize and function properly (6).

Still, there are rare cases of IEIs with aberrant SLO development
beyond defects in lymphocytic compartments. Patients deficient in
nuclear factor kB (NF-kB)-inducing kinase (NIK) exhibit lymph
node aplasia (7), whereas 40S ribosomal protein SA (RPSA) defi-
ciency is characterized by isolated congenital asplenia (8). NIK is
ubiquitously expressed and hence directly influences lymphocyte
function and development, whereas RPSA deficiency does not affect
lymph node architecture or other lymphoid organs beyond the
spleen (7, 8). As far as we are aware, no isolated defect causing IEI by
disrupting the stromal architecture of SLOs has been described (9).

NF-kB is a family of transcription factors with critical roles rang-
ing from the coordination of immune and inflammatory responses in
both innate and adaptive immune systems to the development and
maintenance of lymphoid organs (10). Several receptors can activate
NF-«B signaling in immune cells, including the T cell receptor (TCR),
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B cell receptor (BCR), Toll-like receptors, and members of the tumor
necrosis factor (TNF) superfamily (10). The lymphotoxin beta recep-
tor (LTPR), a member of the TNF superfamily, is primarily expressed
by stromal cells, such as endothelial, mesenchymal, and epithelial cells,
as well as by myeloid cells, including dendritic cells (DCs) and macro-
phages (11, 12). In contrast, its two ligands, lymphotoxin (LT) and
TNF superfamily member 14 (TNFSF14/LIGHT), are predominantly
expressed on activated lymphocytes and lymphoid tissue inducer cells
(11, 13). These inducer cells have been demonstrated to be required
for lymph node formation during embryonic development in mice
(14). Upon ligand binding, LTBR activates both the canonical NF-«xB
pathway and, to a greater extent, the noncanonical NF-kB pathway
(15). The pivotal role of LTPR in the development and regulation of
the immune system, through tight communication between stromal
cells and lymphocytes, has been established in murine models where
its absence (16) or inhibition (17) results in absent lymph nodes and
Peyer’s patches, as well as impaired splenic architecture. However, the
role of LTPR signaling in humans has remained poorly defined. Here,
we report an IEI caused by biallelic loss-of-function (LOF) mutations
affecting LTPR and reveal the distinct role of LTPR signaling govern-
ing stromal cell function in shaping the microarchitecture and im-
munological functions of SLOs in humans previously unappreciated
in murine studies.

RESULTS

An IEl with lymph node and tonsil aplasia and splenic defect

We studied three male patients (P1 to P3) from two unrelated con-
sanguineous families (Fig. 1A) who had recurrent upper and lower
respiratory tract infections starting 4 to 6 months after birth, pre-
dominantly of bacterial etiology and requiring intravenous antibi-
otic treatment. At the age of 3 years, P1 experienced meningitis
caused by Streptococcus pneumoniae and recovered completely. P2
had an episode of acute hepatitis at the age of 9 years. No causative
agent was identified, and a liver biopsy revealed biliary destruction
(fig. S1A). We detected an accumulation of CD4™ T cells and B cells
as well as some CD8" T cells in the patient’s biopsy, reminiscent of
lymphoid infiltrates observed in studies of Ltbr™'~ mice (16, 18).
After antibiotic treatment and cholecystectomy, the patient no
longer exhibited symptoms of acute hepatitis. The older brother of
P3 had similar disease manifestations and succumbed to disease
complications, including pulmonary hypertension and cor pulmo-
nale, at 18 years of age. Despite the recurrent infections, lymphade-
nopathy was not detected in any of the patients, and physical
examination was remarkable for absent tonsils and nonpalpable
lymph nodes. Clinical histories are summarized in Table 1 and
supplemental patient clinical histories.

Lymphoscintigraphy in P1 to P3 showed complete lymph node
aplasia despite normal lymphatic duct development (Fig. 1B and fig.
S1B). The spleen had normal dimensions and morphology on ultra-
sonographic examination, but Howell-Jolly bodies in peripheral
blood smears indicated severe functional hyposplenism (Fig. 1C
and fig. S1C) (19). In addition, expression of CD47, a signal used by
cells to protect themselves from splenic removal by macrophages
and DCs (20), was decreased on lymphocytes from P1 to P3, further
highlighting the impaired splenic function observed in patients
with LTPR deficiency (Fig. 1D).

Laboratory studies revealed low levels of immunoglobulin A (IgA)
and IgG in P1 to P3 (Table 1). IgM levels were below the age-adjusted
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normal range in P1 and P2, but normal in P3. After a clinical diag-
nosis of combined immunodeficiency, regular intravenous immu-
noglobulin (IVIG) substitution and antibiotic prophylaxis were
initiated in P1 to P3, reducing exacerbations of respiratory tract in-
fections. P1 tested DNA positive for genus § human papillomavirus
type 24 (HPV-24) (Fig. 1E), which is associated with epidermodys-
plasia verruciformis and skin cancer (21). No other persistent viral
infections were observed (Table 1 and supplemental patient clinical
histories). Collectively, these results reveal an error of immunity
with complete lymph node and tonsil aplasia and splenic defect.

Biallelic germline LTBR mutations resulting in loss of
expression and impaired noncanonical NF-kB signaling
Given the enigmatic disease etiology, we performed whole-exome
sequencing (WES) of P2 and P3 (fig. S2 and tables S1 to S4) and
uncovered rare homozygous variants in the lymphotoxin beta receptor
(LTBR) gene, segregating with the disease under the assumption of
autosomal recessive inheritance (Fig. 1A and fig. S3A). The LTBR
variant in P1 and P2 introduces a premature stop codon in exon 1
(c.91C>T, p.GIn31Ter), and P3 carries a missense variant in exon 4
(¢.359G>C, p.Argl20Pro), located in a loop of the second cysteine-
rich domain (fig. S3B) and predicted to destabilize the protein be-
cause of steric clashes of the substituting proline residue (fig. S3C).
The identified variants were either absent or ultrarare in public da-
tabases (allele frequency < 0.00001), consistent with LTBR con-
straint metrics—a measure for negative selection based on the
observed variation/expected variation ratio—hinting at intolerance
to both missense and LOF variation. In silico predictions suggested
a likely deleterious effect of these variants (table S5).

Serum analysis of P1 and P2 showed a decrease in B lymphocyte
chemoattractant (CXCL13/BLC), a chemokine that is highly
expressed in SLOs, where it controls the navigation of B cells (Fig.
1F and fig. $4, A to C) (22, 23). CXCL13 is secreted after LTBR acti-
vation (24), and its reduction has been used as a serum biomarker of
successful LTPR inhibition in clinical trials of LTPR antagonists
(25, 26). Dermal fibroblasts of P1 to P3 showed complete absence of
LTPR protein expression (Fig. 1G). Upon binding its ligand LT,
LTPR activates the noncanonical NF-xB pathway, during which the
precursor p100 is processed into the active p52 form (15). Accord-
ingly, treatment of patient-derived fibroblasts with LT failed to up-
regulate p52 (Fig. 1H and fig. S5A). In contrast, canonical NF-kB
pathway activation induced by TNF-a remained intact (fig. S5B).
Correction of the stop-gain variant in fibroblasts of P1 and P3 using
CRISPR-Cas9 restored both LTPR expression and LT-induced p100
processing into p52 (Fig. 1, G and H, and fig. S5, A and C). Thus,
these results demonstrate that the variants were LOF and causative
of the observed, aberrant noncanonical NF-kB signaling.

Deficiency of memory B cells and regulatory and Tgy cells

Serial laboratory analyses for P1 to P3 revealed normal ranges of
total leukocyte and lymphocyte counts (Table 1). Despite LTBR
being absent in B and T lymphocytes (11, 12, 27) and given that
terminal B cell maturation occurs mainly in SLOs, we hypothesized
that B cell differentiation may be impaired (3). Correspondingly, de-
spite normal total numbers of CD19" B cells, we detected a sig-
nificant reduction in GC-like B cells (Fig. 2A), as well as a near
absence of both class-switched and unswitched memory B cells
(Fig. 2B and fig. S6) and IgA* or IgG" B cells (fig. S7A). Expansion
of T-bet"8"CD21"" B cells is a hallmark of chronic activation of the
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Fig. 1. Identification of patients with LTBR deficiency. (A) Pedigrees of the two unrelated families included in this study. Black solid symbols indicate affected individuals.
Genotypes are indicated below the symbols. Squares indicate male family members, and circles female family members. Slashed symbols indicate that the individual has
died. Roman numerals indicate generations, and Arabic numbers indicate individuals within a generation. (B) Lymphoscintigraphy images depicting the lower lymphatic
system in an HC alongside P1 and P2 (posterior view). P1 and P2 display normal lymphatic duct development but lack inguinal and iliac lymph nodes (blue dashed rectan-
gle). Blue arrows indicate the main lymphatic nodes. The red arrow indicates the injection sites. (C) Howell-Jolly bodies (blue arrows) in erythrocytes in a blood smear from
P2. (D) Geometric mean fluorescence intensity (gMFI) of CD47 in lymphocytes. Data representative of N = 2; HCs (n = 7) and patients (n = 3). Statistical analysis performed
on one of these experiments using unpaired t test with Welch's correction. (E) Innumerous verrucae planae (flat warts) on the neck of P1. (F) Serum values for CXCL13 for P1,
P2, and controls (n = 4) from two separate Luminex multiplex assays (complete results displayed in fig. S4). (G) LTPR expression by flow cytometry analysis in fibroblasts from
an HC, P1 to P3, as well as in P1-derived fibroblasts where the mutation was reverted to wild-type by CRISPR-Cas9 editing (CRISPR-KI). (H) Representative immunoblot dis-
playing the expression of p52 before and after stimulation with the lymphotoxin (LT) ligand in HC-, P1-, and P1-derived CRISPR-KI fibroblasts. Quantification shown as fold
change of p52/HSP90 relative to untreated HC1. HSP90 served as a loading control. Unpaired t test was used for statistical analysis in (D), (F), and (G).
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Table 1. Clinical and immunological features of patients with LTBR deficiency. TREC and KREC reference values based on (87). n.d., not detected; n.a.

r

not available; WBC, whole blood cell count; ALC, absolute lymphocyte count; ANC, absolute neutrophil count; ENA, extractable nuclear antigen; LSC, light

signal count.

Patient 1 Patient 2 Patient 3
LTBR genomic g.6384449C>T g.6384449C>T 9.6385266G>C
change (HGVS,
NC_000012.12)

Age (months) at - 7 - 3 6

onset

Age at evaluation 11 17 25 4 8 13 17 6 months 1.5 8
(years)

WBC (cells x 6.1 43 7.0 57 5.7 4.7 5.8 22.6 12.0 9.8
103/mm?3)

Normal range 4.5-13.5 4.5-13 4.5-11 5-15.5 4.5-13.5 4.5-13.5 4.5-13 6-17.5 6-17.5 4.5-13.5
ALC (cells x 2.1 2.1 2.0 4.0 4.0 2.8 2.6 15.0 11.0 25
10%/mm?)

Normal range 1.5-6.5 1.2-5.2 1-4.8 2-8 1.5-6.8 1.5-6.5 1.2-5.2 4-13.5 4-10.5 1.5-6.8
ANC (cells x 3.6 1.6 4.1 1.4 14 1.5 2.7 n.a n.a n.a
103/mm3)

Normal range 1.5-8.5 1.8-8 1.8-7.7 1.5-8.5 1.5-8 1.5-8.5 1.8-8

Thrombocyte counts 229 218 195 295 315 490 297 n.a. n.a. n.a.

(cells x10°/mm?>)

Anti-nuclear n.a. n.a. Negative n.a. n.a. n.a. Negative n.a. n.a. AMA-M2,
antibody Anti-Ku
ENA profile n.a n.a Negative n.a n.a n.a Negative n.a n.a n.a
Anti-thyroid n.a. n.a. Negative n.a. n.a. n.a. Negative n.a. n.a. Negative
antibody

Isohemagglutinin 1/64 1/64 1/8 1/2 n.a n.a 1/2 n.a n.a n.a
Normal range >1/8 >1/8 >1/8 >1/8 >1/8

TREC (copy 912 572 n.a.

number/10° cells)

Median (min-max): 6620 (1160-

number/10° cells)

Normal range (87) Median (min-max): 1940 (1660—
15,800)

(Continued)
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(Continued)

Patient 1 Patient 2 Patient 3

Anti-IFN-a antibody n.a. n.a. 121
Normal

range < 1980 LSC

Anti-IFN-o antibody n.a. n.a 110
Normal

range < 1961 LSC

Anti-IFN-y antibody n.a. n.a 78

Normal
range < 1516 LSC

*Patient was on IgRT at time of sampling.

adaptive immune system in certain infections or autoimmune disor-
ders, and these numbers can be aberrant in patients with IEI (28).
However, both P2 and P3 exhibited similar numbers of T-bet"$"CD21'"
B cells compared with healthy controls (HCs) (fig. S7B). After in
vitro cytokine stimulation, patient B cells showed normal activation,
proliferation, and, in principle, the ability to undergo class-switch
into IgA- or IgG-positive cells (fig. S8). To assess the contribution of
T cells to B cell dysfunction, we analyzed the T cell compartment
and function in patients with LTPR deficiency. Mouse studies dem-
onstrated the role of LTPR signaling in regulating thymic epithelial
cells and stromal cells (18, 29). Although P1 and P2 showed lower
TCR excision circle (TREC) levels, their total number of T cells were
in the normal range (Table 1), and P1 to P3 had proportions of re-
cent thymic emigrants comparable with those of HCs (fig. S9A).
Whereas the CD4" T cell subpopulations were unaffected, P1 and P2
displayed increased CD8" terminally differentiated effector memory
T cells reexpressing CD45RA (TEMRA) (Fig. 2C), which may cor-
relate with chronic antigenic exposure (30). T regulatory (Ty,) cells
and T follicular helper (Tgy) cells were significantly reduced in P1 to
P3 (Fig. 2, D and E). Murine studies have, thus far, displayed con-
flicting results regarding the impact of LT on T helper (Ty) cell dif-
ferentiation (13). Whereas LT has been identified as a prototypical
cytokine associated with Tyl cell responses (31), observations in
mice deficient in LTPR or its ligand have showed elevated levels of
Tul-type cytokines within their spleens and lungs (32). Conversely,
exposure to Leishmania major infection resulted in a propensity to-
ward Ty2 cell polarization in Ltbr™~ mice, resulting in an increase
in the severity of the systemic infection (33). Stimulation of lympho-
cytes and assessment of cytokine production revealed a significant
reduction in interleukin-4 (IL-4)-producing Ty2 cells in P1 to P3,
as well as a trend toward lower interferon-y (IFN-y)-producing Ty1
and IL-17A-producing Ty17 cells (Fig. 2F). P1 and P2 T lympho-
cytes exhibited functionality similar to those from HCs across vari-
ous in vitro functional assays, including assessments of proliferation
and activation, and naive T cell differentiation into T, cells (fig.
S9B and fig. S10).

Single-cell RNA sequencing (scRNA-seq) of lymphocytes of P1
and P2 confirmed the shift in the CD8" compartment toward ef-
fector memory cells and a lower proportion of Ty cells (Fig. 3, A
and B, and fig. S11). Among the most differentially down-regulated

Ransmayr et al., Sci. Immunol. 9, eadq8796 (2024) 22 November 2024

genesin CD8" Tlymphocyteswere LTB, encoding for lymphotoxin-f
(LT-p), which binds to LT-a to form the main ligand for LTfR, the
lymphotoxin heterotrimer LTalf2 or lymphotoxin alpha2/betal
(LTa2p1), and FOS, which plays a major role in response to anti-
genic activation (Fig. 3C) (17, 34). Despite a history of recurrent
infections in both patients, differential gene expression analysis re-
vealed no overt differences in the expression of genes associated
with chronic inflammation and exhaustion pathways (table S6).
Clonality analysis via bulk TCR sequencing (Fig. 3D) and scRNA-
seq analysis (fig. S12) showed a reduction in the diversity of T cells
from P1 and P2; however, this was driven by the expansion of a few
clones on a polyclonal background. Together, these findings confirm
a phenotypic shift in T cells toward an effector memory population
with a constrained clonotype arrangement, suggesting their rela-
tively quiescent state despite repetitive antigenic challenge. The con-
served in vitro functions of patient lymphocytes in contrast with
altered in vivo differentiation imply that the observed alterations in
subpopulation distributions may not stem from an intrinsic defect
within lymphocytes themselves but from alterations in the stromal
compartments and the SLOs of the patients.

