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Abstract

A plethora of cellular signaling pathways plays crucial roles in human immune cell
function. Studies on different cellular signaling components of the immune system
have been widely explored in animal models, however, their roles in humans remain
to be clarified. Human inborn errors of immunity (IEls) represent unique models to
unravel precise genotype to phenotype relationship and molecular mechanisms
underlying important unknown human biology, which may substantially improve patient
diagnostics and enable personalized medicine. The aim of this thesis was to attain
mechanistic understanding of human immune homeostasis by studying novel human
IEls affecting cellular signaling pathways using whole exome sequencing in a cohort
of patients with autosomal recessive, monogenic forms of immune diseases presenting
with immune dysregulation. Systematically, we identified and investigated two novel
monogenic human |Els caused by biallelic loss of function mutations in TNFRSF9 or
PIK3CG, respectively.

Genetic characterization of four unrelated patients with defects in immunity against
EBV infection and EBV-driven disorders, revealed a novel monogenic human IEl
caused by mutations in TNFRSF9 encoding for CD137 or 4-1BB. We unraveled that
CD137 plays a crucial role in human immunity against EBV and its associated diseases,
especially in T-cell activation, proliferation, and cytotoxicity against EBV. Moreover, we
uncovered the previously unknown direct role of CD137 in human B cell function. In
the second publication, we identified the second patient with novel germline biallelic
PIK3CG mutations presented with systemic autoinflammation with hemophagocytic
lymphohistiocytosis (HLH)-like phenotype. We demonstrated impaired PISK/AKT
signaling and therefore activation and proliferation in patient T cells. Furthermore,
human PI3Ky plays an important role in myeloid cell function such as phagocytosis.

Collectively, the work in this thesis reveals previously unknown pivotal roles of human
immune signaling components in regulating homeostasis of the immune system, and
therefore open new therapeutic avenues for the treatment of patients with rare

immunological diseases.
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Deutschsprachige Zusammenfassung

Es existierert eine Vielzahl von zellularen Signalwegen, die fur das Funktionieren
menschlicher Immunzellen unerlasslich sind. Die verschiedenen Bestandteile dieser
Signalwege wurden ausgiebig in Tiermodellen untersucht, ihre Rolle im Menschen ist
jedoch oft unklar. Angeborene Immunitatsfehler beim Menschen (Human inborn errors
of immunity (IEls)) sind einzigartige Modelle die es uns ermoglichen, klare
Ruckschlisse vom Genotyp auf den Phanotyp zu ziehen und die molekularen
Mechanismen dieser Signalkomponenten auch im Menschen aufzuklaren. Dadurch
entsteht die Moglichkeit die Diagnostik von Patienten zu verbessern, sowie
personalisierte Behandlungen/Therapieansatze zu ermdglichen. Das Ziel dieser
Doktorarbeit war es, durch die Erforschung von IEls, welche die zellularen Signalwege
beeintrachtigen, ein besseres mechanisches Verstandnis flr die menschliche
Immunhomaoostase zu erlangen. Whole Exome Sequenzierung (WES) von Patienten
mit Immunsstorungen, aufgrund von autosomal rezessiven monogenetischen
Immunerkrankungen, ermoglichte uns die Identifizierung von neuartigen
monogenetischen menschlichen IEI. Durch systematische Aufarbeitung gelang uns
die Erstbeschreibung von zwei neuen monogenetischen Immunerkrankungen,
ausgelost durch biallelilsche Mutationen mit Funktionsverlust in den jeweiligen Genen
TNFRSF9 bzw. PIK3CG.

Die genetische Charakterisierung von vier nicht miteinander verwandten Patienten mit
Storungen der Immunabwehr gegenuber EBV Infektionen und damit verbundenen
Erkrankungen, enthlllte einen neuen monogenetischen humanen IEI verursacht durch
Mutationen in dem flir CD137 oder 4-1BB kodierenden Gen TNFRSF9. Wir konnten
nachweisen, dass CD137 durch T-Zell Aktivierung, Proliferation und Zytotoxizitat eine
unverzichtbare Rolle fur die humane Immunabwehr gegen EBV und damit
einhergehende Begleiterkrankungen spielt. Darlber hinaus zeigten wir eine bisher
unbekannte direkte Funktion von CD137 in menschlichen B Zellen. In einer zweiten
Publikation konnten wir den erst zweiten Patienten mit einer neuen biallelischen
Keimbahnmutation in PIK3CG identifizieren, welche sich in Form von systemischer
Autoinflammation mit Hamophagozytisch Lymphohistiozytose ahnlichem Phanotyp
darstellt. Als Mechanismus konnten wir hier eine Beeintrachtigung des PI3K/AKT
Signalweges feststellen und die dadurch verursachte Storung der Aktivierung und

Proliferation der T Zellen des Patienten nachweisen. Aullerdem konnten wir zeigen
vii



welche wichtige Rolle PI3Ky im Menschen in myeoliden Zellfunktionen, wie

beispielsweise Phagozytose, spielt.

Zusammenfassend befasst sich diese Doktorarbeit mit der Erstbeschreibung der
Funktion von verschiedenen zellularen Signalkomponenten und ihrer zentralen Rolle
fur die Regulierung der Homoostase des menschlichen Immunsystems. Dadurch
erfoffnen sich neue Wege fur die Therapie von Menschen mit seltenen Erkrankungen

des Immunsystems.
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1. Introduction

The human immune system comprises of a group of distinct cell types of well-defined
functions, working together to protect the body from harmful effects of pathogens and
altered self-structures (Murphy, 2012). Two interdependent arms of immunity have
emerged throughout evolution: the innate and the adaptive immune responses. To
effectively defend the body against threats and diseases, the immune system needs
to achieve four main functions: immunological recognition, immune effector functions,

immune regulation and immunological memory (Murphy, 2012).

1.1. Human innate immunity
Widely considered as the first lines of defense, the innate immune system provides
rapid initial immune responses against most invading microorganisms (Murphy, 2012).
The human innate immune system encompasses all tissues, particularly barrier
surfaces such as the skin or the mucosal surfaces of the respiratory and
gastrointestinal tract (Gasteiger et al, 2017). Innate immune responses can be
mediated through cell-dependent mechanisms such as phagocytosis or through

secreted factors, including antimicrobial peptides (AMPs) (Bevins & Salzman, 2011).

Immunological recognition of the innate immune system is highly conserved across
species and is achieved using germline-encoded pattern recognition receptors (PRRs)
such as Toll-like receptors (TLRs). These receptors are crucial to sense and bind to
pathogen-associated molecular patterns (PAMPs) or damage-associated molecular
patterns (DAMPs) (Takeuchi & Akira, 2010). Human innate immune cells express
several different TLRs which recognize distinct PAMPs/DAMPs. TLR-1, TLR-2 and
TLR-6 recognize lipoproteins from Gram-negative bacteria. TLR-4 binds to bacterial
lipopolysaccharide (LPS) while TLR-5 recognizes flagellin. TLR-3, TLR-7 and TLR-9
are endosomal receptors involved in mainly recognizing viruses. TLR-3 binds to
double-stranded ribonucleic acid (RNA), whereas TLR-7 recognizes single-stranded
RNA. TLR-9 recognizes unmethylated CpG deoxyribonucleic acid (DNA) of bacteria
and viruses (Murphy, 2012).

Upon microbial invasion, pathogens are usually recognized by PRRs of the resident
phagocytic cells such as macrophages or dendritic cells, which trigger a downstream

signaling cascade to induce the secretion of proinflammatory cytokines and
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chemokines to recruit other innate immune cells, such as monocytes and neutrophils
to the infected site through chemokine gradients. An inflammatory response is

therefore triggered (Gasteiger et al, 2017).

Inflammatory responses are characterized by heat, redness, pain and swelling at the
infected site. There are three essential roles of inflammation in fighting infection. Firstly,
additional effector cells and molecules are recruited to increase the destruction of
invading pathogens at the site of infection. Secondly, to prevent the spread of infection
by inducing local blood clotting and thus, a physical barrier. Thirdly, to promote tissue

repair of the infected site (Murphy, 2012).

Neutrophils are the earliest and most numerous innate immune cells recruited,
followed by monocytes and dendritic cells (DCs). The initial response of neutrophils to
microbial exposure is engulfment through phagocytosis, followed by the release of
different types of antimicrobial granules, and resulting in respiratory or oxidative burst
to kill the engulfed pathogen (Murphy, 2012; Hager et al, 2010). However, neutrophils
are short-lived, and undergo phagocytosis-induced cell death after they have achieved

a round of phagocytosis (Gasteiger et al, 2017; Murphy, 2012).

Monocytes are key players in inflammation while tissue-resident macrophages are
important players for the resolution of inflammation, tissue development and
homeostasis. Monocytes can differentiate into monocyte-derive macrophages or
dendritic cells in the tissues, depending on the precise signals that they receive from
the surroundings (Coillard & Segura, 2019). These cells are major producers of pro-
inflammatory cytokines such as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6)
and IL-1B (Coillard & Segura, 2019).

During virus infection, type | interferons (IFN-a and IFN-f) are produced and in turn,
activate natural killer (NK) cells. Activated macrophages also secrete IL-12 and IL-18
to stimulate NK cells to produce IFN-y. NK cells recognize and kill their target cells by
releasing cytotoxic granules containing granzyme and perforin. Activated NK cells
increase their killing activity and serve to control virus infections while adaptive
immunity is generating antigen-specific immune responses to clear the infection
(Murphy, 2012).



1.2. Human adaptive immunity
An adaptive immune response is triggered when innate immune responses are
overwhelmed. To effectively fight pathogens and defend our body, the adaptive
immune system has evolved to recognize a myriad of antigens due to their diverse

antigen receptors (Murphy, 2012).

1.2.1. Immunological diversity and development

In adaptive immunity, antigen can be recognized by two distinct molecules: the
immunoglobulins on the B cells and the antigen-specific receptors on the T cells
(Murphy, 2012). The diversity of B- and T-cell antigen receptors (BCR and TCR) enable
the body to elicit immune responses against a plethora of pathogens encountered
during a lifetime. The genes that encode these antigen receptors exist in a non-
functional state in the germline, with the 5 portion of each gene (which encodes the
antigen binding domain) organized as arrays of variable (V), diversity (D; only present
in immunoglobulin heavy-chain in B cells and TCR B- and y-chains) and joining (J)
gene segments (Schatz & Ji, 2011). Assembly of these genes by V(D)J recombination
through expression of recombination-activating genes (RAG1 and RAG2) generates a
diversity of antigen receptors and is the fundamental process of how early lymphocyte
development is established (Schatz & Ji, 2011; Nemazee, 2017).

Lymphocytes derive from common lymphocyte progenitors (CLPs) which are
differentiated from multipotent hematopoietic stem cells in the bone marrow. Immature
B cells are developed from CLP in the bone marrow and migrate to peripheral lymphoid
tissues, while T-cell progenitors emigrate from the bone marrow to undergo maturation
in the thymus (Murphy, 2012).

CLP give rise to early pro-B cell where heavy (H)-chain D to J gene segments are
rearranged and subsequently becomes late pro-B cell when both alleles had
undergone D to Jn rearrangements. Late pro-B cell develops into large pre-B cell by
rearranging Vi to DJu gene segments to generate intact p H-chains (Nemazee, 2017).
The diversity of the BCR repertoire is enhanced at this stage by the enzyme terminal
deoxynucleotidyl transferase (TdT) which adds non-templated nucleotides at the joints
between gene segments (Murphy, 2012). A functional heavy chain is tested for its
successful production in the absence of light (L)-chain using a surrogate. Signaling
from the pre-B-cell receptor promotes H-chain allelic exclusion and inhibits further H-

chain rearrangement. Small pre-B cells are achieved by rearranging L-chain (k or A) V
3



to J gene segments to produce intact light chain which results in the entry to immature
B cell stage (Figure 1) by expressing intact cell-surface immunoglobulin M (IgM)
(Nemazee, 2017).

V(D)J recombination is intrinsically random and error-prone, generating diversity, but
often assembling genes that are non-productive or that encode potentially autoreactive
antibodies (Nemazee, 2017). Developing lymphocytes with receptors that interact
weakly with self-antigens receive survival signal, resulting in positive selection (Figure
1). Negative selection occurs when receptors on the lymphocytes react strongly to self-
antigens and are therefore eliminated to ensure central tolerance. There are four
possible fates for self-reactive lymphocytes: anergy, receptor editing, clonal deletion
and a state of immunological ignorance (Murphy, 2012). Immature B cells which
undergo selection migrate to the periphery for later developmental stages (Nemazee,
2017).
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In the thymus, CLP receives the Notch signal from stromal cells to commit to the T-cell
lineage rather than B-cell lineage. T-cell development resembles that of B cells in many
ways but there are also some additional features, such as the generation of two distinct
lineages of T cells, the y:® and the a:B lineages, which express different antigen-
receptor genes (Murphy, 2012).

Double-negative (DN) thymocytes lacking CD4 and CD8 coreceptors undergo TCR
V(D)J rearrangement, giving rise to CD4*CD8" double-positive (DP) thymocytes. DP
cells undergo positive and negative selection that depends on their TCR interaction
with self-peptide:self-major histocompatibility complex (MHC) complexes to generate
CD4* or CD8" single-positive (SP) thymocytes which eventually emerge into the
periphery as naive T cells (Kumar et al, 2018).