Alterations in the LTBR and TNF network

Having noticed the significant down-regulation of LTB expression
across multiple CD8" cell subtypes from P1 and P2 in the scRNA-seq
(Fig. 3C), we measured LTB serum levels in P2 and P3, which were
significantly lower compared with HCs (Fig. 4B). We then assessed
other members of the TNF family as well. Serum analysis showed a
modest increase in TNF-ain P1 and P2 (Fig. 4A and fig. S13A), as well
as TNF-p (the soluble homotrimer of LT-a) in P1 (Fig. 4A). TNF su-
perfamily member 14 (TNFSF14/LIGHT), the other known ligand of
LTPR, was also elevated in a multiplex analysis of serum from P1 and
P2 (Fig. 4A), which was further confirmed via enzyme-linked immu-
nosorbent assay (ELISA) in all three patients (Fig. 4C) (12). In addi-
tion, Fas ligand (FasL) was also increased in the patients (Fig. 4D).
Similar to TNF-a and TNF-p/LTa3 (35), both LIGHT (36) and FasL
(37) can also induce apoptosis. Furthermore, overexpression of LIGHT
in mice results in autoimmunity (38), and increased levels of LIGHT
or FasL are associated with autoimmunity in humans (39, 40). In pre-
vious studies, Ltbr~'~ mice exhibited a phenotype of immune dysregu-
lation characterized by splenomegaly, autoantibody production, and
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Fig. 2. In-depth characterization of the immune cell compartment from patients with LTPR deficiency. (A) Gating strategy to identify subpopulations of CD19* B
cells using flow cytometry and results from patients and HCs (n = 9). Subpopulations were classified as plasmablasts, pre-GC, and GC naive or memory/DN (double-
negative). Data shown here are from one experiment, representative of N = 5; HCs (n = 7) and patients (n = 3). (B) Representative plots from two HCs and P1 to P3, high-
lighting the reduction of both class-switched (IgD~CD27%) and unswitched (IgD*CD27%) CD19" B cells in the patients. (C) Distribution of naive (CD45RA*CCR7™), central
memory (TCM CD45RA™CCR7™), terminally differentiated effector memory T cells reexpressing CD45RA (TEMRA CD45RATCCR77), and effector memory (TEM CD45RA™CCR7")
subpopulations within CD4" and CD8™ T cell fractions. The data shown here are from one experiment, representative of N = 4; HCs (n = 7) and patients (n = 3). (D) Fre-
quency of CD25TFOXP3+ Treg cells. The data shown here are from one experiment, representative of N = 2; HCs (n = 7) and patients (n = 3). Statistical analysis was per-
formed on one of these experiments. (E) Frequency of CD45RA™CCR7~CXCR5™* Tgy cells. The data shown here are from one experiment, representative of N = 5; HCs (n = 7)
and patients (n = 3). Statistical analysis was performed on one of these experiments. (F) Distribution of Ty subsets, characterized by cytokine expression on
CD3*CD4*CD25 CD45RA™ T cells after 5-hour stimulation with PMA and ionomycin. Results show a shift in the patients from IL-4-producing T2 and IL-17-producing
Th17 subsets toward the IFN-y—producing Ty1 cells (HCs, n = 10). The experiment was performed twice with cells from P1 and P2. Statistical analysis was done using
ANOVA followed by Bonferroni correction in (A) and unpaired t test with Welch'’s correction in (D) to (F).
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Fig. 3. Sequencing analysis reveals LTB down-regulation and reduced TCR clonality. (A) Low-dimensional projection (UMAP plot) of the combined scRNA-seq data-
set from P1 and P2 and four HCs. In the left panel, colors correspond to the cell type identified by label transfer from a reference dataset of healthy PBMCs. The right
panel displays the same projection, with colors indicating the distribution of patient cells (blue) with the clusters compared with controls (gray). (B) Distribution of CD8 T
cell compartments in the scRNA-seq data. (C) Heatmap showing pseudobulk expression data for genes (shown as columns) that are differentially expressed among P1,
P2, and HCs within the CD8" T cell population (samples and cell types shown as rows). Numbers on the left indicate cell count per group. Dot plots indicate the degree of

significance and in which subtypes they were observed. (D) TCR clonality results obtained from bulk DNA TCRB sequencing in the 1000 most abundant clones with a
productive TCRB VDJ rearrangement and Shannon’s evenness indices below each plot.

D

lymphocytic infiltrates (16, 18, 41). None of the patients in our cohort
had clinically overt autoimmunity or autoinflammation. We screened
the patients with extensive autoantibody detection panels, which were

negative in P1 and P2. However, P3 tested positive for anti-Ku and
anti-mitochondrial antibodies (AMA-M2) despite normal serum liver
and renal parameters (Table 1), implying that the presence of these
22 November 2024
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autoantibodies has not resulted in any clinical manifestations or organ-
related disease in this patient to date. Although autoantibodies against
type I IFNs have recently been reported in several monogenic IEIs af-
fecting the noncanonical NF-xB pathway (42), we could not detect
these antibodies in serum from P3 (Table 1).

In addition, increased levels of decoy receptor 3 (DcR3/TNFRSF6B)
were observed in the patient’s serum compared with those in

Fig. 4. Alterations in the LTBR/TNF network
and the immunomodulatory effect of DcR3.
(A) Heatmap depicting LEGENDplex multiplex
assay for serum samples from P1 and P2 com-
pared with HCs (n = 2). Results were individu-
ally normalized, with the lowest value set to 0
and the highest value set to 100. All other val-
ues were scaled proportionally between these
two extremes. Numbers shown are absolute
values in picogram per milliliter. (B) ELISA se-
rum analysis for LTB. Data are from one experi-
ment with HCs (n = 7) and from P2 (n = 2) and
P3 (n = 1). (C to E) ELISA results for LIGHT/
TNFSF14 (C), FasL (D), and DcR3 (E) for serum
samples from HCs (n = 6) and samples pooled
from P1 and P2, from two blood draws, and one
from P3. In (E), commercially available IVIG was
also tested. Samples from P1 and P2 were taken
from two time points. (F) ELISA results of DcR3
fold change in treated fibroblasts normalized
to untreated cells for HCs (n = 2), patients
(n = 3), and cells from P2 where TNFR1 was
knocked out. Each data point represents the
average of N = 2. (G) AICD after restimulation of
feeder-expanded T cells with soluble anti-CD3
(sCD3). Graph representing the percentage of
apoptotic cells with or without DcR3 treatment.
Dots represent average of individual healthy
donors (n = 3) over two independent experi-
ments. (H) Effect of DcR3 treatment on the kill-
ing capacity of expanded T cells based on
percentage of surviving cocultured p815 target
cells treated with sCD3 (0.1 pg/ml) compared
with the results in the same condition without
the addition of sCD3. Data are representative of
two independent experiments, including two
of the HCs repeated as a biological replicate.
Statistical analysis performed on one of these
experiments. Analysis in (B) was performed us-
ing unpaired t test with Welch's correction.
Analysis in (C) to (E) and (G) was performed us-
ing unpaired t test. Analysis in (F) and (H) was
performed using ANOVA followed by Dunnett’s
post hoc test for multiple comparisons.
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HCs (Fig. 4E and fig. S13B). DcR3 is a soluble protein with anti-
inflammatory properties, acting through the inhibition of both LIGHT
and FASL (43, 44). Unexpectedly, we were also able to detect
DcR3 in various samples of commercially available IVIG products
(Fig. 4D and fig. S13, B and C). Furthermore, we observed that IVIG
treatment of a patient with an IEI resulted in increased DcR3 serum
levels (fig. S13C). Previous studies have linked DcR3 production to
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PI3K/NF-kB activation (45). Treatment of dermal fibroblasts with
either TNF-a or TNF-B/LTa3 resulted in the secretion of DcR3 (Fig.
4F), as did treatment with the two known isoforms of lymphotoxin,
LTalp2 and LTa2P1. This effect was dependent on TNFRI1 and
LTPR stimulation, respectively, because fibroblasts from P2 with an
additional TNFR1 knockout showed no response to any of the
ligands. Whereas LTa2f1 is capable of binding both receptors,
LTa1p2 binds exclusively to LTPR (46). Subsequently, LTa1p2 had
no effect on patient-derived fibroblasts, whereas LTa2f31 was also
able to induce DcR3 production comparably to that of HCs. To as-
sess the immune modulatory function of DcR3, we treated feeder-
expanded T cells with DcR3, which protected the T cells from
activation-induced cell death (AICD) (Fig. 4G) and reduced the po-
tency of their effector functions such as cytotoxic killing (Fig. 4H).
Although the encoding gene is present in the human genome, there
is no ortholog in mice (43). Collectively, these data demonstrate
dysregulation of several members of the TNF superfamily in pa-
tients with LTPR deficiency.

Ex vivo coculture reveals functional B cell activation

and differentiation

To further characterize the B cell compartment in patients with
LTPR deficiency, we performed BCR sequencing and analyzed the
somatic hypermutation (SHM) rate in the Ig heavy-chain variable
regions (IGHV). Whereas the B cell repertoire diversity was compa-
rable between the patients and HCs, indicating that the process of
V-D-J recombination and the ability to generate mature naive B cells
is intact in the patients, we observed a significant reduction in the
number of mutations in the IGHV regions and the percentage of
individual B cell clones in which SHM occurred (Fig. 5A and fig.
S14, A and B), further corroborating the lack of an efficient GC reac-
tion. Although LTPR signaling is critical for SLO development
(17, 27), its direct role in GC formation is less clear (12). Established
assays to measure B cell differentiation use cytokine stimulation in-
stead of direct cell-cell interactions. We devised an ex vivo model to
study the ability of different cell types to interact and induce B cell
differentiation to mimic the GC reaction (fig. S15, A to C). We
cocultured different combinations of peripheral blood mononuclear
cells (PBMCs), DCs, and dermal fibroblasts with or without addi-
tional stimulation of a vaccine for measles, mumps, and rubella
(MMR) in a transwell system. The DCs were differentiated ex vivo
from monocytes and then activated with polyinosinic:polycytidylic
acid (poly I:C) (fig. S15B). The dermal fibroblasts were either donor
derived or modified by generating BM2~'~ fibroblasts to inhibit human
leukocyte antigen I (HLA-I) expression and prevent T cell-mediated
apoptosis (fig. SI5C). After the coculture, B cells from HCs, despite
some level of variability, showed an up-regulation of the activation
marker CD25 as well as activation-induced cytidine deaminase (AID),
the enzyme initiating SHM (Fig. 5B) (47).

Despite the absence of LTPR signaling, patient B cells were able
to differentiate into CD27" memory B cells when coculturing lym-
phocytes with activated monocyte-derived DCs and stromal cells
(Fig. 5C and fig. S16). The additional stimulation with the MMR
vaccine induced the differentiation into GC-like (IgD"CD38") B
cells (Fig. 5C and fig. S16). Hence, LTPR deficiency does not result
in an intrinsic B cell defect.

Together, these data suggest that LTPR signaling, although criti-
cal for SLO development, becomes redundant for B cell differen-
tiation in a GC-like setting if immune cells and stromal cells are
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brought into close proximity artificially. Therefore, the observed
humoral defects in patients with LTPR deficiency may stem from
the absence of a conducive environment typically provided by the
stromal compartment in SLOs.

DISCUSSION

SLOs play a crucial role in initiating the adaptive immune response
and establishing immune memory. Although the formation and or-
ganization of SLOs remain active areas of research, LTPR signaling
has been identified as a key factor in lymph node development in
mice. However, its relevance to humans has been less clear. In this
study, we identify LTPR deficiency as the underlying cause of a pre-
viously unknown combined immunodeficiency, characterized by a
distinct absence of functional SLOs, resulting in hypogammaglobu-
linemia and low memory B cell levels. The T cell compartment al-
terations are likely contributing to the observed susceptibility to
viral infections, including §-HPV (21, 48).

Although the observed defects in the SLOs are consistent with
previously published Ltbr™'~ mouse models (12, 16, 49), other key
signs of immune dysregulation observed in mice (18, 41, 50) were
not as prominent in patients with LTPR deficiency. We speculate
that the defect in the SLOs and subsequently aberrated B cell differ-
entiation and activation may, paradoxically, protect patients from
developing and sustaining autoantibody-producing plasma cells. All
three patients have been receiving IgG substitution, which is a
well-established immune replacement therapy for various autoim-
mune disorders (51), despite its heterogeneity and unclear composi-
tion (52). We detected increased levels of the DcR3 protein in serum
samples at different time points throughout disease progression in
all three patients. DcR3 is a protein that has previously been reported
to be anti-inflammatory and antiapoptotic via blockade of FasL and
LIGHT (53), in line with the increased survival and decreased kill-
ing activity shown in our study. Intriguingly, DcR3 is not encoded
in mice (43, 44). In addition to confirming the immunoregulatory
function of DcR3 on human T lymphocytes, we detected high con-
centrations of DcR3 in various commercially available IVIG solu-
tions. Therefore, it is possible that the increase of DcR3 in patients
with LTPR deficiency is in part due to the imbalance of several TNF
members or the IVIG replacement therapy. Further delineation of a
potential role of DcR3 in modulating immune dysregulation will re-
quire additional studies in the future.

The TNF superfamily receptors, particularly RANK, CD40, and LT{R,
play crucial roles in the formation of the thymic microenvironment and
the induction of central tolerance (54). The RANK and CD40 signaling
pathways are essential for the development of medullary thymic epithelial
cells (mTECs) and the expression of the autoimmune regulator (AIRE), a
master regulator of ectopic peripheral antigen expression (55). AIRE is vi-
tal for negative selection by promoting the expression of peripheral tissue-
restricted antigens (TRAs) in mT'ECs, thereby preventing autoimmunity
by ensuring self-tolerance. Mutations in AIRE lead to autoimmune
polyendocrinopathy candidiasis ectodermal dystrophy, a monogenic
disorder characterized by multiorgan autoimmune destruction with a dis-
tinct IFN-y-mediated inflammatory signature (56). In contrast, although
the LTPR signaling pathway is also necessary for normal thymic architec-
ture and mTEC differentiation, it does not influence AIRE expression or
AIRE-dependent TRA expression. Instead, LTPR signaling induces the
transcriptional regulator FEZF2, which governs the expression of a dis-
tinct set of TRAs (54). In LTPR-deficient mice, FEZF2-dependent TRA
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Fig. 5. Functional ex vivo B cell activation in LTBR-deficient cells. (A) The rate of SHM in the IGHV of the top 200 B cell clones with productive IGH rearrangements. Each
dot represents a unique B cell clone with the number of mutated nucleotides (nt) plus one on the y axis (logarithmic scale). The percentage of clones with no SHM is shown
below each sample in a circular plot. Asterisks represent P values <0.001 of Dunnett’s test comparison between individual patient samples and the aggregate of HC
samples. (B) Up-regulation of the activation marker CD25 and AID in CD19* B cells from HCs (n = 4) after 7 days of coculture in various combinations of PBMCs, SCs, DCs,
and MMR vaccine as indicated in the panel. (C) Differentiation of CD19%° B cells from controls (n = 4) and patients into CcD27% memory or CD38+IgD" GC-like B cells after
12 days of coculture. Measurements were compared with day 0. Indicated conditions include the addition of stromal cells (SCs), monocyte-derived DCs, or additional
treatment with an MMR vaccine. All conditions were stimulated with BAFF every other day. Readout was performed using flow cytometry.

expression is reduced in mTECs, highlighting an alternative pathway for
TRA expression independent of AIRE, which implies that LTBR signaling
supports the maintenance of thymic stromal cell subsets and chemokine
production, playing a broader role in the regulation of the thymic micro-
environment. Consistent with this distinct downstream transcriptional
impact, the clinical phenotype of patients with LTPR deficiency is quite
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different from that of AIRE deficiency (56), presenting predominantly as
B cell dystunction without the IFN-y-mediated chronic inflammation
and autoimmunity.

Not only Ltbr™~ mice but also mice overexpressing the LTPR
ligands LT or LIGHT can exhibit signs of autoimmunity (39, 57),
likely to be caused by the unregulated formation of tertiary lymphoid
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organs (TLOs) (58). These are ectopic lymphoid structures that
arise temporarily in proximity to sites of chronic inflammation
and resemble SLOs in their organization, function, and depen-
dence on LTPR signaling (58). Despite their role as gatekeepers
and as a favorable prognostic factor in cancer, TLOs are associated
with increased tissue damage in autoimmune diseases (58). Thus,
LTPR signaling has been a therapeutic target in autoimmune dis-
eases, including rheumatoid arthritis or Sjogren’s syndrome, but
clinical trials using inhibitors for LTBR (25) or its ligand (26) have
been unsuccessful. The results from our ex vivo GC model sug-
gest that once the process of GC formation has been initiated in
either SLOs or TLOs, blockade of LTBR may not suffice to stop the
ongoing GC reaction and production of autoantibody-secreting
plasma cells.

Our study shows that biallelic LOF mutations in LTBR cause an
IEI with a predominantly humoral immune deficiency and milder
T cell defects, in contrast with murine models where the role for
LTPR signaling in autoimmunity was demonstrated by controlling
thymic stroma and intestinal microbiota (59). Further corrobo-
rated by murine data, the nonlymphocyte lineage-specific expres-
sion of LTPR suggests that allogeneic HSCT may not provide a
curative treatment for human LTPR deficiency (12), whereas anti-
infective prophylaxis using IVIG and prophylactic antibiotics is
imperative. Our study advances our understanding of LTPR as a
critical factor of human immune homeostasis, with implications
for potential targeted therapies in the context of severe infections
and autoimmunity. Whether the observed increase in DcR3 mod-
ulates the clinical phenotype warrants further research, and to
refine therapeutic strategies, a more profound comprehension of
human-specific molecular regulation and tissue specificity in
lymphotoxin signaling is paramount. Another limitation of our
study—similar to other studies identifying genetic etiologies of
rare diseases—is the relatively low numbers of patients identified
with this genetic defect, implying that future studies with ad-
ditional affected individuals will enable the delineation of
the full phenotypic spectrum of disease and potential genotype-
phenotype correlations.

MATERIALS AND METHODS

Study design

The objective of this study was to investigate the role of LTPR in hu-
man immune homeostasis. For this purpose, we performed an array
of functional and multiomic experiments on primary material from
the patients carrying a germline-encoded homozygous mutation in
LTBR, after genetic analysis. Furthermore, we made use of cellular
models to investigate the effects of the LTBR mutation on the
function of lymphocytes and stromal cells using biochemical and
proteomic approaches. This included a self-developed coculture sys-
tem of different immune and stromal cells to assess their interaction
and capacity to stimulate B cell differentiation. Control samples were
used either from healthy shipment controls or taken from healthy lo-
cal donors.

Study oversight

The study was approved by the relevant institutional review boards
and performed in accordance with the guidelines of good clinical
practice and the current version of the Declaration of Helsinki.

Ransmayr et al., Sci. Immunol. 9, eadq8796 (2024) 22 November 2024

Written informed consent was obtained from the patients or the pa-
tients’ legal representatives.

Patient and human cell lines

PBMCs from the patients and HCs were isolated via Ficoll gradi-
ent. Patient- and HC-derived T cells were expanded by stimula-
tion of PBMCs with irradiated feeder cells, phytohemagglutinin
(PHA; 1 pg/ml, Sigma-Aldrich), and IL-2 (100 IU/ml, Novartis)
in RPMI 1640 medium containing 5% human serum (IBJB - Inst.
Biotechnologies J.BOY, 201021334) and supplemented with
1 mM sodium pyruvate (Thermo Fisher Scientific, 11360039),
minimum essential medium nonessential amino acid solution
(Sigma-Aldrich, M7145), penicillin (50 U/ml), streptomycin
(50 mg/ml), and 10 mM Hepes. Fibroblasts were isolated from
skin biopsies from patients and HCs and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf
serum (FCS), penicillin (50 U/ml), streptomycin (50 mg/ml), and
10 mM Hepes. All cells were cultured at 37°C in a humidified at-
mosphere with 5% CO,.

Whole-exome sequencing

Genomic DNA (gDNA) was isolated from peripheral blood sam-
ples using commercial extraction kits [P2: DNeasy Blood and
Tissue Kit (Qiagen); P3: GenEx Blood (GeneAll)]. WES of P2
involved library preparation and exome enrichment using Nex-
tera Rapid Capture Exome kit (Illumina), followed by 150-base
pair (bp) paired-end sequencing on the Illumina HiSeq3000 sys-
tem. Sequenced DNA reads were mapped to the human reference
genome (GRCh38/hg38 assembly) by means of the Burrows-
Wheeler Aligner (60). After variant calling with the Genome Anal-
ysis Toolkit HaplotypeCaller (61), variant effect predictor was used
for annotating single-nucleotide variants and small insertions/
deletions (62). From the obtained variant calls, nonsynonymous
(nonsense, missense, small insertions, and deletions) and splice-
region variants (+8 bp from the intron/exon boundaries) were
then filtered to exclude those with a minor allele frequency > 0.01
in gnomAD v2.1.1 (63).

An in-house database including sequencing data from >1200
individuals was used to further exclude recurrent variants
with an allele frequency > 0.02. The remaining variants were
prioritized on the basis of literature research and their com-
bined annotation dependent depletion pathogenicity predic-
tion score (64).

For P3, the WES library was prepared using the Nextera DNA
Prep with Enrichment Kit (Illumina), and sequencing was per-
formed with 150-bp paired-end reads on the Illumina NextSeq 550
platform. Data processing, including mapping, variant calling, and
annotation, was conducted with the SEQ Platform v8 (Genomize).

Sanger sequencing

Isolation and purification of gDNA from the probands and fam-
ily members of both kindreds was performed from peripheral
blood using the DNeasy Blood and Tissue Kit (Qiagen). Sanger
sequencing was used for the validation and segregation of the
LTBR variants identified via WES in the patients and their family
members. Specific primers were designed to amplify the genom-
ic regions encompassing each of the two identified variants.
Sanger sequencing primers used for validation and segregation
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of LTBR variants in the patient and family members are shown
in table S7.

Protein structure visualization

The three-dimensional (3D) structural model of wild-type LTPR
was obtained from AlphaFold and visualized with PyMOL (Mo-
lecular Graphics System, version 2.0 Schrédinger LLC) (65, 66).
MISSENSE3D was used to predict possible effects of p.Argl20Pro
on the protein (67, 68).

CRISPR-Cas9 editing of human cells

For the reconstitution experiments, dermal fibroblasts derived from
P1 and P3 were edited using CRISPR-Cas9 to reexpress LTPR. Cells
were collected and resuspended in Opti-MEM (Thermo Fisher
Scientific, 31985062). For electroporation, 10° cells were used per
condition. Before electroporation, 125 pmol of Cas9 protein (IDT,
Alt-R S.p. Cas9 Nuclease V3) and 150 pmol of single gRNA were
mixed and incubated for 15 min at room temperature. Subsequently,
100 pmol of single-stranded oligodeoxynucleotide (ssODN) tem-
plate was added to the cells (table S8). A NEPA21 electroporator
(NepaGene) was used for electroporation with the following set-
tings: poring pulse: 250 V, 2.5-ms pulse length, total of two pulses
with 50-ms interval between the pulses, 10% decay rate with + po-
larity; transfer pulse: 20 V, 50-ms pulse length, total of five pulses
with 50-ms intervals between the pulses, 40% decay rate with +
polarity. Next, the cells were seeded in DMEM supplemented
with 10% FCS. Ten days later, the cells were stained with LTBR
antibody and sorted using a fluorescence-activated cell sorting
(FACS) Aria Fusion cell sorter. Positive cells were used for fur-
ther analysis.

For the coculture experiments, dermal fibroblasts from an HC
were edited using CRISPR-Cas9 to knock out B2M to prevent ex-
pression of HLA-I. Except for the addition of an ssODN template,
the electroporation was performed the same way as described above.
Afterward, the cells were seeded in DMEM supplemented with 10%
FCS. Ten days later, the cells were stained with HLA-I antibody and
sorted using an FACS Aria Fusion cell sorter. Negative cells were
used for further analysis. Dermal fibroblasts from P2 were used and
processed for TNFR1 knockout the same way.

Flow cytometry

PBMCs, either fresh or cryopreserved in liquid nitrogen, were used
for immunophenotyping. To reduce unspecific antibody binding,
the cells were blocked in RPMI 1640 containing 10% FCS for at least
1 hour before surface staining with antibodies (listed in table S9) for
30 min in the dark at 4°C. Stained cells were acquired with an LSR-
Fortessa (BD Biosciences) or FACSymphony (BD Biosciences).
FlowJo v10 was used to analyze the data, and Prism v.8 (GraphPad)
was used to produce graphs. For intracellular staining, the cells were
permeabilized after surface staining with BD 1X Perm/Wash bufter
before additional staining with intracellular antibodies for 30 min in
the dark at 4°C. The complete list of antibodies used in this study is
shown in table S9.

T cell activation and proliferation assay

Feeder-expanded T cells from patients and HCs were stained
with violet proliferation dye (VPD450, BD Biosciences) and
seeded on 96-well U-shaped plates at 400,000 cells per well in
100 pl of RPMI 1640 supplemented with 10% FCS. The cells

Ransmayr et al., Sci. Immunol. 9, eadq8796 (2024) 22 November 2024

were stimulated with either soluble anti-CD3 (sCD3, clone:
OKTS3; 1 pg/ml), a combination of sCD3 (1 pg/ml) with soluble
anti-CD28 (sCD3/CD28, 1 pg/ml, eBioscience), PHA (5 pg/ml, Pe-
protech), CD3/CD28 DynaBeads (Beads, Invitrogen), or left un-
treated. Activation was assessed after 24 hours using flow cytometry.
Proliferation was measured after 4 days of stimulation by diluting
the VPD450.

Teg cell differentiation assay

The Ty cell differentiation assay was used according to the to the
manufacturer’s protocol (CellXVivo Human T, Cell Differentia-
tion Kit #CDK006) with small adaptations. In brief, cryopreserved
PBMCs from HCs and patients were thawed, and naive T cells were
isolated via magnetic bead separation (Miltenyi, 130-097-095).
From each donor, 50,000 cells were either resuspended with RPMI
1640 complete supplemented with 10% FCS or treated using human
Treg differentiation medium as prepared using the manufacturer’s
instructions. Treated cells were then seeded into a 96-well ELISA
plate that had been coated with anti-CD3 (clone: OKT3) for 24 hours,
whereas the untreated cells were added to uncoated wells. Differen-
tiation of T4 cells was measured after 5 days of cultivation using
flow cytometry.

Ty cell cytokine production assay

Cryopreserved PBMCs from patients and HCs were thawed and
seeded on 96-well U-shaped plates at 300,000 to 500,000 cells
per well in RPMI 1640 supplemented with 10% FCS. Cells were
stimulated with 200 nM phorbol 12-myristat 13-acetat (PMA,
Sigma-Aldrich) and ionomycin (1 pg/ml, Sigma-Aldrich) or
left untreated for a total of 6 hours. After 1 hour of stimulation,
brefeldin-A (BioLegend) was added to the cells. Cells were
stained with surface antibodies before fixation and stained
with intracellular cytokine antibodies. Cells were analyzed using
flow cytometry.

B cell activation and proliferation and class switch assay
Cryopreserved PBMCs from P1, P2, and HCs were thawed and
stained with violet proliferation dye (VPD450, BD Biosciences) be-
fore being seeded on 96-well U-shaped plates at 400,000 cells per
well in 100 pl of RPMI 1640 supplemented with 10% FCS. The cells
were stimulated with either IL-4 (100 ng/ml, Peprotech) + CD40L
(200 ng/ml, Peprotech), IL-21 (20 ng/ml, Peprotech) + CD40L (200 ng/
ml), CpG (50 nM, InvivoGen), or left untreated. Activation was as-
sessed after 24 hours using flow cytometry. Proliferation was mea-
sured after 6 days of stimulation by diluting the VPD450. Class
switch was measured after 5 days of stimulation by CD19* B cells
expressing IgA or IgG.

B cell differentiation assay

Cryopreserved PBMCs from patients and HCs were thawed, and
B cells were isolated via magnetic bead separation (Miltenyi
130-101-638). Cells were seeded in 96-well U-shaped plates at
50,000 cells per well in 100 pl of RPMI 1640 supplemented with
10% FCS. The cells were stimulated with a combination of 5 pg of
unconjugated goat anti-human F(ab)2 fragments (the Jackson
Laboratory), IL-21 (50 ng/ml, Peprotech), CD40L (1 pg/ml,
Peprotech), and CpG (1 pg/ml, Peprotech), or left untreated.
Differentiation was measured after 6 days of stimulation using
flow cytometry.

120f 17

GT0T ‘81 AIenigo uo euUdIA JO AJISIOATU) [BOIPIJA] J& S10°00UAIOS MMM //:SdNY WO} POPEO[UMO(]



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

Stimulation of dermal fibroblasts for DcR3 production
Dermal fibroblasts from HCs, patients, and P2 where TNFR1 was
knocked out using the CIRSPR-Cas9 system were seeded at 15,000
cells per well in 200 pl in 48-well plates. After 24 hours, the cells
were stimulated with human TNF-a (100 ng/ml, Miltenyi), human
TNF-p/LTa3 (200 ng/ml, Peprotech), human LTalp2 (200 ng/ml,
R&D Research), or human LTa2p (200 ng/ml, R&D Research), or
left untreated. After 24 hours, the supernatant was collected and
used for DcR3 analysis using ELISA (R&D Systems). Results from
two independent experiments were averaged before each sample
was normalized to its untreated result, followed by pooling of the
data of HCs and patients.

Effect of DcR3 on AICD in T cells

Before being washed with phosphate-buftered saline (PBS), 96-well
U-shaped plates were coated with CD3 (clone OKT3, 2 pg/ml)
overnight at 4°C. After 10 days of feeder stimulation with IL-2 (No-
vartis) and PHA, expanded T cells from HCs and from P2 were
seeded at 100,000 cells per well and treated with DcR3 (3.75 pg/ml,
MedChemExpress) or left untreated. After 24 hours of stimulation,
the cells were harvested, apoptosis was assessed via staining with
annexin V-allophycocyanin (APC) (BD Biosciences), and propidi-
um iodide (BioLegend), and readout was performed using flow
cytometry.

Effect of DcR3 on T cell killing function

GFP* P815 target cells were treated with anti-CD3 (1 pg/ml, clone:
OKTS3) antibody for 1 hour or left untreated. Expanded T cells from
two HCs previously stimulated for 10 days with feeder cells, IL-2
(Novartis), and PHA were assessed for CD4" and CD8" ratio before
treatment for 1 hour with DcR3 (6.25 pg/ml, MedChemExpress) or
DcR3 (37.5 pug/ml) or left untreated. P815 cells were washed before
being cocultured with the expanded T cells at a 1:1 ratio in 96-well
U-shaped plates. Aphidicolin (0.2 pg/ml, Sigma-Aldrich) was added
to inhibit proliferation of the cells. After 6 hours of coculture, the
cells were harvested, and the killing function of T cells was estimated
by measuring the number of 7-AAD-negative (BD Biosciences)
P815 cells by flow cytometry.

Coculture for B cell differentiation

For the coculture, different combinations of PBMCs, DCs, and fi-
broblasts were combined with or without additional stimulation of a
vaccine for MMR (Merck Sharp und Dohme). PBMCs from patients
and HCs were thawed and CD14" monocytes isolated using CD14
MicroBeads (Miltenyi). Monocytes were then differentiated to DCs
over 6 days by adding IL-4 (1000 IU/ml, Peprotech) and granulocyte-
macrophage colony-stimulating factor (1000 IU/ml, Peprotech).
DCs were stimulated by adding poly I:C (10 pg/ml, InvivoGen)
for 24 hours. CRISPR-Cas9-edited B2M knockout fibroblasts or
patient-derived fibroblasts were seeded at 5000 cells per well into a
24-well transwell. The next day, the donor-specific PBMCs were
added at 300,000 cells per well together with donor-specific DCs at
30,000 cells per well with or without addition of 5 pl of MMR per
well. RPMI 1640 (1 ml) supplemented with 10% FCS was added in
the transwell below. Cells were stimulated with B cell-activating
factor (BAFF; 50 ng/ml, Peprotech) every other day. Cells were
harvested on day 7 for activation readout or on day 12 for differen-
tiation readout using flow cytometry.