1.2.2. Cellular immunity

Cellular immunity is mediated by T cells which are developed in the thymus and
emigrate to the periphery via the bloodstream. Mature recirculating T cells which have
not encountered their specific antigens are naive T cells. DCs constantly take up and
process antigens from surrounding environment and travel to lymphoid tissues where
they present their antigens to naive T cells. Naive T cells are primed when they
encounter their specific antigen via peptide-MHC on the surface of antigen-presenting
cells (APCs). Generally, CD8" T cells recognize peptides presented by MHC class |
molecules while CD4* T cells by MHC class Il molecules (Murphy, 2012).

Three signals are involved in activating naive T cells by the same APC: Firstly, the
engagement of TCR with its specific peptide-MHC. A second costimulatory signal is
required to promote T cell survival and expansion. The third signal is needed to
differentiate T cells into different effector subsets (Hwang et al, 2020; Murphy, 2012).
Multiple signaling cascades can be triggered upon activation of naive T cells (Figure

2) and we will discuss this further in chapter 1.3.
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Figure 2. T cell receptor signaling pathways downstream of CD28 family
receptors (Adapted from Chen & Flies, 2013). AP: activator protein; mTOR:
mammalian target of rapamycin; NF-kB: nuclear factor-kB; NFAT: nuclear factor of
activated T cells; PKCB8: protein kinase C0; PLCy: phospholipase Cy; ICOS: inducible
T cell co-stimulator; PI3K: phosphatidylinositol 3-kinase; IL-4: interleukin-4; BTLA: B
and T lymphocyte attenuator; PD1: programmed cell death 1; CTLA4: cytotoxic T
lymphocyte antigen 4; SHP: SH2 domain-containing tyrosine phosphatase; PP2A:
protein phosphatase 2A; ERK: extracellular signal-regulated kinase.

Upon antigen recognition, naive CD8" T cells differentiate into cytotoxic effector T
lymphocytes (CTLs) to kill infected target cells by releasing cytotoxic granules
containing perforin and granzymes. CD8" T cells can be activated by DCs to produce
IL-2 required for proliferation and differentiation. Additionally, CD8" T-cell memory
require effector CD4* T cell help to provide CD40L and IL-2 to DC which in turn,
upregulates expressions of B7 and 4-1BBL (CD137L) on the DC to be delivered to
CD8* T cells. CTLs are crucial for defense against viruses and intracellular pathogens

(Murphy, 2012). By contrast, CD4" T cells differentiate into distinct effector T helper
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(TH) subsets with different immunological functions. Currently, these subsets are Tn1,
T2, TH9, Tu17, Tu22, T follicular helper cells (Ten) and regulatory T cells (Tregs)
(Hirahara & Nakayama, 2016).

TH1 cells express the transcription factor T-bet and are known to produce IFN-y, IL-2,
TNF, lymphotoxin and granulocyte-macrophage colony-stimulating factor (GM-CSF).
Tu1 cells are important for immunity against intracellular pathogens. However, it has
also been associated with pathology in autoinflammatory/autoimmune diseases such
as autoimmune type 1 diabetes, multiple sclerosis (MS) and rheumatoid arthritis (RA)
(Raphael et al, 2015).

TH2 cells express the transcription factor GATA-3 and are known for their role against
extracellular pathogens such as helminth and parasites. TH2 cells produce IL-4, IL-5
and IL-13 and have been shown to play key role in allergies and atopic diseases
(Raphael et al, 2015).

The master regulator of the Th17 cell lineage is RORyt, however, other factors such
as IRF4 and BATF are also required (Stockinger & Omenetti, 2017). Due to the relative
instability nature of Tu17 cells, they show a significant degree of plasticity in their
function and phenotype towards environmental signals. Tu17 cells produce IL-17, IL-
21, IL-22 and play a role in extracellular bacterial and fungal defenses. However, the
pathogenic role of Tw17 in various inflammatory diseases is well documented
(Stockinger & Omenetti, 2017; Geginat et al, 2014).

The lineage-defining transcription factor for Trn differentiation is BCL6. TrH
differentiation requires DC priming during early stage and B cells for later stage to
reach full maturation in the germinal centers (GCs). Reciprocally, Tru cells stay
resident in secondary lymphoid organs to help B cells in their developmental stages
(Crotty, 2019). These feedback loops are central aspects of proper regulation of
humoral immunity, which we will discuss in chapter 1.2.3. Generally, a decrease in TrH
cells have been associated with humoral immunodeficiency while an increase

proportion of these cells has been associated with autoimmunity (Tangye et al, 2013).

FOXP3 is the master regulator of Tregs, important for their development and function.
Tregs are important for immune tolerance and homeostasis (Shevyrev &
Tereshchenko, 2020). Mechanisms of Treg immune suppression include the secretion

of anti-inflammatory cytokines such as IL-10 and transforming growth factor-g (TGF-
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B), cytokine depravation and inhibitory receptor expression (Raphael et al, 2015).
Mutations in FOXP3 have been described in humans to result inimmune dysregulation,
polyendocrinopathy, enteropathy, X-linked (IPEX), which is a rare and devastating

autoimmune syndrome (Geginat et al, 2014).

1.2.3. Humoral immunity

Humoral immunity is mediated by B cells which are developed in the bone marrow and
migrate to peripheral organs such as lymph nodes where they can be activated by
antigens. The humoral immune response is initiated when B cells receive signals from
Trn cells during thymus-dependent antigen recognition. Ten provides CD40L, IL-21
and/or IL-4 for B cell to undergo proliferation to form GCs. Somatic hypermutation
(SHM) happens in the GC to allow affinity maturation (Figure 3), which selects for the
survival of mutated B cells with high affinity for the antigen (Crotty, 2019).
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Figure 3. Relationship of Trn cells and B cell affinity maturation (Adapted from
Tangye et al, 2013). CR2: complement receptor 2; FcRIl: low affinity Fc receptor for
immunoglobulin.



GC B cells also undergo class switch recombination (CSR). The classes of
immunoglobulins are defined by their heavy-chain constant (Ch) regions, with the
different isotypes being encoded by different Cx genes (Xu et al, 2012). CSR is the
process whereby a CH gene can be changed at the DNA level with another downstream
CH gene, for example from Cp for IgM with Cy, Ce or Ca for IgG, IgE or IgA respectively.
This allows the alteration of antibody isotypes to elicit different immune responses at
different locations in the organism while retaining their antigen-specificity (Xu et al,
2012).

The immunoglobulin classes have distinct tissue distribution and potency against
different types of pathogens. Although naive B cells express only IgM and IgD on their
cell-surface, CSR can take place over the course of an immune response, depending
on the signals or cytokines received. IgM is the first antibody secreted by activated B
cells because it is expressed without CSR and have undergone little SHM. These early
IgM antibodies are also called natural antibodies with low affinity and tend to be
polyreactive but allow B cells to respond quickly to variety of antigens (Murphy, 2012).
IgM can form multimers which have high avidity for antigens with repetitive motifs and
function by opsonizing antigen for destruction and result in the activation of classical
complement pathway (Xu et al, 2012; Schroeder & Cavacini, 2010). The process of
SHM and CSR requires activation-induced cytidine deaminase (AID) (Schroeder &
Cavacini, 2010). In individuals with AID deficiency resulted in the autosomal recessive

form of the Hyper-IgM syndrome (Revy et al, 2000).

lgG exists as a monomer and is the most abundant isotype and there are 4 subclasses
in humans and were ordered based on their serum levels in the blood: 1gG1, 1gG2,
IgG3 and IgG4. These subclasses exhibit distinct functional capacities. All 1gG
subclasses except IgG4 can efficiently opsonize pathogens for phagocytosis and
activate classical complement pathway. IgG1 and IgG3 can bind to all three classes of
FcyR but IgG4 can only bind FcyRIl and 11, while IgG2 only binds to FcyRIl. Different
IgG subclasses also contribute distinctly to neutralization of toxins and viruses
(Schroeder & Cavacini, 2010).

IgA is the predominant class of antibody in the mucosal surfaces and in secretions.
Generally, IgA in the serum exists as a monomer with predominantly IgA1 subclass
while in the mucosal sites, IgA forms dimer, which is mainly IgA2 subclass (Murphy,
2012). IgA is secreted in breast milk and transferred from mothers to neonates to
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provide protection against pathogens. Additionally, IgA is crucial in protecting mucosal
surfaces by neutralizing toxins and viruses. IgA receptor is also expressed on
neutrophils which may allow its activation by antibody-dependent cellular cytotoxicity
(ADCC) at mucosal sites (Schroeder & Cavacini, 2010).

IgE is present at low levels in the serum with the shortest half-life but an extremely
potent immunoglobulin which binds FceRI on mast cells, basophils, eosinophils and
Langerhans cells with very high affinity. Upon crosslinking of antigen with IgE-bound
FceRI on mast cells, a signaling cascade results in degranulation of chemical mediators
of immune response. IgE is important for defense against parasitic worms but has also
been associated with allergies and hypersensitivity (Murphy, 2012; Schroeder &
Cavacini, 2010).

Most humoral responses are dependent on T cell help, however, in the absence of T
cell help, naive B cells can be stimulated through thymus-independent (TI) antigen
recognition. There are two classes of Tl antigens: TI-1 antigens such as bacterial LPS,
which can activate TLRs expressed by B cells, and TI-2 antigens such as bacterial

capsular polysaccharides which have highly repetitive structures (Murphy, 2012).
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1.2.4. Immunological memory

Immunological memory is one of the most important consequences of the adaptive
immunity. It is the ability to store and recall information on previously encountered
pathogens. Memory immune cells are long-lived, antigen-specific which can respond
more rapidly and effectively to repeated encounters with a specific antigen.
Immunological memory is the basis of an effective vaccine. Memory responses are
also known as secondary immune responses (Ratajczak et al, 2018).

Primary humoral response in naive B cells is characterized by an initial production of
IgM, followed by IgG from CSR, while secondary humoral response in memory B cells
is characterized by the generation of low IgM, but large quantities of IgG antibodies
with some IgA and IgE. Antibodies generated by the secondary humoral response

have higher affinity due to SHM compared to the primary response (Murphy, 2012).

Memory T cells are long-lived and represent a major circulating population in human
blood which are subdivided into central-memory (Tcwm), effector-memory (Tem), and
stem-cell memory (Tscm) T cells. Functionally, both Tcm and Tem cells are able to
produce IL-2 and effector cytokines upon stimulation; however, Tcm cells show
lymphoid homing profiles (CCR7*) and a high proliferative capacity, while Tem cells
generate more effector cytokines. Tscm cells show high self-renewal and proliferative

capacities with no effector function (Kumar et al, 2018).
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1.3. Human immune cellular signaling pathways

A plethora of cellular signaling pathways plays crucial roles in human immune cell
function. Many of these signaling pathways control important cellular processes and
regulate transcription factors that switch on a fine-tuned, response-appropriate gene
expression program involved in cell growth, survival, proliferation, differentiation and

inflammation.

1.3.1. T-cell costimulation

Cell-surface receptors function to sense their environment and to transmit information
along intracellular signaling pathways to the nucleus, in order to alter gene expression
and therefore protein synthesis to react to threats that would endanger the organisms
(Murphy, 2012). TCR recognizes and binds antigen in the form of peptide-MHC
complexes expressed by APCs such as DCs. However, signaling from TCR itself is
insufficient to activate a naive T cell. Costimulatory receptors play fundamental roles
in achieving full activation and fine-tuning the signaling output of the antigen receptors
(Croft, 2003).

Many costimulatory receptors have been described so far and they are mostly
members of the immunoglobulin superfamily (IgSF) and tumor necrosis factor receptor
superfamily (TNFRSF) (Croft, 2003; Chen & Flies, 2013). The CD28 and B7 families
are the best-characterized IgSF receptors. Studies demonstrated the function of CD28
receptor as a costimulatory molecule for T cell activation with B7 family members,
CD80 and CD86 expressed on APCs as its ligands (Sharpe, 2009). A variety of CD28

receptor family members mainly bind to B7 family members (Chen & Flies, 2013).

TNF receptor (TNFR) family members are usually expressed by T cells and their
respective TNF-family ligands are expressed by APCs (Croft, 2003). TNF family
molecules are active mainly in trimeric form, either on the cell surface or soluble after
extracellular cleavage (Croft et al, 2012). TNFRs share conserved extracellular
cysteine-rich domains (CRDs) whereas their ligands share a conserved extracellular
TNF homology domain (THD) (Chen & Flies, 2013). Members of TNFRSF function
primarily in T-cell costimulation such as TNFRSF4 (OX40), TNFRSF7 (CD27),
TNFRSF8 (CD30) and TNFRSF9 (CD137 or 4-1BB). However, several members of
TNFRSF are also involved in various cellular processes other than costimulation (Chen
& Flies, 2013).
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Studies show that TNFSF ligand—receptor signaling pathways are highly active in
autoinflammatory and autoimmune disease. Therapeutic approaches targeting several
members of TNFRSF are currently considered for intervention in autoimmunity and
cancer (Croft et al, 2013). Furthermore, several studies showed that genetic mutations

in TNFSF or TNFRSF result in immunological diseases in humans (Tangye & Latour,
2020).
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1.3.2. PI3K/AKT pathway

The PI3K/AKT signaling axis is one of the critical molecular pathways in humans,
regulating crucial cellular processes including cell proliferation, growth, survival, and
metabolic adaptation (Fruman et al, 2017). Accordingly, it is also one of the most

dysregulated pathways in cancer (Janku et al, 2018).