Ransmayr et al., Sci. Immunol. 9, eadq8796 (2024) 22 November 2024

NF-xB stimulation in fibroblasts

For canonical NF-kB activation, dermal fibroblasts were stimulated
with human TNF-a (20 ng/ml, Miltenyi) for 10 to 60 min followed
by immunoblot analysis. For noncanonical NF-kB activation, der-
mal fibroblasts were stimulated with human LTa1f2 (200 ng/ml,
R&D Research) for 6 hours followed by immunoblot analysis.

Immunoblot

Cell Iysates of HC and patient fibroblasts were prepared in radioimmu-
noprecipitation assay buffer containing protease and phosphatase
inhibitor cocktail (Thermo Fisher Scientific). Protein concentrations
were determined using the DC Protein Assay Kit II (Bio-Rad), and
20 pg of protein was used and resolved by reducing SDS-polyacrylamide
gel electrophoresis with 4 to 15% mini-protean TGX precast protein
gels, followed by transfer to polyvinylidene difluoride (PVDF) mem-
branes using the Trans-Blot Turbo RTA Mini 0.45-pm LF PVDEF
Transfer Kit and the Trans-Blot Turbo transfer system (Bio-Rad).
Then, membranes were blocked in 5% bovine serum albumin (BSA)
solution for 1 hour at room temperature and subsequent incubation
with primary antibodies NF-kB2 p100/p52 (Cell Signaling Tech-
nology) and heat shock protein 90 (HSP90) a/f} (Santa Cruz Bio-
technology) or with phospho-NF-kB p65 (Cell Signaling), IxkBa
(Cell Signaling Technology), and HSP90a/ (Santa Cruz Biotechnol-
ogy) overnight at 4°C. Subsequently, membranes were washed three
times in tris-buffered saline with Tween 20 detergent (TBST) and
incubated with peroxidase-conjugated secondary antibodies for
1 hour at room temperature followed by washing three times in
TBST and visualized using chemiluminescence with the ECL Prime
Western blot detection reagent (Cytiva) and the ChemiDoc MP im-
aging system (Bio-Rad).

Enzyme-linked immunosorbent assay

LTB, TNF-a, CXCL13/BLC, DcR3/TNFRSF6B, FasL/TNFSE6, and
LIGHT/TNESF14 levels were detected using ELISA (LTB: catalog
no. A312081, Antibodies.com; TNF-a: catalog no. 10737663, Ther-
mo Fisher Scientific; CXCL13/BLC: catalog no. 15444963, Thermo
Fisher Scientific; DcR3: catalog no. 15405163, Thermo Fisher Scien-
tific; FasL: catalog no. DY126, DuoSet kit R&D Systems; LIGHT:
catalog no. DY664, DuoSet kit, R&D Systems), Luminex Multiplex
Assay (Thermo Fisher Scientific) and LEGENDplex (catalog no.
741182, Biolegend) in HC and patient serum samples according to
the manufacturer’s instructions. Fifty microliters of each serum
sample in duplicates was used in all assays.

scRNA sequencing

Samples from P1 and P2 were analyzed along with those from four
HCs as previously described (69). In brief, cryopreserved PBMCs
from the two patients and four HCs were thawed, washed in RPMI
1640 medium, and resuspended in sterile PBS with 0.04% BSA. A
single-cell suspension was obtained by passing 1 million cells into a
5-ml FACS tube through a cell strainer and sorting for the live lym-
phocytes and monocytes on the basis of the forward and side scatter
using the FACSAria Fusion (BD). scRNA-seq was then performed
on the live samples using the Chromium Single Cell Controller and
Chromium Next GEM Single Cell 5’ Kit v2 (10x Genomics, Pleasanton,
CA) according to the manufacturer’s protocol. TCR sequences
were enriched at the cDNA stage using the respective reagents, in
accordance with the instructions of the VDJ Kit workflow by 10x
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Genomics. Sequencing was performed using the Illumina NovaSeq
platform in the 75-bp paired-end configuration.

CellRanger v5.0.1 software (10x Genomics) was used for demul-
tiplexing and alignment to the GRCh38-2020-A human reference
transcriptome. The R statistics software was used to analyze the pro-
cessed data. Briefly, CellRanger outputs (filtered count matrices)
were further filtered to exclude cells with more than 15% mitochon-
drial counts or with numbers of detected genes either fewer than
300 or unusually high (per-sample z-score > 2.5). Cell types were
annotated using Seurat (v 4.1.0) with sctransform (70) normaliza-
tion (v.0.3.3) and Azimuth (v 0.4.3) (71). The reference used was
human PBMC annotation level 2. Cells with an annotation score or
mapping score less than 0.5 were excluded from further analysis.
For visualization, the Azimuth reference space [Uniform Manifold
Approximation and Projection (UMAP)] was used, and cell types
with fewer than 20 cells annotated (cDC2, pDC, CD16 mono, plate-
let, HSPC, ILC, and dnT) were excluded. Clonality analysis of the
TCR repertoires was based on cells that were assigned exactly one
alpha chain CDR3 and one beta chain CDR3. A clonotype was de-
fined as a unique combination of these CDR3 motifs, and clonality
for patients and cell types was calculated as 1 minus normalized en-
tropy as done in other studies (72). scRNA-seq differential expres-
sion (DE) testing of patients versus HCs was done using edgeR (73)
(v 3.36, default parameters, exact test) and pseudobulk profiles (ag-
gregated counts per patient) to minimize false discoveries (74). Each
test was filtered to exclude genes with false discovery rate (FDR)-
adjusted P value >0.05; the remaining genes were ordered by P value.
Several tests were performed, each focusing on different cell pop-
ulations. Tests were performed within CD8" T cells (aggregating
CD8 naive, CD8 TCM, and CD8 TEM) and within the individual
CD8" cell types. Expression heatmaps show normalized expres-
sion (DESeq2 vst function after aggregating counts of all cells per
group) z-scored per gene and cropped to the range of —2 to 2. Genes
selected for display in the heatmaps had to have P value rank < 45
and logFC rank < 45 (grouped by fold-change direction) in one of
the CD8 cell type DE tests. After differential gene expression analysis,
we performed gene set enrichment analysis using hypergeometric
tests. For the tests, we considered all the genes retained by edgeR as
background, whereas the DE genes (FDR < 0.05) were considered
the genes of interest. The following genes defined the “exhaustion”
gene set: PDCDI1, CTLA4, NFATCI, SPRY2, BATF, VHL, FOXOlI,
FOXPI, LAG3, CD244, CD160, HAVCR2, TRAF1, TNFRSF9, IL10RA,
IL10, PRDM1, STAT3,1IFNA1, IFNB1,IL21, CXCR5,SOCS3, GATA3,
IKZF2, BCL6, BCL2, TBX21, and EOMES. A significant enrichment
for exhaustion was not observed in any of the DE test results
(P values >0.1).

BCR and TCR sequencing

For BCR and TCR sequencing, DNA was isolated from PBMCs or
whole blood of patients and HCs. The DNA used for BCR sequenc-
ing of P1 and P2 was isolated from B cell-enriched samples using
magnetic cell sorting separation as described previously in the B
cell differentiation protocol. Sequencing was performed using pro-
tocols and primers standardized by the EuroClonality-NGS Working
Group and sequenced with the Illumina MiSeq v3 600-sequencing
kit (MS-102-3003) with 20% PhiX v3 Control library (FC-110-3001;
both Illumina, San Diego, CA, USA) following the manufacturer’s
instructions (75, 76). Demultiplexed sequencing data were analyzed
using the ARResT/Interrogate platform to annotate individual
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clones for further processing with R (77, 78). For the analysis of
clonality, only productively rearranged IGH and TCRB clones were
included in the analysis, and only the top 1000 clones by frequency
were included for the figure plots and diversity calculations. For the
analysis of the SHM rate, all productively rearranged IGH clones
with a unique amino acid sequence in the CDR3 and with a cover-
age of at least five reads in the sample were used, and its representa-
tive sequence with the highest number of reads was used for
alignment. The alignment to the IGHV gene reference sequences
was performed using the IMGT/HighV-QUEST platform, and the
resulting files were processed using custom R code to generate sta-
tistics and plots (79, 80). The number of nucleotide mutations was
calculated for each clone with a productive IGH rearrangement in
the CDR1, CDR2, FR2, and FR3 regions of the rearrangement. For
the figure plots and underlying statistics, the top 200 clones by their
frequency were analyzed for each sample. A detailed analysis of
the IGHV3-23 gene was performed for all clones with a produc-
tive rearrangement of this IGHV gene, and a mutational rate was
calculated for each amino acid position on the basis of the align-
ment to the IMGT reference. A mutational rate is shown as a
median per position for all four HCs with an error bar corre-
sponding to the 75th percentile and individual values per posi-
tion for all patients.

Statistical analysis

For individual comparisons of independent groups, the Student’s
t test was performed. Welch’s correction was used if the two groups
had unequal variances or sample sizes. For multiple comparisons, a
one- or two-way analysis of variance (ANOVA) was applied, fol-
lowed by Bonferroni post hoc test to correct for multiple compari-
sons. In the case of multiple comparisons toward one dataset (e.g.,
untreated), Dunnet’s post hoc test was used instead. Data graphs
and analyses were made using PRISM software (GraphPad Software
Inc.), and error bars display the SDs.
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SUPPLEMENTARY MATERIALS

SUPPLEMENTAL PATIENT CLINICAL HISTORIES

The patient cohort consists of three individuals from two unrelated consanguineous families from
Turkey. Patient 1 (P1, born 1997, 27 years, male) has experienced, from 7 months of age, recurrent
pneumonia along with frequent episodes of otitis and sinusitis, which required 2 times hospitalization for
administration of intravenous antibiotics. At the age of 3 years, he had S. pneumoniae meningitis, with
complete recovery. During another hospitalization episode due to pneumonia, bronchiectasis was detected
in the thorax computed tomography scan. The physical examination revealed the absence of tonsils and
no lymph nodes were palpable. The patient further exhibited signs of failure to thrive, with his weight
falling below the 3™ percentile and his height ranging between the 3™ and 10" percentiles. Laboratory
assessment revealed panhypogammaglobulinemia. Inverted CD4"/CDS8" T cell ratio as well as high naive
and decreased class-switched memory B cells were observed upon immunological evaluation.
Lymphocyte proliferation responses were comparable to age-matched controls. At 10 years of age, he
started to receive intravenous immunoglobulin replacement treatment along with azithromycin
prophylaxis, leading to a notable reduction in infections. Since then, he has been experiencing episodes
of otitis media 1-2 times per year and has had facial verruca vulgaris for the last 10 years, extended to his
neck and shoulders, which was DNA-positive for human papillomavirus type 24 (Fig. 1F). It is associated
with epidermodysplasia verruciformis and an increased risk of developing squamous cell carcinomas
particularly in sun-exposed areas early in life (2/). No additional infections were observed during the
follow-up period.

Patient 2 (P2, born 2005, 19 years, male) is the younger brother of P1. He consistently had recurrent
sinopulmonary infections since 3 months of age. At the age of 9 years, he experienced acute hepatitis and
cholecystitis. No causative infectious agent could be isolated, and autoantibodies were negative. A liver
biopsy showed biliary destruction and T cell infiltration without evidence of cirrhosis. The patient
benefitted from cholecystectomy and antibiotics, as well as systemic methylprednisolone, at a dose of 1
mg/kg/day for 2 weeks. Based on the panhypogammaglobulinemia, low isohemagglutinin levels, and
decreased total pneumococcal vaccine response, he was commenced on intravenous immunoglobulin
replacement treatment and antibiotic prophylaxis at the age of 12 years, which provided good infection
control. Similar to P1, absence of tonsils was noted during physical examination, and immunological
evaluation of PBMCs showed an inverted CD4"/CD8" T cell ratio with high naive and decreased class-
switched memory B cells.

Patient 3 (P3, born 2015, 9 years, male), the second-born male child of another unrelated Turkish family
was evaluated in an immunology clinic at 6 months of age due to the previous history of his deceased
brother. At this time, he was completely asymptomatic. However, although his IgM levels were normal,
his IgA and IgG levels were lower than age references. Immunological evaluation showed comparable
numbers of CD4", CD8" and CD19" cells to the age-matched controls. He was commenced on intravenous
immunoglobulin substitution and trimethoprim-sulfamethoxazole prophylaxis. CD40 and CD40LG gene
defects were excluded via Sanger sequencing. Immunological evaluation was performed again at the age
of 1 year, revealing the lack of class-switched B cells. Currently, the patient has an asymptomatic clinical
course under intravenous immunoglobulin substitution and antibiotic prophylaxis.

The patient’s brother had hypogammaglobulinemia and recurrent pulmonary infections leading to severe
bronchiectasis and pulmonary hypertension. He succumbed to cor pulmonale at the age of 18 years. No
genetic material from this patient was available.
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Figure S1. Liver biopsy showing accumulation of lymphocytes in P2 and SLO defects in P3 and
P1

(A) Liver biopsy from P2 during an episode of acute hepatitis showing accumulation of CD4" T cells
(brown) and CD20" B cells (red) (left panel), and a low number of CD8" T cells (brown) distinct from
the typical organization of an ectopic lymphoid structure (right panel). (B) Whole-body
lymphoscintigraphy showing the absence of lymph nodes in P3. The red arrows indicate the injection
sites. (C) Presence of Howell-Jolly bodies (blue arrows) in blood smear from P1.
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Figure S2. WES filtering strategy for the identification of potentially
/hemizygous variants
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WES variant filtering strategy in P2 and P3 for the identification of potentially causative novel, rare,
homo-/hemizygous-variants in immune-related genes (see Table S1-S4). The number of variants
remaining after each filtering step are indicated on the left. MAF, minor allele frequency; CADD,

Combined Annotation Dependent Depletion; GO, Gene Ontology.
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Figure S3. Analysis of the identified L7BR germline mutations

(A) Sanger sequencing chromatograms of L7BR encompassing the identified variants in the respective
families. Mutant residues are highlighted in red. Roman numbers indicate generations while Arabic
numbers indicate individuals within a generation (see Fig. 1A). (B) Diagram displaying the position of
the mutations within the L7BR exons in the cDNA (upper panel) and the different protein domains of
LTBR, with the position of the identified variants also indicated (lower panel). CRD: Cysteine Residue
Domain. Multiple protein sequence alignment shows conserved p.GIn31 and p.Arg120 residues across
several mammal species. Highly conserved residues within the selected species are marked by asterisks
(*). (C) 3D structural model of LTBR predicted by Alphafold (66, 67), with a close-up view showing the
mutated arginine residue at position 120 (shown as red spheres) found in P3. This residue is located in a
loop of the CRD2 domain that contains multiple residues predicted to form interactions with residues
within the CRD1 domain. The software MISSENSE3D predicts that the proline resulting from the
mutation introduces steric clashes (disallowed phi/psi), consistent with a destabilizing effect on the
protein. The transmembrane domain is depicted in yellow and the CRD domains in green.
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Figure S4. Serum analysis using Luminex multiplex assay and ELISA

(A) Heatmap summarizing the Luminex multiplex results of various cytokines in the serum from P1
and P2 compared to HC (n=2). (B) Heatmap summarizing the Luminex multiplex results of various
cytokines in serum from P1 and P2 taken at a different timepoint than the serum analyzed in (A),
compared to HC (n=2). Results for each parameter were individually normalized, with the lowest value
set to 0 and the highest value set to 100. All other values were scaled proportionally between these two



extremes. Numbers inside the figure show the absolute concentration measured in pg/mL. (C) Serum
CXCL13 determination by ELISA. Data from one experiment with P2 (n=2) and P3 (n=1) compared
to HC (n=7). Statistical analysis was performed using Unpaired ¢ test with Welch's correction.
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Figure S5. Non-canonical and canonical NF-kB signaling in response to TNFa- or LT-stimulation

(A) Immunoblot displaying p52 expression before and after stimulation with LTaf2 in a HC, P1 to P3
and P1-derived CRISPR-KI fibroblasts reverting the mutation to wild type. Quantification shown as fold
change of p52/HSP90 compared to untreated HC. Heat shock protein 90 (HSP90) as a housekeeping
protein serves as loading control. (B) Immunoblot displaying the activation of canonical NF-kB signaling
via upregulated expression levels of p-p65 (phosphorylated p65 protein) and diminished IKBa (nuclear
factor of kappa light polypeptide gene enhancer in B cells inhibitor alpha) following stimulation with
Tumor Necrosis Factor Alpha (TNFa) for the indicated time points (in minutes). Heat shock Protein 90
(HSP90) as a housekeeping protein serves as loading control. (C) gMFI of LTBR-PE in flow cytometry
in dermal fibroblasts from HC and P3 before and after CRISPR/Cas9 editing to correct the LTBR
mutation.
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Figure S6. Gating scheme for flow cytometry analysis of B and T cell subsets.