Phosphatidylinositol-3-kinases (PI3Ks) represent key signaling hubs that integrate
signals derived from plasma membrane receptors to act on lipid second messenger
molecules for signal propagation, driving cell activation, cell polarization and
morphological adaptations (Koyasu, 2003; Fruman et al, 2017).

PI13Ks are evolutionarily conserved and are divided into three classes of enzymes in
humans, according to their molecular structure, substrate specificities and regulation
(Rommel et al, 2007). Class | PI3Ks consist of class IA (PI3Ka, B, and d isoforms) and
class IB (PI3Ky isoform). There are three class Il PI3Ks (PI3K-C2a, C2B, and C2y
isoforms) and a single class Il PI3K (hVPS34) (Hawkins & Stephens, 2015; Fruman
et al, 2017).

Class | PI3Ks are the best described among classes of PI3Ks. All four class | PI3Ks
are heterodimers composed of a catalytic subunit of p110 (a, B, 6, and y) and a tightly-
bound regulatory subunit that controls their expression, activation and subcellular
localization (Rommel et al, 2007). Class |IA PI3Ks consist of one of five homologous
regulatory subunits (p85a/p55a/p50a, p85B or p55y) associated to a single (p110aq,
p110B, or p1108) catalytic subunit to form five potential heterodimers for each catalytic
subunit, known as PI3Ka, PI3KB or PI3Kd, respectively. Contrarily, class 1B PI3Ks
contain one of two homologous subunits (p101 or p84) which bind to a single p110y
catalytic subunit to form two potential heterodimers, p101/p110y or p84/p110y, also
known as PI3Ky (Hawkins & Stephens, 2015).

Multiple upstream signaling events can activate different class | PI3K isoforms. Studies
showed that Ras-related GTPases can bind and activate p110a, p1108, and p110y
through its Ras binding domain (RBD). On the other hand, the RBD of p1108 is
selective for Rac/CDC42 (Fruman et al, 2017). Receptor tyrosine kinases (RTKs) and
G-protein coupled receptors (GPCRs) can also activate class | PI3Ks, however, further
studies on the coupling of each isoform and their cellular context need to be clarified
(Fruman et al, 2017).
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PI3Ka and PI3KB are ubiquitously expressed in humans while PI3K® and PI3Ky are
primarily expressed in immune cells (Fruman et al, 2017). Class | PI3Ks catalyze the
phosphorylation of phosphatidylinositol-4,5-bisphosphate (PIP2) to generate the
second messenger, phosphatidylinositol-3,4,5-trisphosphate (PIP3) (Rommel et al,
2007). The generation of PIP3 results in the recruitment of specific proteins such as
phosphoinositide-dependent kinase-1 (PDK1) and AKT to membrane-signaling
complexes (Manning & Toker, 2017).

The activation and phosphorylation of AKT is the hallmark effector downstream of class
| PI3K activation. PDK1 phosphorylates AKT at Thr308 residue, while mechanistic
target of rapamycin (mMTOR) complex-2 (MTORC2) phosphorylates AKT at Ser473
residue, which stabilizes T308 phosphorylation and provides maximal activation
(Manning & Toker, 2017). Activated AKT in turn, phosphorylates a multitude of
downstream substrates involved in cell survival, proliferation, metabolism, and motility
(Manning & Toker, 2017).

The PI3K/AKT pathway plays a diverse role in both myeloid and lymphoid cell lineages
of the immune system. While all four class | PI3K isoforms are expressed in immune
cells, PI3Kd and PI3Ky are the primary sources of PIP3 production following activation

in these cells (Fruman et al, 2017).

Given that most human cancers resulted from genomic alterations that aberrantly
activate PI3K/AKT signaling pathway, investigations targeting components of this
pathway have been initiated in clinical trials (Janku et al, 2018). This resulted in the
development of over 40 different inhibitors, however, only a few have been approved
for clinical use in the treatment of cancer patients, such as PI3K inhibitors idelalisib and

copanlisib (Janku et al, 2018).
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1.3.3. NF-kB pathways

The nuclear factor (NF-kB) transcription factor family members are central regulators
of cellular processes by controlling the development, survival, activation and
differentiation of cells of the innate and adaptive immune system. The NF-kB family
comprises of five members that share a Rel homology domain for DNA binding and
dimerization: RelA (p65), RelB, c-Rel, p50 (NF-kB1) and p52 (NF-kB2). NF-kB exists
as a latent transcription factor in the cytoplasm, which can be activated through various
extracellular stimuli (Hayden & Ghosh, 2012).

Generally, two distinct NF-kB-activating pathways are distinguished. The canonical
NF-kB pathway is dependent on IkB kinase (IKK)-B and NF-kB essential modulator
(NEMO), and is triggered by TNFR, PRR, as well as TCR and BCR (Liu et al, 2017). A
central event of this pathway is the phosphorylation of IkBa and its subsequent
degradation, leading to the nuclear translocation of p65/p50 NF-kB1 heterodimers.
Moreover, phosphorylation of p65 at Ser536 is required to enhance its transactivation
potential (Sakurai et al, 1999). The noncanonical pathway is activated by a specific set
of TNFRs (such as CD40, LTBR, BAFFR and RANK) and relies on the phosphorylation
of the NF-kB2 precursor p100 by IKKa and the NF-kB inducing kinase (NIK) and its
subsequent proteolytic processing to p52 (Sun, 2012). Importantly, IKKa, IKK@ and
NEMO are capable of mediating crosstalk with other signaling pathways such as MAPK,
IRF and p53 pathways (Oeckinghaus et al, 2011).

The activity of NF-kB1 is transient, peaking by 30 minutes after induction and leading
to the rapid resynthesis of IkBa encoded by the NFKBIA gene (Smale, 2011), which is
a target of NF-kB1 signaling. Newly synthesized IkBa tanslocates into the nucleus and
binds to DNA-bound NF-kB dimers, resulting in nuclear export of the complex and
thereby creating a negative feedback loop that is essential for the resolution (Figure 1)
of NF-kB1 activity. Aberrant NF-kB function may cause severe diseases such as
immunodeficiency, autoinflammation and cancer, therefore, proper regulation of these

pathways is crucial to maintain homeostasis (Ruland, 2011).

To date, a number of human genetic disorders involving mutations in the regulation
and function of NF-kB components have been described with diverse clinical
manifestations and phenotypes, illustrating non-redundancy of these regulatory
components of NF-kB signaling and fundamentally contributed to our current

understanding of the NF-kB signaling pathways (Zhang et al, 2017).
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1.4. Human inborn errors of immunity

Human inborn errors of immunity (IEl) or primary immunodeficiencies (PID) refers to a
heterogeneous group of inherited human diseases that affect the development and/or
function of immune system (McCusker & Warrington, 2011). Patients often suffered
from recurrent infections, autoinflammation, autoimmunity and/or malignancy (Tangye
et al, 2020). These disorders are caused by monogenic germline mutations and are
usually rare, affecting approximately 1 in 10,000 to 1 in 50,000 births. However, their
collective prevalence is approximately 1 in 1,000-5,000 births (Tangye et al, 2020).

Monogenic diseases such as human IEIl provide opportunities to unravel precise
genotype to phenotype relationship. They represent unique models to identify and
characterize molecular mechanisms underlying important unknown human biology,
which may substantially improve patient diagnostics and enable targeted therapy
(Tangye et al, 2020). Advancements in genetics, such as whole-exome sequencing
(WES) in human monogenic diseases, has helped to identify new genes involved in
the immune system. To date, 430 known genetic defects were identified as causing
human IEI (Tangye et al, 2020).

1.4.1. Combined immunodeficiency

Combined immunodeficiencies (CID) are a group of heterogeneous inherited
monogenic immunological diseases affecting T- and B-lymphocytes with respect to
their development and effector function in immune-regulation. Impaired adaptive
immunity in affected patients may cause early-onset elevated susceptibility to

infections, autoimmune manifestations and cancer (Akar et al, 2016).

The most frequent forms of CID are with genetic disorders affecting T cells, in terms of
absolute numbers, development and/or function, which in turn could also lead to B-cell
defects (McCusker & Warrington, 2011; Akar et al, 2016). Defects in TCR signaling
components such as LCK, ZAP70, as well as defects in components involved in actin
cytoskeleton remodeling such as DOCK8, DOCK2, have been reported to cause CID
(Fischer et al, 2015).

In severe forms of CID, also known as severe combined immunodeficiency (SCID),
there is a deficiency of functional T cells which can be additionally categorized into
whether there is an absence or presence of B and/or NK cells (T~ B* NK*, T~ B~ NK*,
T-B* NK-, or T~ B- NK") (McCusker & Warrington, 2011; Akar et al, 2016). SCID
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subtypes can also be distinguished by genetic mutations and patterns of inheritance:
autosomal recessive or X-linked (Fischer et al, 2015). To date, there are 18 known
genetic mutations identified to cause SCID (Tangye et al, 2020). X-linked SCID has a
constant incidence worldwide, as novel mutations in IL2RG, the gene causing this
subtype, occur sporadically at a stable rate. Autosomal recessive SCID (AR-SCID)
occurs less frequently than X-linked SCID because a mutant allele must be inherited
from both seemingly health carrier parents (Fischer et al, 2015). However,
consanguineous marriages and geographically isolated populations can result in
higher incidence of AR-SCID. Moreover, some forms of SCIDs occur at a higher rate
in some populations with specific founder mutations, such as Artemis (encoded by
DCLRE1C)-deficient SCID affects 1 in 2,000 Native American (Navajo) births (Fischer
et al, 2015).

Since SCIDs and CIDs are life-threatening conditions, early diagnosis is of paramount
importance. Several newborn-screening programs have been established and
immensely enhanced survival rate because hematopoietic stem cell transplantation

(HSCT) and gene therapy can be performed early in life (Fischer et al, 2015).

1.4.2. EBV-driven diseases

Epstein-Barr virus (EBV) is one of the most prevalent viruses that infect humans
(>90%), however, it maintains lifelong viral latency in most individuals and therefore,
many are asymptomatic (Taylor et al, 2015; Long et al, 2019). Most of the time, EBV
infection occurs in your children with almost no symptoms. However, if infection
happens later in life at adolescent, some may develop acute infectious mononucleosis,
which is characterized by fatigue, fever, sore throat and lymphadenopathy. Usually,
the acute symptoms of infectious mononucleosis resolve by themselves without

significant medical attention (Long et al, 2019).

Initially, orally transmitted EBV infects and replicates in epithelial cells and B cells in
the oropharynx (Long et al, 2019). During lytic infection, high levels of virus shedding
in the throat and the infection starts to spread through growth-transforming (latency)
infection of B cells in oropharyngeal lymphoid organs and appearance of infected B
cells in the peripheral blood (Taylor et al, 2015; Long et al, 2019). There will then be a
downregulation of the growth-transforming program in some infected B cells and enter
the memory B cell pool. At this stage, lifelong viral latency is achieved in these memory

B cell pool. These cells circulate between oropharyngeal lymphoid organs and blood.
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Intermittently, lytic cycle can be triggered to shed low level of virus shedding into the
throat, releasing infectious virus for oral transmission to new hosts (Taylor et al, 2015;
Long et al, 2019).

EBV is capable of transforming B cells into immortalized lymphoblastoid cell lines
(LCLs) in vitro, due to its strong growth transforming capacity. In individuals with
impaired immunity or children with IEI, EBV infection may result in life-threatening
diseases such as severe infectious mononucleosis, hemophagocytic
lymphohistiocytosis (HLH), lymphoproliferation and malignant lymphomas (Tangye &
Latour, 2020). Majority of people do not suffer any ill-effects of EBV infection due to
robust anti-viral immune responses in healthy individuals and ongoing immune
surveillance to maintain lifelong control of host immune homeostasis and prevent the

development of malignancies (Tangye & Latour, 2020; Long et al, 2019).

Both the innate and adaptive immune systems work together to regulate host response
to EBV infection. During EBV infection, NK cells have been shown to limit B-cell
transformation mediated by viral particles in vitro by secreting IFN-y (Taylor et al,
2015). Subsequently, EBV-specific T cells are activated and undergo expansion. Over
time, EBV-specific T cell responses diminish to values typical of lifelong virus carriage
(Long et al, 2019).

To date, a number of inherited monogenic mutations have been identified in humans
to cause immune dysregulation with EBV viremia and/or EBV-associated diseases.
Studies of these patients shed light into the biology of EBV and immune responses

against EBV in humans (Tangye & Latour, 2020).

X-linked lymphoproliferative disorder type 1 (XLP1) is caused by mutations in SH2D1A
and was the first reported immunodeficiency disorder associated to EBV infection.
Remarkably, these patients showed intact immunity against other childhood viruses
such as herpes simplex virus (HSV). Patients with XLP1 suffer from EBV-induced HLH
(see chapter 1.4.3.), B cell ymphoma and dysgammaglobulinemia (Tangye & Latour,
2020).

Mutations in several distinct components of TCR-induced signaling pathways result in
immunodeficiency with predisposition to severe EBV-driven diseases, including /TK,
MAGT1, CTPS1 and RASGRP1 (Tangye & Latour, 2020). Furthermore, EBV-

associated immunodeficiency has been identified in patients with mutations in T cell
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costimulatory molecules which play crucial roles in initiating EBV-specific CD8* T cell
responses such as CD27, CD70 and TNFRSF9 (Tangye & Latour, 2020).

1.4.3. Hemophagocytic lymphohistiocytosis

Hemophagocytic lymphohistiocytosis (HLH) is an uncontrolled hyperinflammatory
syndrome, which is potentially life-threatening (Sieni et al, 2014; Al-Samkari & Berliner,
2018). The inability to control immune response, resulting in the massive secretion of
inflammatory cytokines and macrophage activation, leads to systemic inflammatory

signs and symptoms (Al-Samkari & Berliner, 2018).

There are two types of HLH: primary or familial (known as familial hemophagocytic
lymphohistiocytosis (FHL)), and secondary HLH. FHL occurs due to an inherited
genetic defect in specific genes that cause immune dysfunction (Al-Samkari & Berliner,
2018). To date, FHL syndromes are classified into FHL1 to FHLS5, which are defined
by mutations in the following genes: PRF1in FHL2, UNC13D in FHL3, STX11 in FHL4,
and STXBP2 in FHLS (Sieni et al, 2014). These genes are essential for NK- and T-cell
cytotoxicity, and mutations in genes that disrupt crucial cytotoxicity pathways such as
granule release or the pore forming machinery are likely to result in HLH. The genetic
mutation responsible for the development of FHL1 is not yet known, however, has been
shown to reside on chromosome 9p21.3-q22 (George, 2014; Al-Samkari & Berliner,
2018).

In healthy individuals, cytotoxic T cells and NK cells respond to pathogens by releasing
cytolytic granules such as perforin (encoded by PRF1) and granzymes to the target
cell. These granules need to be properly trafficked and undergo exocytosis into the
immunological synapse to be delivered to the target cell. Disruption in any of these
processes caused by genetic mutations predisposes to the development of FHL (Al-
Samkari & Berliner, 2018). Apart from FHL, immune disorders associated with HLH
includes Griscelli syndrome type 2 (mutations in RAB27A), Chediak—Higashi syndrome
(mutations in LYST), Hermansky—Pudiak type 2 (mutations in AP3B7), X-linked
lymphoproliferative disorder type 1 (mutations in SH2D1A) and type 2 (mutations in
BIRC4) (Sieni et al, 2014; George, 2014).

Most patients with FHL have persistent fever, which does not respond to antibiotic
therapy. Hepatosplenomegaly can usually be detected by physical examination.

Patients often suffer from cytopenias affecting at least two lineages in peripheral blood.
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Hemophagocytosis by activated macrophages in the bone marrow aspirates can also
be seen. Low or absent NK-cell activity is also one of the hallmarks of HLH.
Characteristic clinical biomarkers such as elevated ferritin, triglycerides, soluble CD25
and low fibrinogen level, are helpful diagnostic criteria for HLH (Sieni et al, 2014;
George, 2014). The official diagnosis of HLH, established by the Histiocyte Society, is
either based on a molecular diagnosis consistent with HLH or fulfilling five out of nine
criteria listed above (Sieni et al, 2014; George, 2014). Nevertheless, diagnosing HLH
is still a challenge for pediatricians, especially because the criteria are not exclusive to
HLH manifestation (Sieni et al, 2014).

Gene expression analysis of mononuclear cells and serum cytokines from patients with
HLH has demonstrated increased expression and level of IL-18, IL-2, IL-6, IL-8, IL-18,
TNF-a and IFN-y (George 2014; Al-Samkari & Berliner, 2018). Higher measured
cytokine levels have been correlated with poorer outcomes, therefore, cytokine levels
and gene expression profiling may be useful in predicting the risk of relapse and
response to treatment, along with the clinical diagnosis of HLH (George, 2014).
Generally, treatment of HLH aims at reversing harmful effects of uncontrolled immune
response. The acute therapy includes immune-suppressive and modulatory agents
such as corticosteroids, to suppress the hyperinflammatory state and the immune
dysregulation that leads to life-threatening organ failure. Without treatment, FHL is
nearly fatal (George, 2014; Al-Samkari & Berliner, 2018).

1.4.4. Autoinflammatory syndromes

Autoinflammatory syndromes are a group of disorders characterized by an
exaggerated innate immune response resulting in episodes of spontaneous systemic
inflammation which affect multiple organ systems. Autoinflammatory disorders are
mainly driven by dysregulated innate immunity such as myeloid cells whereas
autoimmune diseases by dysregulated adaptive immunity (Havnaer & Han, 2019).
Although autoinflammatory disorders and autoimmune diseases usually comprise
distinct clinical entities, an increasing understanding of these two syndromes led to the
discussion if they should be categorized as a spectrum of a single group of disorders
since inappropriate innate immune response may be required to initiate aberrant

adaptive immunity in autoimmune diseases (Krainer et al, 2020).

Activation of the innate immunity through PRRs by sensing PAMPs or DAMPs are

crucial to initiate downstream signaling pathways mainly via NF-kB, interferon-
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regulatory factors (IRFs) and activator protein 1 (AP1), which regulate inflammation
and the production of proinflammatory cytokines to provide first line of defense against
pathogens (Takeuchi & Akira, 2010).

Intracellular PRRs such as nucleotide-binding oligomerization domain, leucine-rich
repeat containing receptors (NLRs), absent in melanoma 2 (AIM2) and pyrin are part
of multiprotein scaffolds called inflammasomes. An inflammasome is made up of an
adaptor molecule known as ASC (apoptosis related speck-like protein containing
caspase activation and recruitment domains), a pyrin domain (PYD) and a caspase
recruitment domain (CARD). Inflammasomes are crucial to activate caspase-1 for the
generation of active IL-1 and IL-18, as well as the induction of pyroptosis (Broz & Dixit,
2016; Krainer et al, 2020).

IL-18 is a potent proinflammatory cytokine, known to be released not only by immune
cells but also non-immune cells such as keratinocytes. Once released, |IL-13 activates
NF-kB signaling via IL-1RI to promote NF-kB-dependent target genes such as NLRP3,
IL-6, TNF-a leading to a robust inflammatory response. However, an aberrant immune
response involving these signaling pathways may result in autoinflammatory

syndromes (Havner & Han, 2019; Krainer et al, 2020).

Systemic autoinflammatory diseases can be categorized as monogenic or
multifactorial. The former refers to inherited disease caused by a mutation in a single
gene whereas the latter refers to complex disease associated to a combination of
genetic mutations or external influences with unclear etiology (Havner & Han, 2019;
Krainer et al, 2020).

Monogenic autoinflammatory diseases can be further subdivided into
inflammasomopathies or IL-1B-activation syndromes such as mutations in MEFV
encoding pyrin, result in familial Mediterranean fever (FMF); protein-folding disorders
in which gain-of-function (GOF) mutations in TNFRSF1A cause TNF receptor—
associated periodic syndrome (TRAPS); and NF-kB-activation disorders whereby GOF
mutations in NOD2 result in Blau syndrome (Havner & Han, 2019).
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2. Aims of thesis

This thesis aims to elucidate the molecular mechanisms of human immune
dysregulation through the study of patients with monogenic defects in immune cellular

signaling pathways.

To achieve this aim, we performed WES on selected patients presenting with early-
onset immune dysregulation to identify novel monogenic mutations involving
components of immune signaling pathways resulting in primary immunodeficiency/
inborn errors of immunity. Functional studies including various cellular, immunological,
molecular and biochemical assays were performed to dissect genotype-phenotype
relationships and characterize inheritance pattern and molecular cause of previously
unknown primary immunodeficiencies. We also comprehensively studied the role of
specific human immune signaling components by proving causality in primary patient
materials as well as generating genetic knockout of these components in an
independent cellular system. As a result, therapeutic opportunities can be proposed to

improve patient clinical outcomes and treatments.
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Dysregulated immune responses are essential underlying causes of a plethora of pa-
thologies including cancer, autoimmunity, and immunodeficiency. We here investigated
4 patients from unrelated families presenting with immunodeficiency, autoimmunity, and
malignancy. We identified 4 distinct homozygous mutations in TNFRSF9 encoding the
tumor necrosis factor receptor superfamily member CD137/4-1BB, leading to reduced, or
loss of, protein expression. Lymphocytic responses crucial for immune surveillance, in-
cluding activation, proliferation, and differentiation, were impaired. Genetic reconstitution
of CD137 reversed these defects. CD137 deficiency is a novel inborn error of human

® CD137 deficiency is a
novel inborn error of
immunity with immune
dysregulation and
EBV-associated
lymphomagenesis.

® Our study highlights
the key role of CD137
for immune homeostasis
with relevance to
immunodeficiency and
cancer immunotherapy.

immunity characterized by lymphocytic defects with early-onset Epstein-Barr virus (EBV)-
associated lymphoma. Our findings elucidate a functional role and relevance of CD137 in human
immune homeostasis and antitumor responses. (Blood. 2019;134(18):1510-1516)

to cause immune dysregulation with EBV-associated diseases.?
Studies of these patients have provided mechanistic insight into
pathways required for robust host immune surveillance against
EBV infection and associated lymphomas. Here, we report an
inborn deficiency of tumor necrosis factor (TNF) receptor su-
perfamily member 9 (TNFRSF9)/CD137/4-1BB with marked
immune dysregulation and predisposition to EBV-associated
lymphoma.

Introduction

Antigen receptors and associated signaling machineries function
to sense and rapidly react to threats that endanger the organisms
such as foreign invaders or altered self-structures. Coreceptors
play fundamental roles in regulating and fine-tuning the signal
strength of antigen receptors. Defective function of these im-
mune receptors may lead to elevated susceptibility to infections,
autoimmune manifestations, and cancer." Epstein-Barr virus (EBV)
is one of the most prevalent viruses that infects humans and
maintains lifelong latency.?? In individuals with impaired T-cell
immunity, EBV infection may result in lymphoproliferative disease,
or malignant lymphomas of T-, B-, or natural killer (NK)-cell origin.?

Study design

Patients

To date, germline genetic mutations affecting CD27, PRKCD,
RASGRP1, MAGT1, SH2D1A, ITK, and others have been identified
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Figure 1. Genetic and clinical presentation of 4 patients with immune dysregulation. (A) Pedigrees showing 4 families with affected individuals (patients) harboring TNFRSF9
mutations. Solid symbols indicate affected persons who were homozygous for the mutant allele; half-solid symbols, heterozygous persons; center solid symbols, unaffected
persons homozygous for the mutant allele; circles, female family members; squares, male family members; double lines, consanguinity. (B) Radiographic features in patients with
CD137 deficiency. Top left, Coronal T2-HASTE MR demonstrating a lobulated mass of the small intestine (white arrow) in patient 1 (P1). Top right, axial T2-HASTE STIR MR image
of upper abdomen depicting hyperintense multiple metastatic liver nodules (red arrow) and bilateral renal cortical hypointense metastatic nodules (blue arrow) in patient 1.
Bottom left, Chest computer tomography (CT) scan indicating right-sided hilar lymph nodes in patient 3 (P3). Bottom right, chest CT scan revealing bilateral ground-glass
opacities in patient 2 (P2). (C) Top left, sections of right inguinal lymph node tissue (hematoxylin-and-eosin staining) showing numerous small regressive germinal centers (black
arrow) in patient 2 (scale bar, 10 um). Bottom right, Ki-67 immunostain in patient 2, positive in 20% to 30% of the cells exhibiting a moderate lymphocyte proliferative activity (scale
bar, 10 pwm). Bottom left, in situ hybridization for EBV-encoded small RNAs (EBER) displaying numerous positive cells in blue in patient 3 (scale bar, 200 pwm). Top right,
Multinucleated Reed-Sternberg cells (black arrows) typical of Hodgkin lymphoma (scale bar, 20 um) in a resection of a submandibular lymph node in patient 3. (D) Schematic
illustration displaying the interaction of ligands expressed on antigen-presenting cells (APCs) with their respective receptors on activated T cells, including the interaction
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the Ludwig Maximilian University of Munich (Munich, Germany),
Sheba Medical Center (Tel HaShomer, Israel), and the Baylor
University College of Medicine (Houston, TX). All study partic-
ipants provided written informed consent. Informed assent was
obtained for children.

Experimental methodologies
All methods are detailed in the supplemental Materials and
methods (available on the Blood Web site).