Gating scheme for immune cell subset flow cytometry analysis of PBMCs obtained from patients and
healthy controls. SSC - side scatter, FSC - forward scatter; [g -immunoglobulin; DN - double negative;
GC - germinal center; PB — plasmablast; TEMRA - terminally differentiated effector memory re-
expressing CD45RA T cells; CM - central memory; EM - effector memory; TfH — T follicular helper
cells; Treg — T regulatory cells.
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Figure S7. Reduction of class switched B cells whilst CD21'"°"Tbet" B cells were not increased

(A) Representative FACS blots showing the fraction of CD19" B cells expressing IgA or IgG,
exhibiting a clear reduction of class-switched B cells in P1 to P3 compared to two representative

healthy controls. (B) FACS blot depicting a comparable frequency of CD21°*Tbet” CD19" B cells in
P2 and P3.
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Figure S8. Normal B cell functional responses to stimulation

(A) Upregulation of activation markers CD69 and (B) CD25 in CD19" cells from P1 to P3 along HCs
(n=12) following stimulation with either IL-4+CDA40L, IL-21+CD40L or CpG for 24 hours. (C)
Corresponding proliferating cells as measured by the dilution of the violet proliferation dye (VPD450)
following 5 days of stimulation. Data pooled from three independent experiments with a total of 10
different HCs and data averaged from P1 (n=2), P2 (n=3) and P3 (n=2). Analysis was performed using
two-way analysis of variance (ANOVA) with Bonferroni post hoc test to correct for multiple
comparisons. (D) Immunoglobulin class switch assessment using flow cytometric readout for IgA or IgG
positive CD19" cells. PBMCs from HCs and patients were stimulated for 5 days with IgM+IL-
21+CpG+CD40L. Data pooled from two different independent experiments with a total of 8 different
HCs and data averaged from P1 (n=1), P2 (n=2) and P3 (n=1). Analysis was performed using two-way
analysis of variance (ANOVA) with Bonferroni post hoc test to correct for multiple comparisons.
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Figure S9. Normal number of recent thymic emigrants and functional ex vivo Treg differentiation

(A) Flow cytometry results showing the frequency of CD31"CD45RA™ recent thymic emigrants (RTE)
in peripheral PBMCs. The data shown here is from one experiment, representative of N=3; HC (n=7) and
patients (n=3). Statistical analysis was performed on one of these experiments using Unpaired ¢ test with
Welch’s correction. (B) Sorted naive T cells were either treated with Human Treg Differentiation Media
and seeded into anti-CD3-coated wells or left untreated and seeded into uncoated wells. Following 5 days
of stimulation, cells were harvested and analyzed by flow cytometry. Cells were gated on CD3'CD4"

surface markers.
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Figure S10. Normal activation and proliferation response in patient T cells.



(A-B) PBMCs were stimulated with either anti-CD3 soluble antibody (sCD3), anti-CD3 and anti-CD28
soluble antibody (sCD3/CD28), phytohemagglutinin (PHA) or anti-CD3/CD28 DynaBeads for 24h, and
changes in activation markers CD69 (A) and CD25 (B) were assessed on CD4" and CD8" T cells. (C-D)
Corresponding proliferating cells as measured by the dilution of the violet proliferation dye (VPD450)
are shown for CD4" (C) and CD8" (D) T cells following 4 days of stimulation. The data shown here is
from one experiment, representative of N=2; HC (n=4), P1 (n=2) and P2 (n=2). Statistical analysis was
performed on one of these experiments using two-way analysis of variance (ANOVA) with Bonferroni
post hoc test to correct for multiple comparison.
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Figure S11. Immune cell type fraction analysis from scRNAseq.

Scatter plots showing proportions of different cell populations within the lymphocytes in the scRNAseq
analysis from P1, P2 and four healthy controls.
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Figure S12. TCR clonality analysis via scRNAseq

Clonality of T cell receptor (TCR) sequences identified in the scRNAseq data of healthy controls (in
blue) and P1 and P2 (in red).
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Figure S13. TNF-a and DcR3 ELISA serum measurements

(A) ELISA serum analysis for TNF-a. Data from one experiment with HCs (n=7) and from P2 (n=2)
and P3 (n=1). Statistical analysis was performed using Unpaired ¢ test with Welch's correction. (B)
Replicate of DcR3 serum analysis via ELISA as depicted in Fig. 4E. Patient samples were taken from
a different timepoint. IVIG sample was measured from a different batch. (C) ELISA results showing
an increase of the serum DcR3 values in an IEI patient following IVIG treatment. Additionally, two
different IVIG samples were measured.
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Figure S14. B cell receptor sequencing depicting reduced SHM rate in patients

(A) Repertoire diversity plots of the individual clones with productive immunoglobulin heavy-chain
(IGH) gene rearrangements. No differences were observed between P1 to P3 (shown in red) and controls
(n=4, in blue). (B) Rate of somatic hypermutation (SHM) in the /IGHV3-23 region of all productive IGH
rearrangements aligned to the IMGT reference. The median and 75" percentile of the mutational rate is
shown for controls (in black) and individual bars are shown for each patient at each amino acid position
for P1 to P3 in green, orange and blue respectively. Complementarity determining regions (CDR) are
marked with dashed red rectangles and grey areas depict positions that correspond to the gaps in the
IMGT reference.
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Figure S15. Differentiation of dendritic cells and generation of HLA-I negative fibroblasts

(A) Schematic representation of the co-culture assay workflow. CD14" monocytes were isolated from
PBMCs and differentiated over 6 days using GM-CSF+IL-4 into CD11¢" DCs. Following overnight
stimulation with Poly I:C, DCs were co-cultured with PBMCs and dermal fibroblasts representing the
stromal compartment (SC) from the same donor in a 24-well transwell. For HCs, a dermal fibroblast
cell line was used, in which the B2M gene was knocked out using CRISPR-Cas9 to inhibit HLA-I
expression and prevent T cell activation due to HLA-I mismatch. BAFF was added to the wells every
other day. For further stimulation, some wells were treated once with a measles, mumps and rubella
(MMR) vaccine. Detailed method information can be found in the supplementary materials. (B)
Representative upregulation of the activation markers CD86 and HLA-II in monocyte-derived DCs
following overnight stimulation with Poly I:C in cells from HC. (C) HLA-I expression in HC dermal
fibroblasts compared with B2M CRISPR-Cas9-based knockout fibroblasts from the same HC.
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Figure S16. Co-culture for ex vivo B cell maturation in patients and healthy controls

Representative flow cytometry graphs for the quantified data summarized in Fig. 5D showing the
upregulation of the memory marker CD27 (Top) and the development of GC-like CD19" B cells (IgD"
CD38", Bottom). Cells were cultured for 12 days under the specified co-culture conditions and compared
to Day O (first column).



Table S1. Heterozygous Variants in Known IUIS Genes Identified by WES in P2

Gene HGNC_ID | Chr Genomic position | e F/ALT CDS change Amino acid Allele frequency | CADD
(hg38) change (gnomAD) score

THBD | HGNC:11784 [chr20 23049146 C/A ENST00000377103.3:¢.359G>T p.Ser1201le N/A 242

POLD2 | HGNC:9176 | chr7 44116136 T/C ENST00000610533.6:¢.998A>G p.GIn333Arg 0.00000547 232

IL36RN | HGNC:15561 | chr2 113060913 C/A ENST00000393200.7:¢.91C>A p.Leu31Met 0.00001093 214
DNASE2 | HGNC:2960 |chr19 12876153 G/A ENST00000222219.8:¢.920C>T p.Thr3071le N/A 17.46
IRF3 HGNC:6118 |chr19 49661941 C/A | ENST00000377139.8:¢.982+7G>T N/A N/A 3.736
CSF2RA | HGNC:2435 |chrX 1288895 G/A | ENST00000381529.9:c.473+7G>A N/A N/A 1.055
DOCKS | HGNC:19191 | chr9 432159 G/C | ENST00000432829.7:¢.4627-7G>C N/A N/A 0.667

Table S1. Heterozygous variants in known IUIS genes identified by WES in P2.

Pre-filtered for variants in genes in the International Union of Immunological Societies (IUIS) classification of 2022 (9). In bold, those
within genes associated with autosomal dominant inheritance. Non-synonymous and splice region variants (+/- 8 bp from the intron/exon
boundaries) with MAF < 0.01 and gnomAD AC < 20 are listed and sorted by CADD score. Allele frequencies displayed are derived from
the combined gnomAD v2.1.1 and gnomAD v3.1.2 (non-v2) datasets. The variants in POLD2, IL36N, DNASE2, CSF2RA and DOCKS
were not considered pathogenic, because known disease-causing variants in these genes are inherited in an autosomal recessive manner.
The variants in THBD and IRF3 were not considered to be disease-causing in the patient given the strongly disparate clinical picture (82).
No hemizygous or homozygous variants in known IUIS genes remained after filtering. HGNC_ID - HUGO Gene Nomenclature Committee
identifier; Chr — Chromosome; REF/ALT - Reference and alternative allele, respectively; CDS - Coding Sequence; CADD - Combined
Annotation Dependent Depletion; N/A - not available.




Table S2. Heterozygous Variants in Known IUIS Genes Identified by WES in P3

Gene HGNC_ID | Chr Genomic position | & v F/ALT CDS change Aminoacid | Allele frequency | CADD
(hg38) change (gnomAD) score
ARHGEFI HGNC:681 |chrl9 41902334 T/C ENST00000354532.8:¢.1475T>C p.11e492Thr N/A 25.1
PALB2 HGNC:26144 |chrl6 23636031 G/A ENST00000261584.9:¢.515C>T p-Ser172Phe N/A 24.2
PEPD HGNC:8840 |chr19 33401853 C/T ENST00000244137.12:¢.832G>A p.Gly279Ser 0.00000807* 23.6
PMS2 HGNC:9122 | chr7 5986766 C/T ENST00000265849.12:¢.1999G>A p.Glu667Lys 0.00003117 23.1
IL36RN HGNC:15561 | chr2 113060913 C/A ENST00000393200.7:c.91C>A p.Leu31Met 0.00001093 214
PSMG2 HGNC:24929 |chrl8 12720595 A/G ENST00000317615.11:¢.493A>G p.Lys165Glu N/A 19.41
ORAIl HGNC:25896 |chrl2 121626800 G/A ENSTO00000617316.2:c.58G>A p.Gly20Ser 0.00003790° 15.18
IFNGR2 HGNC:5440 |chr21 33414880 C/T ENST00000290219.11:¢.74-8C>T N/A 0.00000817* 4.101

Table S2. Heterozygous variants in known IUIS genes identified by WES in P3.

Pre-filtered for variants in genes in IUIS classification of 2022 (9). Non-synonymous and splice region variants (+/- 8 bp from the
intron/exon boundaries) with MAF < 0.01 and gnomAD AC < 20 are listed and sorted by CADD score. Allele frequencies displayed are
derived from the combined gnomAD v2.1.1 and gnomAD v3.1.2 (non-v2) datasets for variants present in both of them. Variants only found
in one of the datasets are indicated as follows: a) variants only present in v2.1.1, b) variants only present in v3.1.2. None of the variants
were considered pathogenic, because known disease-causing variants in these genes are inherited in an autosomal recessive manner. No
hemizygous or homozygous variants in known IUIS genes remained after filtering. HGNC ID - HUGO Gene Nomenclature Committee
identifier; Chr — Chromosome; REF/ALT - Reference and alternative allele, respectively; CDS - Coding Sequence; CADD - Combined
Annotation Dependent Depletion; N/A - not available.




Table S3. Homozygous and hemizygous variants identified by WES in P2

Gene HGNC_ID | Chr Genomic position | 0 e/ALT CDS change Amino acid | Aliele frequency | CAPD
(hg38) change (gnomAD) score
Immune-related genes
LTBR HGNC:6718 |chrl2 6384449 C/T ENST00000228918.9:¢.91C>T p-GIn31Ter N/A 34
IGFBP2 HGNC:5471 | chr2 216633617 G/T ENST00000233809.9:¢.94G>T p-Gly32Cys N/A 15.98
Non-immune-related genes
ZNF384 HGNC:11955 |chrl2 6673285 G/A ENST00000683879.1:¢.935C>T p.Ala312Val 0.00003279 22.7
KDM5B HGNC:18039 | chrl 202755359 G/C ENST00000367265.9:¢.1450C>G p.Leud84Val 0.00000796* 17.2
EPHA4 HGNC:3388 | chr2 221426474 C/T ENST00000281821.7:¢.2836G>A p-Val946Met 0.00012160 15.32

Table S3. Homozygous and hemizygous variants identified by WES in P2.

Non-synonymous and splice region variants (+/- 8 bp from the intron/exon boundaries) with MAF < 0.01, gnomAD total number of
homozygous/hemizygotes < 5, CADD score > 10 and which were not excluded by segregation analysis are listed. Allele frequencies
displayed are derived from the combined gnomAD v2.1.1 and gnomAD v3.1.2 (non-v2) datasets for variants present in both of them.
Variants only found in one of the datasets are indicated as follows: a) variants only present in v2.1.1, b) variants only present in v3.1.2. The
variant in /GFBP2 was deprioritized due to low RNA/protein expression in lymphoid tissues and thymus and its absent expression in
immune cells, alongside additional literature research undermining the gene's suitability as a candidate. HGNC ID - HUGO Gene
Nomenclature Committee identifier; Chr — Chromosome; REF/ALT - Reference and alternative allele, respectively; CDS - Coding
Sequence; CADD - Combined Annotation Dependent Depletion; N/A - not available.




Table S4. Homozygous and hemizygous Variants identified by WES in P3

Gene HGNC_ID | Chr Genomic position | F/ALT CDS change Amino acid | Allele frequency | CADD
(hg38) change (gnomAD) score
Immune-related genes
LTBR HGNC:6718 ‘chrlZ ‘ 6385266 G/C ‘ ENST00000228918.9:¢.359G>C p.Arg120Pro 0.00000873" 15.28
Non-immune-related genes
BICD2 HGNC:17208 | chr9 92764692 T/G ENSTO00000356884.11:¢.53>C p.GIn18Pro N/A 23
MCMS8 HGNC:16147 |chr20 5963316 C/T ENST00000610722.4:¢.832C>T p.Arg278Cys 0.00032217 20.8
FAM47C | HGNC:25301 |chrX 37011343 G/GA ENST00000358047.5:¢.2934dup p-Pro979ThrfsTer5 0.00001098* 20.2
TOP24 HGNC:11989 |chrl7 40396414 C/G ENST00000423485.6:¢.3589G>C p.Gly1197Arg 0.00104002 19.84
PTCHI HGNC:9585 | chr9 95468828 G/A ENST00000331920.11:¢.2173C>T p.Pro725Ser 0.00095361 18.88
DCAFSLI | HGNC:31810 |chrX 27980656 G/A ENST00000441525.4:¢.679C>T p.Arg227Trp 0.00000976* 18.29
IARS] HGNC:5330 | chr9 92222663 A/G ENST00000443024.7:¢.3563T>C p-Met1188Thr 0.00046075 16.96
PHKAI HGNC:8925 | chrX 72603169 T/C ENSTO00000373542.9:¢.2867A>G p-Asn956Ser N/A 12.41
THAPS HGNC:23188 | chr7 108564681 G/A ENST00000415914.4:¢.698C>T p.Ala233Val 0.00021916 11.87
AKAPI11 HGNC:369 |chrl3 42301454 G/A ENST00000025301.4:¢.2708G>A p.Arg903His 0.00161323 10.78

Table S4. Homozygous and hemizygous variants identified by WES in P3.