Results and discussion

Clinical phenotypes

We studied 4 patients from 4 unrelated families, 3 of whom were
from consanguineous background (Figure 1A). Patients had early
childhood recurrent infections of bacterial and viral origin, and
signs of autoimmunity (Figure 1B-C; supplemental Figure 1; sup-
plemental Table 1). Sinopulmonary and herpes virus infections were
common. All patients exhibited hepatomegaly, splenomegaly,
and/or lymphadenopathy. Signs of autoimmunity, including he-
molytic anemia, were present in some patients. We found abnormal
immunoglobulin levels in all patients (supplemental Table 2).
Patients 1 and 3 developed EBV-related B-cell lymphoma,
patient 2 had an autoimmune lymphoproliferative syndrome—
like phenotype, and patient 4 was diagnosed as having common
variable immune deficiency. Therapeutic regimens included che-
motherapy, immunosuppression, antibiotic prophylaxis, and
regular immunoglobulin substitution (supplemental Table 1).

Genetic evaluation and loss-of-function mutations
in TNFRSF9

To elucidate the disease etiology, we performed whole-exome
sequencing and identified distinct homozygous variants in
TNFRSF? encoding the costimulatory immune checkpoint
CD137/4-1BB (Figure 1D-E; supplemental Figure 2; supple-
mental Table 3). Parents were heterozygous carriers in all cases.
All TNFRSF9 variants were absent in gnomAD, and predicted to
be deleterious using common prediction algorithms (supple-
mental Table 4). Patient 1 was homozygous for a large deletion
in TNFRSF9, and patient 2 harbored a homozygous missense
mutation affecting evolutionarily conserved residues (supple-
mental Figure 3). Patient 3 was homozygous for a TNFRSF9
mutation disrupting the splice-acceptor site of exon 3, resulting
in the skipping of exons 3 and 6. It remains unclear why alter-
native splice variants are present in this patient, including a
smaller fraction of transcripts that has both exon 3 and exon 6 of
TNFRSF9 skipped (supplemental Figure 4). However, it is pos-
sible that this specific splice-acceptor site regulates the splic-
ing of nearby exons, as demonstrated by variants in ERBB4.
Additional investigations in the splicing effects of this genetic
variant were, however, beyond the scope of this study. Patient 4
was homozygous for a mutation in the splice-donor site of exon 2
causing skipping of exon 2 (supplemental Figure 4). All mutations
resulted in markedly reduced or abrogated expression of CD137
on activated T, B, and NK cells, indicating a loss-of-function

phenotype (Figure 1F; supplemental Figure 5). However, the
loss of CD137 did not affect CD137L protein expression in
patients’ T cells (supplemental Figure 7D). Recent studies showed
that CD137 can be transferred from Hodgkin and Reed-Sternberg
cells to neighboring cells by trogocytosis.> We thus investi-
gated the expression of CD137Lin T cells by reverse transcription
polymerase chain reaction and found that TNFSF9/CD137L
messenger RNA is expressed intrinsically in T cells (supplemental
Figure 7D).

Interestingly, in 3 of the pedigrees, 1 healthy sibling each was
also homozygous for the same TNFRSF9 mutation. Accordingly,
they had abrogated or reduced CD 137 expression, without overt
clinical disease. It is currently unknown whether CD137 defi-
ciency may be aggravated by infections or other extrinsic chal-
lenges. Incomplete penetrance is well known for pathogenic
immune system mutations,® especially for defects with pre-
dominant immune dysregulation, as exemplified by CTLA-4
haploinsufficiency.”

Immune-cell phenotypes

Patients had variable lymphocyte abnormalities (supplemental
Table 2). All patients had elevated proportions of transitional and
immature B cells but markedly reduced memory B cells and
plasmablasts. Decreased NK-cell counts were observed in pa-
tients 2 and 3. Patients 1, 2, and 3 had reduced follicular helper
T cells (Tey) (Figure 2A; supplemental Figure 6).

Functional T-cell defects in CD137-deficient
patients

Cd137-deficient mice have impaired T-cell survival, pro-
liferation, and cytotoxicity.5'® We thus hypothesized that human
CD137 deficiency may also hamper T-cell differentiation and
function. Indeed, T-cell proliferation responses to various stimuli
were reduced in all patients (Figure 2B). Surprisingly, patients’
T cells showed impaired proliferation to anti-CD3 stimulation
alone. We hypothesized that CD137L is functionally important
and required to elicit a normal cellular response to CD3. By
blocking CD137 in healthy donor (HD) peripheral blood mono-
nuclear cells (PBMCs) stimulated with anti-CD3, we showed a
dose-dependent reduction in T-cell proliferation (supplemental
Figure 7A). Indeed, CD137 receptor/ligand interaction plays a
functional role in T cells. Remarkably, the addition of anti-CD28-
mediating T-cell receptor (TCR) costimulation restored prolifera-
tive functions, and partial compensation was seen upon OX40
costimulation (Figure 2B). We also observed reduced T-cell ac-
tivation in patients 1 to 3, amenable to correction upon additional
CD28 costimulation. Patient 4 had normal T-cell activation
(Figure 2C; supplemental Figure 7B), consistent with a
milder T-cell proliferation defect (Figure 2B). Collectively, our
findings highlight the importance of CD137 in immune ho-
meostasis costimulation and, intriguingly, the lack of CD137
costimulation may be compensated in the presence of other
costimulators.

Figure 1 (continued) between CD137L and CD137. (E) Localization of CD137 mutations in our patients. CD137 gene and protein domains with the 4 newly identified mutations
are indicated. (F) CD137 protein expressions in activated (CD25%) CD4* and CD8* T cells, activated (CD86%) CD19* B cells, and activated (interleukin 2 [IL-2] stimulated) NK cells
(CD56%) in patients and healthy donors (HDs) demonstrating complete loss or markedly reduced expression in patients’ cells, measured by flow cytometry. All error bars indicate
plus or minus standard error of mean (SEM). CRD, cysteine-rich domain; MFI, mean fluorescence intensity; MHC, major histocompatibility complex; P4, patient 4; UTR,

untranslated region.
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Figure 2. Immunological and functional phenotypes in CD137-deficient patients. (A) T- and B-cell features in our patients: immunophenotyping revealed decreased
frequencies of class-switched (CD27* immunoglobulin D-negative [IgD~]) B cells and Tey (CD45RO*CXCRS5*) cells in patient 1 (P1) compared with an HD, as measured by flow
cytometry. (B) T-cell proliferation with carboxyfluorescein succinimidyl ester (CFSE) fluorescence cell incorporation assay 4 days poststimulation exhibiting reduced CD3* T-cell
proliferation in response to anti-CD3 and anti-CD3 in combination with CD137L in patients 1, 2 (P2), and 4 (P4) with partial and complete restoration upon OX40 and CD28

GERMLINE CD137 DEFICIENCY € blood® 31 OCTOBER 2019 | VOLUME 134, NUMBER 18 1513

6102 48q0j00 L€ U0 Jasn NIIM LIVLISYIAINN IHOSINIZIGIW Ad Jpd'#¥90006 1 0ZPIAPOOIA/E9070S L/0LS L/8 L/E L/sPd-Bloie/poojq/Bio suonedligndyse//:sdpy woly papeojumoq



To prove the causative role of lack of CD137 for the observed
phenotypes, we performed a gene-rescue experiment in T cells
from patient 3. Upon exogeneous expression of wild-type
CD137, T-cell proliferation and activation defects were re-
stored (Figure 2D; supplemental Figure 7C).

TCR repertoire analysis in patients 1 to 3 showed significant
clonal expansion associated with reduced diversity (Figure 2E).
CD137 is expressed in regulatory T cells (Tregs) and has been
shown to play a role in Treg function, survival, and expansion.'!
We therefore assessed Treg frequencies in PBMCs and observed
lower Treg frequencies in our patients (Figure 2F).

In Cd137-deficient mice, NK-cell and cytotoxic T-lymphocyte
(CTL) function were diminished. Indeed, EBV-specific CTL cy-
totoxicity was reduced in patient CTLs compared with HDs
(supplemental Figure 8A), suggesting that CD137 deficiency
results in susceptibility to EBV and its related lymphomagenesis.
However, CTL and NK-cell degranulation, as well as downstream
TCR-signaling pathways, were intact in CD137-deficient pa-
tients (supplemental Figure 8B-E). This is reminiscent of a
study investigating human FERMT3-deficient patients where
there was specific cytotoxicity impairment but not general
cytotoxicity.'?

B-cell defects in CD137-deficient patients

CD137 is expressed in activated human B cells,'® Tgy,'° and
follicular dendritic cells.' CD137 has been shown to be essential
for B-cell function, including activation, affinity maturation,
proliferation, and class switch recombination (CSR) through its
interaction with CD137L in germinal centers.'*'® We thus hy-
pothesized that these functions may be impaired in patient
B cells. Indeed, CD137 expression was abrogated in B cells from
all patients (Figure 1F), and B-cell activation was impaired
(Figure 2G). Correspondingly, we mimicked T-cell-dependent
and -independent stimulation on patient B cells and found
defective CSR, proliferation, and lower frequencies of plasma-
blasts (Figure 2H-I; supplemental Figure 9). Patients’ B cells
consistently showed maturation and differentiation defects with
a marked reduction in memory B cells, plasmablasts, and CSR
(Figure 2A,H; supplemental Figure 9A). In accordance with our
data, it has been shown that CD137L signaling is required for
proper activation and maturation of B cells and humoral re-
sponses.'* Alternatively, the maturation defects in B cells could
also be an indirect effect of the lack of CD137 signaling in Tey
cells, resulting in the reduction of these cells and, therefore, the
lack of help by these specific T-cell subsets to B cells. However,
because CD137 is also expressed on activated B cells (Figure 1F),

although to a smaller extent than in activated T cells, we believe
that the lack of CD137 on patient B cells may contribute to their
proliferation and survival directly.’® Additionally, despite normal
Ten cell frequency in patient 4, B-cell development was still
impaired (supplemental Figure é), supporting the notion of a
primary B-cell maturation defect. Furthermore, sorted naive
B cells also showed reduced activation, proliferation, and CSR
(supplemental Figure 10). Together, these findings highlight the
role of CD137 in proper differentiation and function of B cells as
previously reported.’

CD137 is an appealing target for immunotherapy, both for
autoimmunity and malignancies. It functions as an immune
suppressor, enhancing Treg expansion and ameliorating T17
autoimmune effects.’” Conversely, CD137 is a potent immune
stimulator that has been found to modulate the tumor micro-
environment, enhancing T- and NK-cell cytotoxicity and their
infiltration into tumors.'®'? CD137 agonistic monoclonal anti-
bodies are currently in cancer immunotherapy trials, including
combinations with checkpoint inhibitors to selectively activate
tumor-targeting CTLs and NK cells aiming to provide a robust
antitumor response.?*2' CD137 signaling is also used in chimeric
antigen receptor T-cell immunotherapy.?? Whenever CD137
signals are enhanced, an enhanced cytotoxic response has been
shown in various in vitro and in vivo models.?*-?> As the binding of
CD137 to CD137L triggers a bidirectional signaling,?® loss of
CD137 expression in patients may also lead to lack of CD137L
function. Cd137I-deficient mice develop B-cell lymphomas.'
Consistently, 2 patients developed EBV-associated B-cell lym-
phomas and 1 patient displayed EBV-associated lymphoprolif-
eration, implying that CD137 deficiency is a predisposing factor
for malignant transformation. The phenotypes observed in our
patients show some resemblance to that of 2 other recently
reported CD137-deficient patients (supplemental Table 1).27
Our findings further strengthen the role of CD137 as an ap-
pealing target for cancer immunotherapy.

Collectively, we identified novel inherited germline mutations in
TNFRSF9 that allow dissection of the essential role of this
costimulatory molecule in regulating human immune homeo-
stasis. In vitro cellular phenotypes were rescued by CD28 cos-
timulation, possibly allowing for the development of targeted
therapeutics in vivo in affected patients. CD137 deficiency should
be considered in patients with dysregulated immune systems
presenting with autoimmunity and autoimmune lymphoprolifer-
ative syndrome-like, common variable immune deficiency, and/or
EBV-related lymphoma.

Figure 2 (continued) costimulation, respectively (****P < .0001; 2-way analysis of variance [ANOVA)). (C) Representative surface expression of CD25 on T cells as measured by
flow cytometry 4 days poststimulation in patient 2 compared with an HD, demonstrating a T-cell activation defect with a compensatory effect upon CD28 costimulation.
(D) Rescue of T-cell proliferation and activation via CD25 expression in patient 3 (P3) by exogenous expression of wild-type CD137. (E) Analysis of T-cell receptor y (TRG)
repertoire diversity with a tree-map representation for patients 1, 2, and 3, and age-matched healthy controls. Each colored square represents a unique clone and its size reflects
its productive frequency within the repertoire. Simpson’s D diversity index and Shannon’s H index quantify repertoire clonality. (F) Flow cytometric expression of Tregs,
displaying reduced Treg rates in patients 1 and 2 compared with an HD. (G) Top, Flow cytometric expression of CD86* and CD25* of CD19*CD3~ cells 1 day poststimulation with
CDA40L in combination with IL4 showed impaired activation in patients 2 and 3. Bottom, quantification of B-cell activation, showing significantly lower B-cell activation in patient
cells compared with HDs (*P < .05; ***P < .001; 2-way ANOVA). (H) Top, class-switched IgG* and IgA* of CD19* cells upon various stimulations, displayed impaired class switch
recombination in patient 3 in response to T-cell-dependent and -independent stimuli. Bottom, Quantification of class-switched (CD27*IgD~) CD19* cell rates showing
significantly lower frequencies in the patients (**P < .01; ***P < .001; 2-way ANOVA). (I) Top, B-cell proliferation measured by violet proliferation dye (VPD450) 4 days
poststimulation showing reduced proliferating B cells in patient 3 in response to T-cell-dependent and —independent stimuli. Bottom, quantification of CD19* proliferating
cells, showing decreased rates in patients (*P <.05; 2-way ANOVA). All error bars indicate plus or minus SEM. CDR, complementarity-determining region; CpG, cytosine guanine
dinucleotide; IGH, immunoglobulin heavy; Unstim, unstimulated.
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Supplementary Patient Clinical Histories

Patient 1 (All-1, Fig. 1A) was born to consanguineous Turkish parents,
presented with Burkitt's lymphoma (Fig. 1B) at 2 years of age. A lobulated mass in the
small intestine was observed (Fig. 1B). Subsequent imaging demonstrated renal and
hepatic metastases (Fig. 1B, Fig. S1A), and a lesion in the right para-spinal area
infiltrating the adjacent para-vertebral muscle (Fig. S1A). The patient was treated
according to the NHL BFM 2000 treatment regimen, including cytoreductive prophase
treatment with cyclophosphamide, dexamethasone, and intravenous methotrexate
(block AA, BB and CC). Rituximab treatment was initiated due to CD20 positivity. A
reduction in tumor size was observed and the patient is currently in remission at the
age of 3 years. He also suffered from recurrent ear infections, hepatosplenomegaly
and hypogammaglobulinemia (Tables 1 and S1). The patient has a 7-year old sibling
(All-2, Fig. 1A) without obvious clinical phenotype and no family history of

immunodeficiency.

Patient 2 (BII-1, Fig. 1A) was born to consanguineous Palestinian parents. He
first presented with recurrent episodes of pneumonia (Fig. S1B) during the first 3 years
of life. Bi-lateral ground glass opacities indicative of a chronic lung disease were
subsequently demonstrated (Fig. S1C). He displayed autoimmune lymphoproliferative
syndrome (ALPS)-like disease manifestations at the age of 6 vyears.
Hepatosplenomegaly (Fig. S1D) and lymphadenopathy (Fig. S1E, S1F, S1G) were
noted in physical examination and signs of autoimmunity including autoimmune
hemolytic anemia (AIHA) and immune thrombocytopenic purpura (ITP) along with
positive anti-nuclear antibodies (ANA) were detected (Tables 1 and S1). An Epstein-
Barr virus (EBV)-related lymphoproliferative disorder with a monoclonal T-cell
population was demonstrated in lymph node pathology (Fig. S1H) which was EBER
positive (Fig. S11). The patient was treated with sirolimus and glucocorticoids which he

responded well to. Cellcept therapy has recently been initiated due to persistence of



autoimmune features (i.e. AIHA, ITP, ANA positivity) upon tapering of glucocorticoid
treatment. Co-trimoxazole antibiotic prophylaxis is routinely administered as well. The
patient has two siblings (Bll-2, Fig. 1A) without overt clinical symptoms and no family

history of immunodeficiency.

Patient 3 (CII-2, Fig. 1A), a boy born to consanguineous Turkish parents,
manifested with herpes labialis and a lower respiratory tract infection at the age of six
years. Hepatosplenomegaly (Fig. S1J) and lymphadenopathy were found during
physical examination. Episodes of pneumonia, recurrent tonsillitis, otitis media and
chronic suppurative otitis media were noted since the age of eight years (Table 1).
Additional features included atopic dermatitis and xerosis. Laboratory evaluation
revealed a positive direct Coombs test and hypergammaglobulinemia (Table S1),
necessitating IVIG substitution therapy. At ten years of age, the patient was evaluated
due to diffuse lymphadenopathy (bilateral cervical, submandibular and axillary nodes).
An infectious etiology was ruled out. Submandibular lymph node biopsy exhibited large,
prominent, multinucleated Reed-Sternberg cells (Fig. 1B) with EBER-positive lymph
node histopathology (Fig. 1C). Immunohistochemistry showed weak CD20 staining and
positive CD30 staining. Non-malignant nodular splenic lesions were observed,
associated with lymphoproliferation. A diagnosis of Hodgkin lymphoma, stage 1, was
established and the patient was treated according to GPOH-HD 95 therapy protocol,
including two cycles of chemotherapy with adriamycin, vincristine, etoposide and
prednisone. He is currently in remission. He is treated with immunoglobulin substitution
and amoxicillin prophylaxis (Table 1). The patient has one sibling who is currently 14
years old (CllI-1, Fig. 1A). She experienced recurrent tonsillitis until the age of ten years.
Immunoglobulin levels were slightly elevated. Other than that, the patient has no

remarkable family history of immunodeficiency.

Patient 4 (DII-2, Fig. 1A), a 33 year old male was born to non-consanguineous

Colombian parents, presented with recurrent otitis media and sinusitis since the age of



eight. Between the age of 20-22 years, five episodes of pneumonia were documented.
Laboratory workup revealed decreased serum IgG, IgM and IgA (Table S1) and no
detectable IgG serum antibodies against rubella. The presumptive diagnosis of CVID
was established and IVIG replacement therapy was initiated (Table 1). During the
following 3 years, the patient was hospitalized with granulomatous pleuropneumonia,
while H. pylori erythematous gastritis and chronic sinusitis (Fig. S1K) were noted. The
patient has one healthy 32 year old sibling (DII-1, Fig. 1A). She suffered from recurrent

infections during childhood. No family history of immunodeficiency is otherwise known.

Supplementary Materials and Methods

Study Subjects

All procedures were performed upon informed consent and assent from
patients, first-degree relatives, and healthy donor controls in accordance with the
ethical standards of the institutional and/or national research committees and with the

current update of the Declaration of Helsinki.

Genetic Analysis

Whole-exome sequencing was performed to determine the underlying genetic
defect in TNFRSF9 in all four patients. Genomic DNA was isolated from whole blood
of patients and their first-degree relatives for generation of whole-exome libraries using
the SureSelect XT Human All Exon V5+UTR or V6+UTR kit (Agilent Technologies,
USA). Barcoded libraries were sequenced on a NextSeq 500 platform (lllumina, USA)
with an average coverage depth of 100x. Bioinformatics analysis and subsequent
filtering identified rare sequence variants. TNFRSF9/CD137 mutations were confirmed
by Sanger sequencing.

In silico analysis of the exon 2: ¢.100+1G>A substitution was performed with

the bioinformatics tools NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/) and



Fruitfly (http://www.fruitfly.org/seq_tools/splice.html). These tools predicted that the
mutation affected the donor splice site at the end of exon 2. Moreover, multiple
alignments of DNA sequences of CD137 orthologous from several species show that
exon2: ¢.100 +1G is a highly conserved region. We used the SIFT, PolyPhen-2 and

CADD algorithms to assess these in silico'.

Expansion of T cells

Patient or control blood was subjected to a Ficoll density gradient centrifugation,
after which peripheral blood mononuclear cells (PBMCs) were collected from the
interface. T cells were expanded by stimulation of the PBMCs with irradiated feeder
cells (PBMCs from healthy donors), PHA (1pg/ml) and IL-2 (100U/mL) in RPMI medium
containing 5% human serum. Cell lines were tested negative for mycoplasma by PCR

using VenorGeM Mycoplasma Detection Kit (MP0025, Sigma-Aldrich).

Flow Cytometry

For analysis of cell surface markers, PBMCs were used as starting material or
100 pl of whole blood in EDTA was lysed using RBC Lysis Buffer (eBioscience). Cells
were washed twice in FACS buffer (PBS with 5% FBS), and resuspended in 100 pl of
FACS buffer with antibodies for 30 min on ice. Cells were washed twice in FACS buffer,

resuspended in 300 pl of FACS buffer.

Western Blot

Whole cell lysates were prepared from control- and patient-derived expanded
T cells or B-LCLs, loaded on 10% polyacrylamide TRIS-HEPES-SDS gel and
separated by SDS-PAGE. Proteins were transferred to polyvinylidene difluoride
(PVDF) membrane using iBlot system (Invitrogen). Blots were probed overnight with

1:1000 dilution of specific antibodies, and 1:8000 dilution of anti-HSP90a/f (Santa



Cruz) as a loading control. Bands were revealed using Amersham ECL Select Western

Blotting Detection Reagent (GE Healthcare).

T- and B-cell stimulation

PBMCs were labeled with either CellTrace Violet Cell Proliferation dye VPD450
(ThermoFisher) or CFSE 5uM (ThermoFischer), washed with PBS with 10% FCS in a
ratio of 1:1. Labeled PBMCs were stimulated with anti-CD3-coupled beads (Bio-anti-
CD3, OKT3 from eBioscience coupled with anti-Biotin MACSiBeads from Miltenyi
Biotec) at a ratio of 10:1 with and without 1 uygml™" soluble anti-CD28 (CD28.2,
eBioscience) or anti-CD3 with anti-CD137, 10 ug/ml (R&D Systems) or CD137L, 20
ng/ml (R&D Systems) and stained for cell surface markers. For blocking experiments
of CD137 in T cells, a neutralizing anti-CD137 monoclonal antibody (BBK-2 clone,
Invitrogen) was added at increasing concentrations (1-2ug/mL) or mouse IgG1, kappa
isotype control P3.6.2.8.1 (Invitrogen) to anti-CD3-coupled beads and stained for cell
surface markers. For B-cell proliferation assays PBMCs were stimulated with CpG
ODN 2006, 50nM (ODN7909, Invivogen), or CD40 ligand 200ng/ml (R&D Systems) in
combination with rhiL4 100 ng/ml, rhiL21 20ng/ml (R&D Systems) or anti-IgM 20ug/ml
(Southern Biotech). For sorting of CD3 T cells and naive B cells, PBMCs were stained
for CD3, CD19, CD27 and IgD: PE-CY7 anti-CD3 (Beckman Coulter), PerCP/Cy5.5
anti-CD19 (HIB19, Biolegend), BV480 anti-IgD (IA6-2, BD), PE anti-CD27 (L128, BD),
and afterwards sorted by FACS for CD3*, CD19*CD271gD* or CD19*CD27*
populations, respectively. Sorted PBMCs were then labeled with either CellTrace Violet
Cell Proliferation dye VPD450 (ThermoFisher) or CFSE, stimulated as mentioned

above, and re-stained for cell surface markers.

Flow cytometry-based CTL cytotoxicity test
Assays to quantify the cytotoxic activity of CTLs were done by stimulating

PBMCs with 30Gy irradiated autologous B-LCLs at 5:1 ratio in complete RPMI (Gibco)



with 10ng/mL IL-7 (Peprotech) for 14 days. At day 7, 100U/mL IL-2 (Peprotech) was
added. Two rounds of stimulation were performed every 14" day. CD8" T cells were
sorted with MagniSort Human CD8* T-cell Enrichment Kit according to manufacturer’s
instructions. Autologous EBV B-LCLs were stained with VPD450 (ThermoFisher) and
used as targets. CD8+ T cells were incubated for 4 hours at different ratios of effector
and target cells. Cytotoxicity was evaluated by flow cytometry gating on CD19" and

VPD450" cells.

Flow cytometry-based CTL and NK-cell degranulation test

NK- and CTL degranulation was assessed by CD107a surface staining without
(medium-cultured cells) and 3 hours after stimulation with K562 cells at a ratio of 1:1
as previously described?. The erythroleukemic cell line K562 (ATCC, CCL-243) was
used as a target cell line. NK cells were cultured in medium containing 600U/ml IL-2
(Novartis) for 48 h to assess degranulation of activated NK cells. CTL (cytotoxic T
lymphoblasts) degranulation was evaluated in T-lymphoblasts 48 h after stimulation
with 1.25 mg/ml 1- phytohemagglutinin-L (PHA-L, Sigma) and 200U/ml IL-2 (Novartis).
CTL degranulation was calculated by the difference in median fluorescence intensity of
CD107a of CTLs stimulated with CD3/CD28-coated microbeads (ThermoFisher
Scientific) at a ratio of 1:10 for 3 h and medium cultured

cells.

Flow cytometry and antibodies

For immunophenotyping the following antibodies were used: BV480 anti-CD45
(clone HI30, BD), APC-Fire 780 anti-CD3 (SK7, Biolegend), BUV395 anti-CD4 (RPAT4,
BD), BUV496 anti-CD8 (RPATS8, BD), APC anti-CD45RA (BUV737, BD), BB515 anti-
CD45RO (UCHL1, BD), APC anti-CD127 (A019D5, Biolegend), PE anti-CD25 (M-
A251, BD), APC R-700 anti-CD27 (M-T271, BD), BB700 anti-CD28 (L293, BD), BV711

anti-HLA-DR (L243, Biolegend), BV421 anti-CCR7 (G043H7, Biolegend), BV786 anti-



CCR6 (11A9, BD), PE-CF594, anti-CXCR3 (1C6, BD), BV650 anti-CD38 (HB-7,
Biolegend), BUV395 anti-CD19 (SJ25C1, BD), PE-Cy7 anti-CD20 (2H7, BD), BB515
anti-lgD (IA6-2, BD), BV421 anti-igM (G20-127, BD), APC anti-CD38 (HB7, BD),
BUV737 anti-CD21 (B-Ly4, BD), BV786 anti-CD27 (L128, BD), PE anti-CD10 (HI10a,
BD), BUV496 anti-CD3 (UCHT-1, BD), BUV737 anti-CD8 (SK1, BD), PE-CF594 anti-
CD56 (NCAM16.2, BD), BB515 anti-CD57 (NK-1, BD), BB700 anti-CD15 (M5E2, BD),
APC anti-CD16 (3G8, Biolegend), HLA-DR anti-BV711 (L243, Biolegend), BV785 anti-
CD123 (6H6, BD), BV421 anti-CD11c (B-ly6, Biolegend), PE anti TCR g-d (5A6.E9,
Life Tech), APC-R700 anti-TCR a-b, (IP26, Biolegend), PE-Cy7 anti-CD33 (P67.6, BD),
and BV711 anti-CXCR5 (J2252D4, Biolegend).