Non-synonymous and splice region variants (+/- 8 bp from the intron/exon boundaries) with MAF < 0.01, gnomAD total number of
homozygous/hemizygotes < 5, CADD score > 10 and which were not excluded by segregation analysis are listed. Allele frequencies
displayed are derived from the combined gnomAD v2.1.1 and gnomAD v3.1.2 (non-v2) datasets for variants present in both of them.
Variants only found in one of the datasets are indicated as follows: a) variants only present in v2.1.1, b) variants only present in v3.1.2. No
other rare homozygous variants in immune-related genes were identified. HGNC_ID - HUGO Gene Nomenclature Committee identifier;
Chr — Chromosome; REF/ALT - Reference and alternative allele, respectively; CDS - Coding Sequence; CADD - Combined Annotation
Dependent Depletion; N/A - not available.




Table S5. Genetic characterization of L7BR and the identified variants

Gene conservation evaluation

CCDS Size (ENST00000228918.9)

1308

Loss-of-function Observed/Expected Upper
bound Fraction (LOEUF) Score (gnomAD v4)

0.5

Number of expected and observed pLoF SNVs
(gnomAD v4)

48.4 expected, 16 observed

Missense Z-Score (gnom AD v4)

1.76

Number of expected and observed missense
SNVs (gnomAD v4)

543.7 expected, 431 observed

Residual Variation Intolerance Score (RVIS)
Score of LTBR

(based on EXAC v2 release 2.0) (83)

-0.1434 (42.5611% most intolerant)

Gene mutation significance cutoff (MSC)

for CADD

Confidence interval

Mutation significance cutoff (MSC)

99% 1.7

95% 10.5

90% 20

In silico pathogenicity assessment of the identified LTBR variants
Pathogenicity prediction tool cI91C>T ¢.359G>C
CADD score (v1.6) (63) 34 15.28
REVEL score (v1.3) (84) N/A 0.546

Evaluation of the identified L7BR variants in exome/genome variant

databases (last accessed February 2024)

Present in the database

Source
c91C>T ¢.359G>C
125,748 exomes and 15,708 genomes from the
Genome Aggregation No No
Database (gnomAD v2.1.1) (64)
56,456 genomes from the Genome Yes
Aggregation No Allele count: 1
Database (gnomAD v3.1.2 non-v2 dataset) Allele frequency: 0.00000873
P . s Yes
150,899 individuals sequenced in NHLBI’s
TOPMed program (BRAVO, TOPMed Freeze | No Allele count: 2 (2 heterozygotes)
10 on GRCh38) (85) Allele frequency: 0.0000066269
In-house collection of >1,200 individuals
(1,140 exomes and 780 targeted enrichment No No
screens)

Table S5. Genetic characterization of LTBR and the identified variants.

Constraint metrics for LTBR suggest intolerance to genetic variation, with a lower number of
'observed' compared to 'expected' variants for both missense and pLoF variants. The variant in P1
and P2 (ENST00000228918.9:¢.91C>T) is absent from public databases including GnomAD and



BRAVO and has mnot Dbeen previously reported. The variant in P3
(ENST00000228918.9:¢.359G>C) is present in GnomAD v3.1.2 and BRAVO at very rare allelic
frequencies, with no homozygous individuals observed (last accession date: 27/02/2024). CCDS

- Consensus Coding Sequence, pLoF - Predicted loss-of-function, SNV - Single Nucleotide
Variant.



Table S6. Differentially expressed genes in scRNAseq CD8 subpopulations

cell type gene logFC logCPM PValue FDR
CDS8 Naive

CD8 Naive HMGB2 -2,085 7,570 2,25E-07 7,24E-04
CD8 Naive CCDC57 -2,037 6,668 9,02E-07 0,0015
CD8 Naive CDKN2D -2,243 6,822 8,20E-06 0,0088
CD8 Naive FTHI -1,617 11,288 2,41E-05 0,0194
CD8 Naive ANXAI -3,356 6,726 0,0001 0,0372
CD8 TCM

CD8 TCM PFDN2 -1,978 8,024 1,86E-05 0,0066
CD8 TCM CD6 -1,794 8,435 3,52E-05 0,0066
CD8 TCM 1L32 3,378 9,897 3,38E-05 0,0066
CD8 TCM CXCR3 -2,401 7,862 9,22E-06 0,0066
CD8 TCM HMGB2 -1,688 8,815 6,69E-05 0,0100
CD8 TCM FAMI177A41 -1,983 8,772 8,04E-05 0,0100
CD8§ TCM GNLY -2,068 8,040 1,45E-04 0,0155
CD8§ TCM CD52 2,486 10,286 2,16E-04 0,0160
CD8 TCM SPOCK2 -1,526 9,162 2,00E-04 0,0160
CD8§ TCM CIB1 -1,682 8,707 2,35E-04 0,0160
CD8§ TCM P2RYS -1,533 8,171 1,93E-04 0,0160
CD8§ TCM RAC2 3,204 8,711 3,32E-04 0,0207
CD8 TCM S§10044 2,810 9,827 4,98E-04 0,0283
CD8§ TCM ABLIM1 -1,640 8,541 5,67E-04 0,0283
CD8§ TCM EMD -1,545 7,984 5,39E-04 0,0283
CD8 TEM

CD8 TEM KIR3DL?2 -3,456 6,706 2,03E-16 8,32E-13
CD8 TEM IFITM3 7,007 6,212 1,41E-10 2,89E-07
CD8 TEM TRAF4 -4,993 5,210 5,55E-10 7,61E-07
CD8 TEM SNHG7 -2,280 6,154 5,24E-09 5,38E-06
CD8 TEM LTB 2,578 7,016 5,80E-08 4,77E-05
CD8 TEM FOS 2,564 9,292 1,35E-07 9,23E-05
CD8 TEM AUTS2 -1,893 6,310 1,73E-07 1,02E-04
CD8 TEM RASGRP2 1,587 6,408 3,85E-07 1,98E-04
CD8 TEM FERMT3 1,737 6,388 6,72E-07 3,07E-04
CD8 TEM SKIL -2,231 6,356 9,24E-07 3,63E-04
CD8 TEM DBNL 2,153 5,933 1,06E-06 3,63E-04
CD8 TEM RGS19 2,051 5,522 1,01E-06 3,63E-04




CD8 TEM | KIR2DL3 2,954 6,841 1,33E-06 4,20E-04
CDS8 TEM | BTG2 1,724 7,905 1,85E-06 5,14E-04
CD8 TEM | VCL 2,610 5,209 1,88E-06 5,14E-04
CD8 TEM | NR4A2 1,776 7,390 2,04E-06 5,18E-04
CD8 TEM | GABARAPL? 1,531 6,749 2,14E-06 5,18E-04
CD8 TEM | NORAD 1,639 6,350 2,40E-06 5,48E-04
CD8 TEM | TFG -1,835 5,671 3,05E-06 6,59E-04
CD8 TEM | C6orf89 -1,723 6,020 3,44E-06 7,06E-04
CDS TEM | VAMP? -1,369 9,649 3,63E-06 7,11E-04
CD8 TEM | ZBPI 2,136 7,589 4,31E-06 8,05E-04
CD$ TEM | PRDX? 2,045 6,228 5,19E-06 9,26E-04
CD8 TEM | CHMP44 1,673 6,115 8,69E-06 0,0015
CD8 TEM | EIF4EBPI -1,855 5,930 1,00E-05 0,0016
CD8 TEM | TALDO! 1,767 5,595 1,22E-05 0,0019
CD8 TEM | FLII 2,680 5,890 1,34E-05 0,0020
CD8 TEM | TRBVS5-1 5,274 5,891 1,81E-05 0,0027
CD8 TEM | MT24 1,565 7,889 2,14E-05 0,0030
CD8 TEM | HCGIS 2,486 4,896 2,23E-05 0,0031
CD8 TEM | RNASEH2C 2,202 5,274 2,89E-05 0,0038
CD8 TEM | GPRIS3 3,099 4,632 3,03E-05 0,0039
CD8 TEM | PPTC7 -2,186 5,217 3,41E-05 0,0042
CD$ TEM | VASP 1,605 5,728 3,49E-05 0,0042
CDS TEM | SELL 3,724 6,370 3,71E-05 0,0044
CD8 TEM | AGTRAP 2,819 5,091 4,85E-05 0,0055
CDS TEM | LDLRAPI 1,829 5,137 6,26E-05 0,0063
CD8 TEM | MYOIG 1,458 7,158 6,28E-05 0,0063
CDS TEM | FAMI114 1,879 5,078 6,17E-05 0,0063
CD8 TEM | DCXR -1,370 6,949 6,03E-05 0,0063
CD8 TEM | SLA2 -1,712 7,576 5,78E-05 0,0063
CD8 TEM | PEDN2 -1,572 7,523 7,39E-05 0,0066
CD8 TEM | PRDX6 -1,380 8,076 6,87E-05 0,0066
CDS8 TEM | TBCA 1,405 6,513 7.42E-05 0,0066
CD8 TEM | TMEMI141 3,185 4,236 6,95E-05 0,0066
CD8 TEM | LAIR2 -1,759 5,898 7,27E-05 0,0066
CD8 TEM | KLRC4 1,637 6,584 7,60E-05 0,0066
CD8 TEM | STMNI 2,332 4,738 8,69E-05 0,0072




CD8 TEM | ZNRDI -1,353 6,689 8,55E-05 0,0072
CD8 TEM | M6PR 1,109 6,741 8,77E-05 0,0072
CDS TEM | DERLI -1,234 6,541 9,31E-05 0,0072
CD8 TEM | LINC00861 2,340 6,443 9,03E-05 0,0072
CD$ TEM | PTGDR 1,926 5,519 9,17E-05 0,0072
CDS TEM | XPOI -1,359 6,786 9,92E-05 0,0073
CD8 TEM | TRIM69 3,371 3,965 9,73E-05 0,0073
CD8 TEM | PLSCR3 1,889 5,730 9,83E-05 0,0073
CD8 TEM | TPST2 1,515 7,090 1,02E-04 0,0074
CD8 TEM | PARPI0 1,676 5,256 1,08E-04 0,0076
CD8 TEM | [LF3-DT 1,508 5,498 1,18E-04 0,0082
CD8 TEM | NRDC 1,586 5,659 1,24E-04 0,0085
CD8 TEM | NDUFBS 2,850 4,616 1,30E-04 0,0088
CD8 TEM | MVP 1,524 5,618 1,42E-04 0,0093
CD8 TEM | PARVG 1,441 5,814 1,43E-04 0,0093
CD8 TEM | RASSF7 2,547 4,545 1,51E-04 0,0096
CDS TEM | TPII 1,364 7,554 1,52E-04 0,0096
CD8 TEM | STK38 1,409 6,563 1,57E-04 0,0098
CD8 TEM | DUSPI 2,199 9,458 1,66E-04 0,0101
CDS TEM | LYN -1,850 5,555 1,67E-04 0,0101
CD8 TEM | MARCKSLI 1,881 4,764 1,79E-04 0,0102
CD8 TEM | DHX36 -1,183 7,175 1,80E-04 0,0102
CD8 TEM | ABCBI -1,236 6,346 1,75E-04 0,0102
CD8 TEM | PHPTI 2,064 5,058 1,81E-04 0,0102
CD8 TEM | SLC745 -1,317 6,052 1,72E-04 0,0102
CD8 TEM | CYBCI 2,733 5,669 1,90E-04 0,0105
CD8 TEM | THEMIS 2,835 6,272 2,09E-04 0,0114
CD8 TEM | AC119396,1 3,051 4,794 2,11E-04 0,0114
CD8 TEM | MXD4 -1,607 5,672 2,21E-04 0,0118
CD8 TEM | IMPDH? 1,750 5,336 2,29E-04 0,0121
CD8 TEM | MY094 2,142 4,565 2,39E-04 0,0124
CD8 TEM | TMEM230 1,777 5,804 2,41E-04 0,0124
CD8 TEM | TRATI 1,980 4,905 2,56E-04 0,0130
CD8 TEM | GIMAPI 1,706 6,108 2,59E-04 0,0130
CD8 TEM | PRRSL 2,636 4,508 2,63E-04 0,0130
CD8 TEM | KLHL24 -1,265 6,461 2,73E-04 0,0132




CDS8 TEM | CD27 3,454 6,324 2,71E-04 0,0132
CD8 TEM | PRMTI 1,627 6,031 2,76E-04 0,0132
CD8 TEM | ITGAS -1,674 5,617 2,81E-04 0,0133
CD8 TEM | ANXAS 1,519 6,559 2,92E-04 0,0136
CD8 TEM | TRPV2 1,874 5,075 3,12E-04 0,0142
CD8 TEM | ICAM? 1,415 5,569 3,12E-04 0,0142
CD$ TEM | SLBP -1,270 6,593 3,55E-04 0,0160
CD$ TEM | POLR2L 1,282 7,060 3,75E-04 0,0167
CD8 TEM | IL2RG 1,855 8,661 3,78E-04 0,0167
CDS TEM | GNLY -1,425 12,727 3,87E-04 0,0169
CDS TEM | ARFRPI 2,053 4,544 3,97E-04 0,0172
CD8 TEM | ABRACL 1,224 6,087 4,27E-04 0,0178
CDS TEM | YIFIA 2,441 4,482 4,21E-04 0,0178
CD8 TEM | PSME2 1,409 7,333 421E-04 0,0178
CD8 TEM | EGLN2 1,490 5,173 4,29E-04 0,0178
CD8 TEM | TMC6 1,108 7,014 4,43E-04 0,0182
CD8 TEM | TTCI3 2,172 4,472 4,76E-04 0,0188
CD8 TEM | PLEKHA2 -1,242 6,662 4,69E-04 0,0188
CD8 TEM | ITGB7 1,398 6,843 4,74E-04 0,0188
CDS8 TEM | MYOIF 1,316 7,149 4,75E-04 0,0188
CD8 TEM | CISD3 1,977 4,922 5,15E-04 0,0202
CD8 TEM | NSGI 2,979 5,003 5,43E-04 0,0202
CDS TEM | JAK2 1,805 4,694 5,46E-04 0,0202
CD8 TEM | VPS26B -1,139 6499 5,44E-04 0,0202
CD8 TEM | AC087239,1 2,486 5,080 5,54E-04 0,0202
CD8 TEM | BAZIA 0,985 6,805 5,36E-04 0,0202
CD8 TEM | TRADD 1,901 5,496 5,43E-04 0,0202
CD8 TEM | RAB37 2,380 5273 5,22E-04 0,0202
CD8 TEM | SCANDI -1,021 8,040 5,55E-04 0,0202
CD8 TEM | ARHGAPIS 1,078 7,046 5,66E-04 0,0202
CDS TEM | FAMI17741 -1,203 7,506 5,65E-04 0,0202
CDS TEM | PLEK 1,442 7,890 5,89E-04 0,0208
CD8 TEM | ZNF507 -1,488 5,458 5,92E-04 0,0208
CD8 TEM | TSTD! 1,336 6,280 6,17E-04 0,0211
CD8 TEM | TIGIT 1,563 5713 6,21E-04 0,0211
CD8 TEM | CD69 1,251 8,337 6,22E-04 0,0211




CD8 TEM | TMOD3 1,060 6,228 6,18E-04 0,0211
CD8 TEM | SPN 1,846 7,112 6,26E-04 0,0211
CD8 TEM | STX10 1,466 5,247 6,77E-04 0,0226
CD8 TEM | X4FI 1,249 5,681 6,87E-04 0,0228
CD8 TEM | MADD -1,309 6,247 6,93E-04 0,0228
CD8 TEM | ST6GALI 2,337 4,672 7,04E-04 0,0229
CDS TEM | RAC2 2,109 8,878 7,07E-04 0,0229
CD$ TEM | SYTL3 -1,329 8,015 7,23E-04 0,0231
CD8 TEM | GABPBI-ITI 1,624 5,194 7,26E-04 0,0231
CD8 TEM | EPHA4 -1,830 5,283 7,51E-04 0,0236
CD8 TEM | UBEJF -1,132 6,785 7,52E-04 0,0236
CD8 TEM | SLA -1,195 6,744 7,63E-04 0,0236
CD8 TEM | NOLII -1,487 5,905 7,60E-04 0,0236
CD8 TEM | SVBP -1,381 5,746 7,94E-04 0,0244
CD8 TEM | HMGB? -1,343 8,240 8,43E-04 0,0253
CD8 TEM | PTPRE -1,206 7,088 8,41E-04 0,0253
CDS TEM | LAT 1,240 7,702 8,45E-04 0,0253
CD8 TEM | RSUI 1,666 5,283 8,99E-04 0,0258
CDS TEM | DPF2 -1,391 5,404 8,78E-04 0,0258
CD8 TEM | MRPLS1 1,476 5,360 8,87E-04 0,0258
CD8 TEM | SUPT20H 1,353 5,784 8,98E-04 0,0258
CD8 TEM | HAGH 1,908 4,873 8,91E-04 0,0258
CD8 TEM | CFDPI 1,295 5415 8,72E-04 0,0258
CD8 TEM | CAPNI 1,501 5,538 9,50E-04 0,0271
CD8 TEM | PYCARD 1,930 5,166 9,90E-04 0,0281
CD8 TEM | ACTR3 1,529 7,609 0,0010 0,0295
CD8 TEM | DUSP23 1,583 5,013 0,0011 0,0303
CD8 TEM | CCAR2 -1,399 5,994 0,0011 0,0305
CD8 TEM | RNASEHI -1,067 6,122 0,0011 0,0306
CD8 TEM | STIMI 1,405 5211 0,0011 0,0309
CD8 TEM | PFNI 1,256 10,983 0,0011 0,0311
CD8 TEM | ANXA4 3,146 3,964 0,0012 0,0312
CDS TEM | LARPI 1,794 4,754 0,0012 0,0312
CD8 TEM | ANAPCI6 1,579 7,072 0,0012 0,0312
CD8 TEM | ITGAE -1,432 6,289 0,0012 0,0312
CD8 TEM | SMAD7 -1,427 6,182 0,0012 0,0312




CD8 TEM | X4B2 -1,074 6,210 0,0012 0,0312
CD8 TEM | NOSIP 1,329 6,586 0,0012 0,0312
CD8 TEM | RFFL -1,352 5913 0,0012 0,0313
CD8 TEM | TSPO 1,489 6,808 0,0013 0,0323
CDS TEM | E2F3 2,462 4,711 0,0013 0,0323
CD8 TEM | UBASH34 1,705 4,689 0,0013 0,0326
CD8 TEM | KCNAB2 1,046 6,347 0,0013 0,0327
CD8 TEM | PHFI2 -1,248 5,928 0,0013 0,0335
CDS TEM | APIS2 1,702 4,698 0,0014 0,0341
CDS TEM | MRPLIO -1,152 7,529 0,0014 0,0343
CDS TEM | IL32 2,584 10,284 0,0014 0,0348
CD8 TEM | PFDN6 1,534 5,075 0,0014 0,0353
CD8 TEM | NT5C 1,161 5,740 0,0015 0,0361
CD8 TEM | TLNI 1,924 6,939 0,0016 0,0382
CD8 TEM | RAB4B 1,676 5,055 0,0016 0,0382
CD8 TEM | PYCR2 1,734 5,253 0,0016 0,0382
CD8 TEM | FGR 2,056 5,781 0,0016 0,0388
CD8 TEM | HACD4 1,102 5,989 0,0016 0,0388
CD8 TEM | TUFM 0,891 7,156 0,0017 0,0388
CD8 TEM | POLR2E 1,036 6,111 0,0017 0,0388
CDS8 TEM | PGLS 1,068 6,426 0,0017 0,0388
CD8 TEM | RPS19BPI -0,967 7,110 0,0017 0,0394
CD8 TEM | GIMAP6 2,082 4,388 0,0017 0,0398
CD8 TEM | CLEC2D 1,607 7,110 0,0017 0,0398
CD8 TEM | SLC646 -1,646 5,405 0,0018 0,0402
CD8 TEM | FGD3 0,966 6,469 0,0018 0,0402
CD8 TEM | ITGBI 1,685 8,055 0,0019 0,0427
CD8 TEM | MT-ND6 0,929 8,874 0,0019 0,0427
CD8 TEM | NCOA7 -1,173 6,780 0,0020 0,0435
CD8 TEM | CXCR3 -1,267 6,921 0,0020 0,0435
CD8 TEM | EEAI 1,651 4,700 0,0020 0,0439
CD8 TEM | UGP2 1,046 5,906 0,0020 0,0441
CD8 TEM | DADI 1,381 6,777 0,0020 0,0445
CD8 TEM | ITGBIBPI 0,935 6,221 0,0021 0,0447
CD8 TEM | CX3CRI 2,040 5,479 0,0021 0,0447
CD8 TEM | IL7R 2,054 8,816 0,0021 0,0447




CD8 TEM WASHC3 1,430 5,023 0,0021 0,0447
CD8 TEM RRAGA -1,258 5,555 0,0022 0,0458
CD8 TEM ARRDC3 -0,874 6,734 0,0022 0,0463
CD8 TEM NDUFA3 1,197 7,320 0,0022 0,0463
CD8 TEM LARS 2,487 4,954 0,0022 0,0466
CD8 TEM HNRNPA2B1 1,167 9,182 0,0024 0,0494
CD8 TEM RAB27B -1,274 5,756 0,0024 0,0495

Table S6. Differentially expressed genes in scRNAseq in CD8 subpopulations.




Table S7. Sanger sequencing primers for validation and segregation of the LTBR variants identified in the patients and their family members

Exon/Intron # Variant Forward Primer Sequence (5°-3°) Reverse Primer Sequence (5°-3°)
(Patient #)
Exon 1 ENST00000228918.9: CGATCGGGCTTCCGAAGAA GGTTCTCCGACGCATATGGA
(P1 and P2) c91C>T
Exon 4 ENST00000228918.9: TTACCTCACTGAGAGGGAGCC CTGTCCCAGTTCCATGTCCCA
(P3) ¢.359G>C

Table S7. Sanger sequencing primers for validation and segregation of the LTBR variants identified in the patients and their family

Table S8. Guide and ssODN ti

plate design for CRISPR/Cas9 Editing

Target gene Exon sgRNA sequence ssODN
GGGGGCCTCTGGTGCTGGGCCTCTTCGGGCTCCT
GGCAGCATCGCAGCCCCAAGCGGTGAGGAAGGGGC
LTBR Exon 1 CCUGGCAGCAUCGCAGCCCU
CTGGTAGGAGTGGGCGAGGGTGGGCAAGAGGG
GATGGGCCTCGAGGAGATTGCCCCCTGCAC
AAGCAAACGGAAGACCCAGTGCCGCTGCCA
LTBR Exon 4 UGGCAGCGGCACUGGGUCUU
GCCGGGAATGTTCTGTGCTGCCTGGGCCCT
B2M Exon 1 GAGUAGCGCGAGCACAGCUA

Table S8. Guide and ssODN template design for CRISPR/Cas9 Editing

members



Table S9. List of antibodies used in this work

Antibody-Fluorophore Clone Manufacturer
CD3-FITC SK7 BD Biosciences
CD3-APC SK7 BD Biosciences

CD3-APCH7 SK7 BD Biosciences
CD4-PE-Cy7 SFCI12T4D11 Beckman Coulter
CD4-PerCpCy5.5 RPA-T4 Invitrogen
CD4-BV605 RPA-T4 BD Biosciences
CDS-PE-Cy7 SFCI21Thy2D3 Beckman Coulter
CDS8 FITC HIT8a BD Biosciences
CD8-V500 RPA-TS8 BD Biosciences
CDI10-APC SNS5c Invitrogen
CD11c-eFluord50 3.9 Invitrogen
CD14-PC7 RMOS52 Beckman Coulter
CD19-PE-Cy7 J3-119 Beckman Coulter
CD19-BV510 SJ25C1 BD Biosciences
CD19-APC-Cy7 SJ25C1 BD Biosciences
CD19-PerCpCy5.5 HIB19 Invitrogen
CD20-FITC 2H7 BD Biosciences
CD21-PE HBS BD Biosciences
CD25 APC M-A251 BD Biosciences
CD25-BV605 2A3 BD Biosciences
CD25-PE MA-A251 BD Biosciences
CD27-BV421 M-T271 BD Biosciences
CD27-PE-Cy7 M-T271 BD Biosciences
CD28 APC CD28.2 Invitrogen
CD31-APC WM-59 Invitrogen
CD38-BV711 HIT2 BD Biosciences
CD45RA-AF700 HI100 BD Biosciences
CD47-BV421 CC2C6 Biolegend
CD57 PE TBO1 Invitrogen
CDO62L-FITC DREG-56 Invitrogen
CD69-PE L78 BD Biosciences
CD86-FITC 2331 (FUN-1) BD Biosciences
CD95/Fas-PE-Cy7 DX2 BD Biosciences
CD120a/TNFR-1-PE-Vio 770 REA252 Miltenyi Biotec
CDI127-FITC eBioRDR5 Invitrogen
CD138-BV605 281-2 BioLegend
CD197/CCR7-PE-CF59%4 150503 BD Biosciences




CD279-BV605
AID-AF647
CCR6-BV605
CXCR5-BV421
FOXP3-APC
HLA-I (ABC)-APC
HLA-II-(DR)-APC
IFNy-FITC
IgA-APC
IgA-PE
IgD-PE-TR
IgG-APC
IgM-APC-Cy7
IgM-FITC
IL-4-APC
IL-17A-eFluor450
LTBR-PE
Tbet-BV421
TCRab FITC
TCRgd-PE
Mouse monoclonal anti-IkBa

Rabbit polyclonal anti-NF-xB2 p100/p52

Rabbit monoclonal anti-Phospho-NF-kB p65

Mouse monoclonal anti-HSP900/f

EHI12.1
EK2-5G9
GO034E3
RF8B2
236A/E7
W6/32
G46-6
4S.B3
IS11-8E10
IS11-8E10
1A6-2
IS11-3B2.2.3
MHM-88
G20-127
MP4-25D2
eBi064DEC17
551503
4B10
WT31
11F2
L35A5)

93H1
F-8

BD Biosciences
BD Biosciences
BioLegend
BD Biosciences
Invitrogen
BD Biosciences
BD Biosciences
Biolegend
Miltenyi Biotec
Miltenyi Biotec
BD Biosciences
Miltenyi Biotec
Biolegend
BD Biosciences
BD Biosciences
Invitrogen
BD Biosciences
Biolegend
BD Biosciences
BD Biosciences
Cell Signaling
Cell Signaling
Cell Signaling

Santa Cruz

Table S9. List of antibodies used in this work




3. DISCUSSION

3.1 General Discussion

3.1.1 Therole of LTBR in lymphoid organogenesis

The importance of lymphotoxin signaling for adaptive immunity was discovered more than 30
years ago, following the identification of lymphotoxin-deficient mice presenting with extensive
disruptions in the secondary lymphoid organs (De Togni et al, 1994). Pharmacological inhibition
of LTBR in pregnant mice, using an LTBR-immunoglobulin fusion protein, revealed the order and
time point of lymph node development (Rennert et al, 1996). By varying the gestational day of the
LTBR-Ig injection, the genesis of lymph nodes was shown to begin with the mesenteric, followed
sequentially by the brachial, axillary, inguinal, and finally popliteal lymph nodes. Discontinuation
of the treatment did not result in a late development of the lymph nodes, revealing that
dysfunctional LTBR signaling during fetal development had irreversible consequences. Our
understanding of the molecular mechanisms involved in lymph node organogenesis has
immensely advanced in the three decades since, especially due to the utilization of Ltbr—'— mice,

but how this translates to human biology has so far been unknown.

This is of particular importance, as both Tnfsf11—'— and Tnfrsf11a—— mice (lacking the ligand
RANKL and its receptor RANK, respectively) display absent peripheral lymph nodes (Yy et al,
1999), but this observation has not been reported in RANK (Guerrini et al, 2008) and RANKL
(Sobacchi et al, 2007) deficient patients who display a milder immune phenotype than mice. The
LTBR-deficient patients in our studies not only recapitulated the aberrations in lymph node
development reported from Ltbr—— mice but displayed an even more pronounced defect in lymph
node organogenesis. Whereas mice lacking LTBR do not express peripheral lymph nodes and
Peyer’s patches, they still form nasopharyngeal-associated lymphoid tissue (NALT) (Fukuyama et
al, 2002). Subsequent investigation of P1 and P2, after our study had been published, revealed
that they not only lacked tonsils, which are part of the NALT, but that endoscopic rhinoscopy
showed no signs of NALT in the nasal cavity or nasopharynx of these patients. Results like this

highlight again the differences between human and rodent biology and the importance of IEl

studies to understand the human immune system.

87



3.1.2 The role of LTBR in establishing tolerance

Recent studies uncovered the mechanism behind the autoimmune phenotype of Ltbr—'— mice,
described as massive infiltrations of CD4" T cells and B220" B cells around perivascular areas in
lungs, liver, pancreas, submandibular glands, the fatty tissue of the mediastinum, mesenterium,
cortex of the suprarenal glands, and kidney (Futterer et al, 1998) as well as the development of
autoantibodies against multiple tissues and organs such as the lung, pancreas, liver, and salivary
glands (Boehm et al., 2003). While initial studies proposed that lymphotoxin signaling promotes
the expression of the transcription factor Autoimmune Regulator (AIRE) (Chin et al, 2003),
subsequent investigations contradicted these findings and suggested that AIRE expression
occurs independently of lymphotoxin signal (Martins et al, 2008). It was then discovered that LTBR
signaling is required for upregulating the transcription factor Fezf2, which, similar to AIRE,
regulates tissue-restricted antigen (TRA) expression on medullary thymic epithelial cells (mTECs)
(Takaba et al, 2015). Surprisingly, LTBR knockout specifically in thymic epithelial cells resulted
only in a mild form of autoimmunity (Wu et al, 2017). Finally, the underlying mechanism was
shown to involve a subset of thymic medullary fibroblasts that depend on LTBR signaling, inducing
the expression of fibroblast-specific antigens, thereby contributing to the establishment of
central tolerance mediated by AIRE- and Fezf2-expressing thymic epithelial cells (Figure 7) (Nitta
et al, 2020). These findings are part of a growing body of evidence highlighting that the role of
fibroblasts in immune regulation is more significant than previously appreciated (Krausgruber et

al, 2020).
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Figure 1. Contributions of LTBR signaling to thymic tolerance

(A) Lymphotoxin expressed by T cells binds to LTBR expressed by thymic stromal cells,
particularly medullary fibroblasts and thymic epithelial cells. (B) Defects in thymic LTBR
signaling result in defective cellular organization in the medullary thymus. (C) LTBR
activation upregulated Fezf2, which drives the expression of AIRE-independent tissue-
restricted antigens, contributing to clonal deletion of autoreactive T cells and
establishing tolerance. Figure adapted from (Borelli & Irla, 2021) and used with
permission of Springer Nature BV conveyed through Copyright Clearance Center, Inc.

Interestingly, none of the three LTBR-deficient patients showed any clinical signs of autoimmunity,
despite reduced numbers of T.g. This came as a surprise, not only because of the findings from
the mouse model, but because many IEls caused by mutations in the non-canonical NF-kB
pathway present with autoimmunity, including mutations in RelB (Sharfe et al, 2023), NIK
deficiency (Le Voyer et al, 2023), and NF-kB2 deficiency (Klemann et al, 2019). While the proposed
mechanism for the autoimmune phenotype in the patients with incomplete RelB variants was
suggested to be the result of compromised RelB-mediated inhibition of RelA-induced pro-
inflammatory transcriptional activity (Sharfe et al, 2023), recent findings have shown the
formation of neutralizing autoantibodies against type | interferons (IFNs) in patients with complete
RelB deficiency, NIK deficiency, and NF-kB2 deficiency (Le Voyer et al, 2023). Based on previous
mouse studies mentioned previously, the authors propose the underlying mechanism to be
impaired development of AIRE-expressing medullary thymic epithelial cells (mTECs) due to
aberrant non-canonical NF-kB signaling. However, we were not able to detect any autoantibodies

against type | IFNs in serum from P3.
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3.1.3 Potential contributing factors for absent clinical autoimmunity in LTBR-deficient
patients

While it is impossible to definitively exclude the future development of clinical signs of
autoimmunity in our LTBR-deficient patients or in additional cases, we propose several potential
mechanisms that may contribute to preventing or delaying its onset. One possibility is that LTBR
signaling plays a more redundant role in establishing central tolerance in the human thymus
compared to mice. As noted above, one of the key reasons for studying IEls is to uncover species-
specific differences in immune physiology, which are often revealed by the divergent phenotypes

observed in generated mouse models and human patients (Medetgul-Ernar & Davis, 2022).