CD137 and CD137L expression in T cells was measured upon 48 hour
stimulation of PBMCs with anti-CD3 and anti-CD28. Cells were stained with PacB anti-
CD3 (clone SK7, biolegend), BV711 anti-CD4 (SK3, BD), APC-Fire 750 anti-CD8
(RPA-T8, Biolegend), PE anti-CD25 (M-A251, BD), APC anti-CD137 (4B4-1, BD) or
APC anti-CD137L (5F4, Biolegend). Expression in B cells was measured upon 24 hour
stimulation of PBMCs with anti-IgM in combination with CD40L (RnD). PBMCs were
stained with PacB anti-CD3 (clone SK7, Biolegend), PerCP/Cy5.5 anti-CD19 (HIB19,
Biolegend), BV421 anti-CD86 (FUN-1, BD), CD25 (M-A251, BD), APC anti-CD137
(4B4-1, BD). Expression in activated NK cells was measured upon 48 hours stimulation
of PBMCs with IL-2 600U/ml (Novartis). PBMCs were stained with FITC anti-CD56
(NCAM16.2, BD), PacB anti-CD3 (SK7, Biolegend), APC anti-CD137 (4B4-1, BD).

Proliferative responses were measured by labeling PBMCs with 2.5 mM
carboxyfluorescein diacetate succinimidyl ester (CFSE, ThermoFisher), 7-
aminoactinomycin D (7-AAD, 2.5 mg/ml, BD), PacB-anti-CD3 (clone SK7, biolegend),
PE-anti-CD25 (M-A251, BD), APC-Fire 750 anti-CD8 (RPA-T8, Biolegend)) and BV711
anti-CD4 (SK3, BD) 4 days after stimulation. Class-switch recombination and
plamablast numbers were measured 4 days after stimulation. PBMCs were stained with

BUV395 anti-CD3 (clone SK7, BD), PerCP/Cy5.5 anti-CD19 (HIB19, Biolegend),



BV421 anti-IgD (IA6-2, BD), PE anti-CD27 (L128, BD), BUV661 anti-CD38 (HIT2, BD).
Degranulation of NK cells and CTLs (cytotoxic T lymphocytes) was determined by
surface staining with PacB-anti-CD3 (clone SK7, 1:100), APC-H7-anti-CD8 (SK1,
1:100), PE-Dazz-anti-CD56 (NCAM16.2, BD), FITC anti-CD56 (NCAM16.2, BD), and
PE-anti-CD107a (H4A3, 1:50). T-cell signaling was performed in T cell blasts. PBMCs
were stimulated with 5 ng/ml phorbol 12-myristate 13-acetate (PMA) and 1uM
ionomycin (Sigma-Aldrich) and expanded with IL-2 (100U/ml) for 9 days. T-
lymphoblasts were stimulated by cross-linking of anti-CD3 (UCHT1) 2.5 ug/ml and/or
10 pg/ml anti-CD28 (CD28.2) with 10 ug/ml goat anti-mouse IgG all from BD for the
indicated time. Cells were fixed and permeabilized with fixation and permeabilization
kit from Molecular Probes in 90% methanol. The permeabilized cells were stained with
the following intracellular antibodies detecting: ERK1/2 phosphorylated at T202 and
Y204 (A647 anti-pERK1/2, BD), NFkB P65 phosphorylated at S529 (A647 anti-NFkB
P65, BD), AKT phosphorylated at S473 (A488 anti-pAKT, (M85-61, BD)), isotype

control (A488 mouse 1gG k1 isotype control, BD).

TCR Repertoire and Analysis

Cell surface marker expression of peripheral blood mononuclear cells (PBMCs)
was analyzed by immunofluorescent staining with monoclonal antibodies and flow
cytometry (Epics V; Coulter Electronics, Hialeah, FL). Signal joint T-cell receptor
excision circles (sjTREC) copy numbers were determined by employing quantitative
real-time PCR (qRT-PCR) of genomic DNA (gDNA, 0.5 ug) extracted from whole blood
of our patients. Surface expression of individual T cell receptor VB (TCR-V[) gene
families was assessed using a set of 24 V-specific fluorochrome-labeled monoclonal
antibodies (Beckman Coulter, USA) and flow cytometry. Next-generation sequencing
(NGS) T-cell receptor (TCR) libraries were generated from gDNA of patients and
controls using primers for conserved regions of V and J genes in the TRG (T-cell

receptor gamma) locus according to the manufacturer's protocol (Lymphotrack,



Invivoscribe Technologies, Carlsbad, CA). Quantified libraries were pooled and
sequenced using Mi-Seq lllumina technology (lllumina, USA). FASTA files from the
filtered sequences were submitted to the IMGT HighV-QUEST webserver
(http://www.imgt.org), filtered for productive sequences (no stop codons or frameshifts),
and analyzed Repertoire diversity was calculated using Shannon’s H diversity index

and Simpson’s D index of uneveness.
. R
Shannon's Hindex: H'=-X piln p;
i=I

Simpson's D index of unevenness: A= X p?
i=I

Retroviral Construction and Transfection Protocol

N-terminally tagged CD137 was generated using retroviral pfMIG 3981 (IRES-
GFP) vector. For the reconstitution experiments constructs with either wild-type CD137
or empty vector (GFP only) were used. Before electroporation of the Patient 3 and
healthy donor PBMCs, retroviral vector was digested with Xba | enzyme to generate 3
kb DNA fragment containing CD137-IRES-GFP gene sequences. Digested DNA was
purified using QIAquick PCR purification kit (Qiagen) according to manufacturer
instructions. Patient 3 and healthy donor PBMCs were electroporated with 2ug of the
digested DNA mixture using Amaxa Human T cell Nucleofector Kit (Lonza), program
V-024, according to manufacturer instructions. Transfection efficiency was assessed

by GFP expression 24 hours after electroporation.

Statistical Analysis
Statistical evaluation of experimental data was performed using Prism version

6 (GraphPad Software, USA). Probability (P) values < 0.05 were considered statistically



significant. P values and statistical tests are indicated in figure legends, where

applicable.
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Table S1. Clinical and genetic manifestations of CD137-deficient patients

Patients P1 P2 P3 P4 *Pa *Pb
NM_001561.5: NM_001561.5: NM_001561.5: NM_001561.5: NM_001561.5:
Mutation c.1_545+1716del c.452C>T; c.101 -1G>A ¢.100 +1G>A c.325G>A ¢.325G>A
p.Thr151Met p.Gly109Ser p.Gly109Ser

recurrent respiratory

lower respiratory tract

recurrent infections from

sinopulmonary infections,
bronchiectasis,

recurrent sinopulmonary
infections, generalized

Initial clinical manifestation abdominal distention : : h : :
infections infection childhood pneumococcal septicemia lymphadenopathy, EBV
viremia
Age of initial
2 years 4 years 6 years 8 years 3 years 6 years

Clinical manifestation

Consanguinity

parents are 1st degree

cousins

parents are 1st degree

cousins

parents are 3rd degree

cousins

no known consanguinity

parents are 1st degree

cousins

parents are 1st degree

cousins

Infectious complications

during disease course

recurrent ear infections

recurrent pneumonia

recurrent labial herpes,

recurrent tonsillitis,
recurrent otitis media,
recurrent pneumonia

recurrent ear infections,

recurrent pneumonia,
pleuropneumonia,
chronic sinusitis

pneumococcal septicemia

sinopulmonary infections

sinopulmonary infections

EBV viremia EBV viremia EBV viremia EBV viremia EBV viremia EBV viremia
streptococcus pneumoniae,
Identified Pathogens CMV, EBV adenovirus, EBV, HSV EBV, HSV EBV EBV
EBV
Hepatosplenomegaly + + + + splenomegaly splenomegaly
Lymphadenopathy - + + - + +
EBV-positive Hodgkin’s
CD20 positive Burkitt EBV-positive Hodgkin’s
Malignancy - - - lymphoma, relapse and

lymphoma

lymphoma

progression to DLBCL




cytoreductive prophase

5 cycles: doxorubicin,
bleomycin, vincristine,
etoposide, prednisone,

treatment: :
Treatment of B-cell cyclophosphamide, NA etoposide, doxorubicin, NA NA cycloev?t%sr;?ﬂjimc;%along
malianancies dexamethasone, vincristine upon relapse’
g methbc?érg?:\)teri(tﬁﬁ,mg% CC daratumumab, bortezomib,
’ dexamethasone and
rituximab
AIHA - + + - - -
ITP - + - - - -
ALPS like symptoms,
distal peptic esophagitis, hemophagocytic
Other features - EBV associated short stature -
erythematous gastritis lymphohystiocytosis
lymphoproliferation
Treatment of IVIG, co-trimoxazole, sirolimus, cellcept, IVIG, antibiotic
SClg IVIG, rituximab IVIG
immunodeficiency/Infections fluconazole co-trimoxazole prophylaxis

Outcome

responded well to
chemotherapy treatment
protocol and rituximab,
currently stable under IVIG

and antibiotic prophylaxis

well on cellcept treatment
and co-trimoxazole

antibiotic prophylaxis

good response to
stable under SClg
chemotherapy with clinical
replacement treatment

remission. Currently
with resolution of

stable under IVIG and

infections
antibiotic prophylaxis

sinopulmonary infections
improved upon 1VIg
treatment, resolution of
viremia with rituximab.
Currently undergoing HSCT
from a healthy

HLA-matched sibling

clinical remission and
resolution of viremia with
chemotherapy and
rituximab treatment.
Respiratory tract infections
improved with [VIg

treatment

CMV: Cytomegalovirus. EBV: Epstein-Barr virus. HSV: Herpes simplex virus. NA: Not applicable. AIHA: Autoimmune hemolytic anemia. ITP: Immune thrombocytopenic purpura.

ALPS: Autoimmune lymphoproliferative syndrome. IVIG: Intravenous immunoglobulin. SCIg: Subcutaneous immunoglobulin. HSCT: hematopoietic stem cell transplantation.

DLBCL: diffuse large B cell ymphoma.

*Pa, Pb reported by Alosaimi et al. J Allergy Clin Immunol, 2019.



Table S2. Immunologic characteristics of patients with CD137 deficiency

Patient 1 Patient 2 Patient 3 Patient 4
variable Value | ROEIENCe | yaie | REference | yaye | Reference | yaye | Reference
Age of evaluation 4 years 9 years ye1a1rs ye3:r5
Absolute lymphocyte count | 3394 | 53405008 | 3597 | 1300-5000 | 1590 | 1300-3000 | 2680 | 1200-4100
(cells/mm?)