Additionally, we propose that the defects in SLOs in these patients may paradoxically protect
these patients from developing and sustaining an autoimmune phenotype. As detailed above,
SLOs provide the confined microenvironment required for antigen-specific lymphocytes to
interact and initiate the adaptive immune response (van de Pavert & Mebius, 2010). Without SLOs,
self-reactive T cells have a lower likelihood of encountering relevant autoantigens presented in a
pro-inflammatory context by APCs. Correspondingly, these autoreactive T lymphocytes are less
likely to interact with B cells capable of binding the presented autoantigen. It is reasonable to
speculate that even in the unlikely event that these cells encounter each other in these patients,
due to the defects in the SLOs, their lymphocytes lack the environment to initiate the GC process.
This could ultimately have the beneficial effect of limiting the development of a sustained
autoimmune response, which is dependent on the generation of long-living plasma cells and
memory B cells in the GC (DeFranco, 2016). In line with this reasoning, LTBR signaling has also
been shown to be critical for the formation of tertiary lymphoid structures (TLS), ectopic
structures that resemble SLOs in their organization and function (Tang et al, 2017). TLS arise
transiently near sites of chronic inflammation and are associated with autoimmunity, correlating

with pathological conditions and a more severe disease course (Sato et al, 2023).

Another theory that we propose could contribute to the absence of clinical autoimmunity in these
LTBR-deficient patients is the continuous immunoglobulin since their early childhood. Notably,
immunoglobulins are not only used as immunoglobulin substitution in antibody deficient
patients, but are also employed as an immunomodulatory and immunosuppressive drug in

various autoimmune and inflammatory diseases, such as multiple sclerosis (MS), idiopathic
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thrombocytopenic purpura, Guillain-Barré syndrome, chronic inflammatory demyelinating
polyneuropathy, myasthenia gravis (MG), systemic lupus erythematosus (SLE), corticosteroid-
resistant dermatomyositis, Kawasaki syndrome, as well as in the prevention of graft-versus-host
disease (GvHD) following HSCT. (Fazekas et al, 1997; Kazatchkine & Kaveri, 2001; Nieto-
Aristizabal et al, 2019). Several mechanisms have been described that could contribute to the
beneficial effect of IVIG in autoimmune and inflammatory diseases. For instance,
immunoglobulin concentrates contain a substantial amount of idiotypic antibodies that
recognize and bind to other antibodies, particularly potentially pathogenic autoantibodies, which
are then neutralized and subsequently degraded (Dalakas, 2020). Supplementation with
immunoglobulins increases the catabolism speed of pathogenic endogenous IgG by saturating
the recycling process. 1gG is constantly taken up by cells through pinocytosis and then either
transported back to the cell surface to re-enter circulation or sent to the lysosome for degradation
(Dalakas & Spaeth, 2021). Additionally, immunoglobulins have also been shown to affect
cytokine levels, with a suppressing effect on the levels of pro-inflammatory cytokines such as
tumor necrosis factor-alpha (TNFa), while promoting anti-inflammatory cytokines like IL-4 and IL-
10 (Zhu et al, 2006). Finally, pharmaceuticalimmunoglobulins also have a direct effect on various
immune cell types. Treatment with immunoglobulins has been shown to modulate monocytes
(Abe et al, 2005), macrophages (Guo et al, 2020) and DCs (Wiedeman et al, 2013), as well as to
expand and enhance Tregs (Xu et al, 2020), and inhibit NK cells (Ruiz et al, 1996) and neutrophils
(Uozumi et al, 2020).

3.1.3 Neutralization of LIGHT and FAS via DcR3

Interestingly, immunoglobulins also affect structural cells such as fibroblasts, epithelial, and
endothelial cells (Bayry et al, 2023). Patients with toxic epidermal necrolysis, a severe drug-
induced skin disorder characterized by extensive apoptosis of keratinocytes, have benefited from
treatment with immunoglobulins (Paul et al, 1996). These patients had increased serum levels of
FasL, and administration of immunoglobulins rapidly reversed disease progression, supposedly
by blocking Fas-mediated keratinocyte death (Viard et al, 1998; Murata et al, 2008). Further
highlighting the unusual absence of autoimmunity in the LTBR-deficient patients in our study, we
detected not only increased serum levels of FasL, but also elevated levels of the TNF superfamily

cytokine TNFSF14 known as LIGHT (homologous to lymphotoxin, exhibits inducible expression
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and competes with HSV glycoprotein D for binding to herpesvirus entry mediator a receptor
expressed on T lymphocytes). LIGHT is the second known ligand of LTBR besides lymphotoxin, but
it can also bind to the more broadly expressed herpesvirus entry mediator (HVEM) (Mauri et al,
1998). It is primarily expressed on activated T cells, capable of reverse signaling and inducing a
pro-inflammatory response (Lee et al, 2019). LIGHT exists in both membrane-bound and soluble
forms, the latter resulting from proteolytic shedding and retaining its ability to engage HVEM and
LTBR. Noteworthy, elevated serum levels of LIGHT have been observed in patients with Crohn’s
disease (Cardinale et al, 2023), ulcerative colitis (Moraes et al, 2020), type 2 diabetes (Halvorsen
et al, 2016) and in patients hospitalized with COVID-19 (Arunachalam et al, 2020), with
subsequent studies demonstrating a correlation between LIGHT levels and clinical severity (Perlin

etal, 2022).

We detected increased serum levels of decoy receptor 3 (DcR-3), a soluble member of the tumor
necrosis factor receptor superfamily, that can bind and neutralize FasL, LIGHT, and TNF-like
ligand 1A (TL1A) (Pitti et al, 1998). The functions of these ligands vary depending on the cellular
context and environment, but are generally considered pro-inflammatory, and binding to their
receptors can even result in the induction of apoptosis. All three of these proteins have been
implicated to contribute to pathogenesis in various autoimmune diseases such as rheumatoid
arthritis (Edwards et al, 2006; Palao et al, 2006; Bamias et al, 2008) and inflammatory bowel
disease (Ueyama et al, 1998; Wang & Fu, 2005; Bamias et al, 2010). Furthermore, genetic variants
in their respective genes have been identified in genome-wide association studies (GWAS) of IBD

(Rivas et al, 2011; Demir et al, 2020).

DcR-3 levels are increased in pathological conditions such as cancer, autoimmune and
inflammatory diseases (Lin & Hsieh, 2011). Variants in TNFRSF6B encoding for DcR-3 have been
found in GWAS studies of pediatric IBD cases (Anderson et al, 2011) and missense mutations
leading to reduced DcR-3 secretion were discovered in pediatric cases of Crohn’s disease and
ulcerative colitis (Cardinale et al, 2013). Due to its neutralizing effects on FasL, LIGHT, and TL1A,
DcR-3 can be defined as an immunomodulator, but it has also been shown to function via “non-
decoy” activities (Lin & Hsieh, 2011), presumably by binding and cross-linking heparan sulfate
proteoglycans (You et al, 2008). We were able to show that treatment with DcR-3 ameliorated

activation-induced cell death (AICD) in expanded T cells, as well as reduced their killing capacity
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in a concentration-dependent manner. Additionally, we detected DcR-3 in multiple intravenous
immunoglobulin (IVIG) products tested and observed an increase in serum DcR-3 levels in a
different IEl patient following IVIG substitution. However, the levels did not reach the much higher
concentrations that we detected in serum from the LTBR-deficient patients across multiple
timepoints. The presence of DcR-3 in IVIG, along with its ability to neutralize FasL, may contribute
to the beneficial effects of IVIG treatment observed in patients with toxic epidermal necrolysis, as

mentioned above.

Therefore, IVRT could be a contributing factor to the increased DcR-3 levels in the LTBR-deficient
patients, as well as the imbalance in the LTBR network. While it was previously known that
epithelial cells and innate T cells can secrete DcR-3 in response to inflammatory signals (Kim et
al., 2005; Kim et al., 2012), the molecular mechanisms were not entirely understood. We
demonstrated for the first time that fibroblasts are capable of secreting DcR3 upon stimulation
with TNF-a, TNF-B/LTa3, and the two isoforms of lymphotoxin, LTa1f2 and LTa2B1. This response
was dependent on the expression of TNFR1 and LTBR, with TNFR1 stimulation appearing to induce
higher levels of DcR3 production. One could speculate that the absence of LTBR leads to
increased availability and binding of lymphotoxin ligands to TNFR1, thereby enhancing DcR3

expression (Figure 8).

The elevated levels and immunosuppressive function of DcR-3 could explain the lack of clinical
autoimmunity in the LTBR-deficient patients in contrast to findings from mouse studies, as there
is no ortholog of DCR3 in the rodent genome (Cardinale et al, 2013). However, whether increased
DcR3 expression or other factors suggested in this study help prevent autoimmunity in the LTBR-
deficient individuals is still not entirely clear. Further research and the identification of additional

patients with LTBR deficiency are warranted to answer this question.
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Figure 2. The lymphotoxin signaling network

(Top image) The lymphotoxin network under physiological conditions: LTBR and its
known ligands, lymphotoxin and LIGHT, are part of a large complex signaling network.

Results from our study suggest that the less-characterized and expressed isoform of
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lymphotoxin, composed of two LTa subunits and one LT3 subunit (LTay31), is also capable
of activating the TNFR receptor, similar to TNF-B/LTas, the soluble homotrimer of the LTa
subunit. (Bottom image) Proposed hypothesis of aberrations in the system resulting
from lack of LTBR expression: We have detected increased levels of LTa and TNF-a in the
patients, which could be the consequence of the missing binding of LTBR and unknown
feedback loops. This results in increased TNFR activation, possibly explaining the
increased levels of DcR-3 in the serum of these patients. DcR-3 binds and neutralizes the

pro-inflammatory cytokines LIGHT, FasL, and TL1A. Figure created with BioRender.com.

3.2 Outlook

3.2.1 Pharmacological modulation of LTBR signaling

While primary and secondary lymphoid organs are part of the physiological embryonic
development, lymphoid organ-Llike structures can develop temporarily (Pitzalis et al, 2014). These
so-called tertiary lymphoid structures (TLS) or tertiary lymphoid organs (TLOs) form close to sites
of prolonged inflammation and typically resolve once the inflammatory stimulus subsides. As
such, the formation of TLOs has a strong influence on the course of diseases such as infection,
autoimmune diseases, and cancer. Whereas recent studies have shown a positive effect TLOs in
several types of cancers (Cabrita et al, 2020; Helmink et al, 2020), the opposite seems to be the
case in autoimmune diseases, where the number of TLOs correlates with increased disease
activity and more severe tissue damage (Sato et al, 2023). Thus, both the pharmacological
promotion and inhibition of TLO formation may be therapeutically desirable, depending on the
disease context. Similar to the development of SLOs, LTBR signaling has been identified as a
central pathway driving TLO formation (Tang et al, 2017). Whereas enhancement of LIGHT
signaling has recently been explored as a strategy to improve CAR T-cell efficacy (Zhang et al,
2023; Cai et al, 2024), agonistic LTBR antibodies are being investigated to modulate the tumour

microenvironment and induce TLO formation (An et al, 2024).

While therapeutic promotion of LTBR signaling is still in an early development, its inhibition has
advanced further, due to early discoveries of increased LTBR activity in antibody driven

autoimmune diseases such as Sjogren’s syndrome (Shen et al, 2010) and rheumatoid arthritis

95



(Hirose et al, 2018), and the positive effect of LTBR inhibition being demonstrated in various
mouse models of autoimmunity (Gommerman & Browning, 2003). This led to the development of
the monoclonal antibodies Baminercept, which blocks LTBR, and Pateclizumab, which targets
LTa. However, despite the promising preclinical data, Baminercept was unsuccessful in a
randomized, double-blind and placebo-controlled phase Il trial for Sjogren’s syndrome (St Clair
et al, 2018), as was Pateclizumab in a phase |l trial for the treatment of rheumatoid arthritis
(Kennedy et al, 2014). Based on our co-culturing experiments, which demonstrated successful B
cell differentiation even in the absence of LTBR-expressing cells, we proposed that the failure of
these clinical trials may be due to the redundancy of LTBR signaling once a TLO is already
established. In this context, inhibiting LTBR signaling alone and for a short duration might be
insufficient to halt the ongoing germinal center reaction and the generation of autoantibody-

secreting plasma cells supported by these structures.

This could potentially provide an explanation for the failed clinical trials, as these included
primarily patients with advanced stages of disease. Additionally, a recent study using a mouse
model of Sjogren’s syndrome showed that blockade of LTa or LTBR had a beneficial effect only
when administered during the early phase of disease (Jacob et al, 2022). Therefore, LTBR-
inhibiting therapies may still hold potential in autoimmune disease if they are applied during the
early stage of disease or for a prolonged time in combination with other interventions. The
investigation of our as well as potential future patients with LTBR deficiency may provide valuable
insights into the physiological consequences and potential side effects of long-term LTBR

inhibition, ultimately guiding safer and more effective therapeutic strategies.

3.2.2 Conclusion and therapeutic outlook for LTBR-deficient patients

In summary, we identified and characterized the first patients with disease-causing mutations in
LTBR, resulting in a combined immunodeficiency. Both homozygous mutations led to the
complete loss of the encoded protein LTBR. The patients present with a remarkable phenotype of
absent lymph nodes, most prominently absent tonsils, despite normal B cell counts. We could
show that the significant reduction of class-switched and differentiated memory B cells is due to
the absence of the microenvironment usually established in the secondary lymphoid organs. The

results from our self-developed and sophisticated co-culturing model have shown that even in
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the absence of LTBR on patient cells, the B cells are able to interact with other cell types and

differentiate into GC-like and memory B cells.

These results, coupled with functional ex vivo assays that we performed, strongly suggest that the
lymphocytes in these patients are functional and only lack the microenvironment provided in
SLOs, which are formed in cooperation with stromal cells (Onder & Ludewig, 2018). While LTBR is
also expressed in myeloid cells (Upadhyay & Fu, 2013), we were not able to detect any functional
defects in monocytes or monocyte-derived dendritic cells. Notably, wildtype bone marrow
transfer studies in LtBr—' — mice have shown that the absence of lymph nodes was irreversible
after birth (Wege et al, 2014). This was also the case in Lt~ — mice, where the genetic defect

affected only the lymphocytes (Mduller et al, 1996).

This is highly important for the therapeutic decisions made for these and potential future LTBR-
deficient patients, as these patients are unlikely to benefit from HSCT. Instead, IgRT and antibiotic
prophylaxis have proven to be an effective and sufficient treatment for these patients, as all three
are doing well, with two having already reached adulthood. However, early diagnosis and
intervention are crucial, as itis highly likely that the undiagnosed sibling of P3, who died at a young

age from infection, was also affected by the same genetic defect.

Finally, we proposed several mechanisms that could contribute to the absence of clinical
autoimmunity in LTBR-deficient patients, despite the low number of regulatory T cells and the
phenotype reported in LtBr—'— mice. Nevertheless, close monitoring of autoimmunity is warranted

in these patients as well as potential future patients with genetic aberrations in LTBR or its ligands.
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4. MATERIALS AND METHODS

The corresponding materials and methods are described in detail in the published

manuscript included in Chapter 2.
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Licenses

Figure 2 — Nature Reviews Immunology, License 1615576-1 (Springer Nature BV)
Figure 3 — Journal of Clinical Immunology, License ID 1615576-2 (Springer Nature BV)

Figure 4 — Signal Transduction and Targeted Therapy, License ID 1615576-3 (Springer
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Figure 5 — Immunity, License ID 1640139-1 (Elsevier Science & Technology Journals)
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Advancement of Science)
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