Lymphocyte subset

CD3+ (cells/mm?) 1551 1239-2611 2950 700-4200 1272 1000-2000 1860 780-3000
CD4+ (cells/mm?) 1074 870-2144 1295 600-2100 858 500-1300 965 100-2300
CD45R0O+ CCR7+ (%) 7.5 13.88-48.12 14.6 22.06-46.46 455 24.24-52.73 11.5 18-95
CD45RO+ CCR7- (%) 78.7 0.94-6.46 59.3 2.08-8.78 26.5 3.4-11.17 55.8 1-23
CD45R0O- CCR7+ (%) 11.6 46.14-84.4 22 45.56-75.28 24.5 39.72-69.59 27 16-100
CD45R0O- CCR7- (%) 1.1 0-1.36 0.1 0-1.06 2.43 0.1-1.29 5.7 0-6.8
CD8+ (cells/mm®) 407 472-1107 1439 200-1100 333 300-800 772 200-1200
CD45R0O+ CCR7+ (%) 0.9 5.18-31.66 3.4 12.08-30.54 4.9 13.21-37.89 7.3 1-20
CD45RO+ CCR7- (%) 62.4 0.7-11.22 43.3 1.58-13.18 15.2 1.53-15.39 29.3 14-98
CD45R0O- CCR7+ (%) 3.8 36.8-83.16 34.8 41.58-77.9 771 41.41-73.04 23.7 41.41-73.04
CD45RO- CCR7- (%) 29.7 0.84-33.02 15.3 1.7-24.62 2.79 2.01-21.65 36.2 2.01-21.65
CD3-CD16+CD56+ (cells/mm?) | 176 155-565 54 120-483 76 100-700 417 90-600
CD19+ (cells/mm?) 846 434-1274 360 50-300 238 200-500 278 100-500
lgD+ CD27- (%) 93 73-89 94.6 67.8-89 93.7 67.8-89 95.5 58-72.1
IgD+ CD27+ (%) 2.2 5.7-14.3 2.1 5-16.2 1.83 5-16.2 1.9 13.4-21.4
IgD- CD27+ (%) 1.2 3-10.3 0.9 4-14 0.79 4-14 1.8 9.2-18.9
CD27+ CD38+ (%) 0.76 0.5-7.06 0.70 0.9-7.36 0.37 0.7-5.67 0.61 0.9-7.36




Immunoglobulins

IgG (mg/dL) 413 701-1157 1599 540-1550 2290 824-1300 550 968-2514
IgM (mg/dL) 105 42-80 714 40-240 267 44-142 33.6 103-397
IgA (mg/dL) 68.7 34-108 49 52-274 130 71-161 31 103-397
IgE (IU/mL) 26.4 2-199 0 0-200 7.77 <100 173 116-551
Complement
C3(mg/dL) N/A 68.9 90-180 105 90-180 N/A
C4(mg/dL) N/A 72.4 10-40 9.3 10-40 N/A
T-cell repertoire
aB+ (%) 94 79 83 95.3
yo+ (%) 2 4.94-17.98 2 6.92-19.84 1.1 8.1-20.76 3.5
TRECs N/A 800 >400 N/A N/A
Auto-immune workup
Positive auto-antibodies ANA positive (1:180) | d. Coombs positive
EBV/CMV status
EBV DNA Viral Load (PCR) 652 copies/ml 7.1 X10° copies/ml 9.1 X104 IU/ml 610 Geg/ml
CMV DNA Viral Load (PCR) 82 copies/ml negative NA negative
*EBNA-1 (IgG): positive
EBV Serology NA EBNA-1 (IgG): positive *VCA (IgM): negative NA

*VCA (IgG): positive




CMV Serology

NA

anti-CMV (IgG): negative

*anti-CMV (IgM): 2.44
(>1.1 U/ml)
*anti-CMV (IgG): positive
avidity = 0.837 positive

NA

Common vaccine serologies

Rubella Serology

anti-rubella (IgG): 101.3
IU/ml (positive)

Varicella Serology

&anti-VZV (IgG): 1141
[U/ml (positive)

MMRYV serology (IgG):
positive

anti-rubella (IgG): 59.3
IU/ml (positive)

*anti-rubella (IgG): 0.94
uL/mL (negative)

Sister: anti-rubella (IgG):
15.2 uL/mL (positive)

NA

NA

Hepatitis Serology

&anti-HBs (IgG): 201.4
uL/ml (positive)

anti-HAV (IgG): positive
anti-HBs (IgG): negative

NA

NA

Tetanus Serology

anti-tetanus (IgG): 2.8
U/ml (positive)

NA

anti-tetanus (IgG): 2.8
U/ml (positive)

Listed are reference ranges or laboratory values for the patient’s age group. Abnormal values in bold.

NA

CMV Cytomegalovirus; EBNA Epstein Barr Nuclear Antigen; EBV Epstein Barr Virus; HAV Hepatitis A virus; HBV Hepatitis B virus; MMRV
Measles, Mumps, Rubella, Varicella; NA Not Applicable; VCA Viral-Capsid Antigen; VZV Varicella Zoster Virus.

*Prior to IVIg / SClg replacement therapy; On IVIg replacement therapy



Table S3. Summary of homozygous autosomal recessive mutations in patients

) . Variant in| Mutation |Protein variant
Patient Gene Chromosome | Position | Reference i . .
patient type in patient
1 ZXDB X 57620724 T A MISSENSE p.Val748Asp
7995072-
1 TNFRSF9 1 NA NA DELETION NA
8000054
8022845-
1 PARK7 1 NA NA DELETION NA
8031023
2 XIST X 73048904 A G SPLICE NA
REGION
2 AFF2 X 148048444 C T MISSENSE | p.Thr1013Met
2 TNFRSF9 1 7995165 C T MISSENSE p.Thr151Met
2 METTL18 1 169763046 C A SPLICE NA
REGION
2 GPC1 2 241375361 GGCT G DELETION p.Leulldel
2 DNAH5 5 13794053 G A MISSENSE | p.Gly2668Arg
2 CD36 7 80293747 A G MISSENSE p.Tyr212Cys
3 ASB12 X 63445095 C G MISSENSE p.Alal46Pro
3 TNFRSF9 1 7998889 C T SPLICE SITE NA
ACCEPTOR
3 HS6ST1 2 129075797 A C MISSENSE p.Vall14Gly
3 IRX4 5 1880839 C T MISSENSE p.Argl36Lys
3 ZNF808 19 53058034 C T MISSENSE p.Pro622Leu
4 TNFRSF9 1 799954 G A SPLICE SITE NA
DONOR

Inclusion criteria:

CADD more than 15

SIFT deleterious

Polyphen probably_damaging




Table S4. Predicted impact scores of CD137 variants

Patient Mutation Chromosome | Position PolyPhenCat SIFTcat CADD
7995072-
1 c.1_545+1716del ! 8000054 NA NA NA
2 c452C>T 1 7995165 | Probably_damaging | Deleterious| 24.9
3 c.101 -1G>A 1 7998889 NA NA 27
4 c.100 +1G>A 1 799954 NA NA 25




Supplementary Figures legends

Figure S1. Clinical features, radiology, pathology, T cell clonality. (A) Coronal T2-HASTE

image (Patient 1) demonstrating multiple hypointense metastatic renal cortical masses
(black arrows). A mass lesion is observed on the right paraspinal area infiltrating the
adjacent paravertebral muscle (red arrow). (B) Chest CT scan demonstrating
consolidation in the anterior aspect of the right middle lobe (RML), nodular opacity in the
lingula and posterior mediastinal adenopathy (Patient 2). (C) Coronal reconstructions of
a follow-up CT four months later demonstrating ground glass opacities in both lungs
(Patient 2). (D) Splenomegaly (Patient 2) shown in coronal reconstruction of CT scan.
(E) CT scan of the upper neck showing cervical lymphadenopthy (Patient 2). (F) Contrast
enhanced computerized tomography (CT) demonstrating mediastinal and axillary
lymphadenopathy (Patient 2). (G) Coronal reconstruction of Positron Emission
Tomography showing increased uptake in the cervical, axillary and mediastinal lymph
nodes. An infiltrate in the right middle lobe (RML) is demonstrated. (H) TCR-gamma
spectratyping of lymph node biopsy (Patient 2) revealing two dominant peaks, supporting
the presence of a monoclonal T-cell population. (I) In situ hybridization for EBV-encoded
small RNAs (EBER) displaying numerous positive cells (Patient 2). Sections used are
from right inguinal lymph node tissue. (J) Abdominal CT scan (Patient 3) demonstrating
hepatomegaly. (K) MR demonstrating chronic sinusitis in Patient 4 with obstruction in Lt.

sinus.

Figure S2. Genetic analysis. Sanger sequencing chromatograms confirming the WES

findings in Family B, Family C and Family D. For Family A, WES reads in Patient 1 are
compared to a healthy control showing no NGS coverage for several exons of TNFRSF9

and PARK?Y.



Figure S3. TNFRSF9 sequence homology in species. TNFRSF9 sequence alignment

showing the conservation of amino acid threonine at position 151 across eight species

(red frame). The variant in Patient 2 (p. Thr151Met) is stated.

Figure S4. Effect of variants in the patients. (A) (upper left) Amplified gDNA utilizing

forward and reverse primers to amplify exon 6 in TNFRSF9 for Family A and controls,
depicting the genomic deletion in patient 1 (All-1) and brother (All-2). Full length cDNA of
Patient 3 (ClI-2) (upper middle panel) and Patient 4 and sister (DII-1) (upper right panel)
were amplified and loaded on agarose gels, depicting smaller sized bands. * and ** in
middle panel depicts two aberrantly spliced transcripts. (B) Schematic illustration
showing the consequences for the splice site variants in Patient 3 and Patient 4. cDNA
sequencing results revealed a skipping of exon 2 in Patient 4, and a skipping of exons 3
and 6 for Patient 3. (C) Chromatograms of Sanger sequencing of the PCR product

marked * and ** in figure A showing skipping of exon 3 and exons 3 and 6 in P3.

Figure S5. CD137 expressions. Flow-cytometric expression of CD137 in unstimulated

and anti-CD3/CD28 stimulated T-cells for patients, siblings and heathy donors (HDs) are

shown.

Figure S6. (A) Peripheral _blood  B-cell _immunophenotyping:  Memory

(CD19*CD20*CD27"), class-switched (CD19*CD20*CD27*IgD") and transitional B-cell
(CD19*CD38*IgM*) frequencies are compared in patients and siblings, measured by

flow-cytometry. (B) Peripheral blood T-cell immunophenotyping: Follicular helper T-cell

(Ten) frequencies are shown in patients and siblings, measured by flow-cytometry.

Figure S7. CD137 and CD137L inhibition in T-cell function. (A) Effect of CD137 blockade

on proliferation of T-cells in healthy donors (HDs). Anti-CD137 monoclonal neutralizing
antibody (BBK-2 clone) or isotype control was added to anti-CD3 stimulation at

increasing concentrations showing a dose dependent inhibition of T-cell proliferation (as



measured by VPD450 dilution). Error bars indicate + SEM. (B) T-cell activation (CD25
expression): Flow-cytometric expression of CD25" is depicted in patients and HDs upon
96 hour stimulation with anti-CD3, anti-CD3+CD137L and anti-CD3+CD28. (C)
Restoration of T-cell activation upon CD137 expression. CD137 expression, CD25 T-cell
activation and rate of proliferated T cells (stimulated with anti-CD3) upon exogenous
expression of wild-type CD137 are shown in Patient 3. (D) TNFSF9 mRNA expression
(top panel) and CD137L surface expression (bottom panel) was measured in

unstimulated and anti-CD3+anti-CD28 stimulated T-cells. HPRT was used as a control.

Figure S8. Cytotoxicity, degranulation and T cell receptor mediated signaling. (A) EBV-

specific CTL cytotoxicity measured by the percentage of specific lysis of autologous EBV
B-LCL target cells by their respective CD8"* T-cells at different effector to target ratios.
Patient CTL cytotoxicity showed significant reduction compared to HDs (* P value<0.05,
Two-way ANOVA). (B) CTL degranulation (CD107a) was measured in stimulated CD8"
T-cells by flow cytometry. (C) NK-cell degranulation in patients and HDs is compared in
unstimulated and stimulated PBMCs, measured by flow-cytometry. (D) Immunoblotting
showing expression of IkBa, phospho-p65, total p65, phospho-AKT and total AKT upon
anti-CD3+CD28 stimulation in expanded T cells. HSP90 was used as a loading control.
Intracellular phospho-AKT and NF-kB1 phospho-p65 levels in unstimulated and
stimulated T-cell blasts, measured by flow cytometry. (E) MAPK signaling is shown
measured by immunoblotting. Immunoblotting expression of total ERK1/2 and phospho-
ERK1/2 upon anti-CD3+CD28 stimulation in expanded T-cells. HSP90 was used as a
loading control. Intracellular phospho-ERK levels in unstimulated and stimulated

peripheral CD4* and CD8" T-cells is depicted, measured by flow cytometry.

Figure S9. In vitro plasmablast differentiation. (A) Plasmablast (CD3:CD19*CD27*CD38")

frequencies are shown in unstimulated PBMCs and upon 96 hour stimulation with CpG,



CD40L+IL4 and CD40L+IL21, showing a significant difference between HDs and
Patients. (* P value<0.05, ** P value<0.01, **** P value<0.0001, Two-way ANOVA). (B)
CD137L expression in CD19" B-cells upon CpG stimulation measured by flow cytometry,

showing expression of CD137L in both HD and Patient 3 stimulated cells.

Figure S10. Naive B-cell function. Naive B-cells (CD19*CD3'1gD*CD27") were sorted and

B-cell functions were assessed in our patients. (A) CD86" B-cell activation was
measured 1 day post-stimulation with CpG, showing reduced B-cell activation in P3 and
P4. (B) naive B-cell proliferation measured by violet proliferation dye (VPD450) 5 days
post-stimulation showing reduced rate of proliferating B-cells in P3 and P4 in response to
T-cell dependent (CD40L + IL21) and independent (CpG) stimuli. (C) Class switch
recombination in sorted naive B-cells. Gating of class switched IgG* and IgA* of sorted
naive B-cells upon CD40L + IL21 and CpG stimuli, depicted reduced CSR in P3 and P4.
(D) Reduced memory B cells rates in P2 and P4 upon CpG stimulation of sorted naive B-

cells.



Supplementary Figure 1

Clinical Features, radiology, pathology,T-cell clonality




Supplementary Figure 2

Genetic analysis
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Supplementary Figure 3

TNFRSF9 sequence homology in species
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Supplementary Figure 4
Effects of variants in the patients
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Supplementary Figure 5

CD137 expression
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Supplementary Figure 6a

Peripheral blood B-cell immunophenotyping
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Supplementary Figure 6b

Peripheral blood T-cell immunophenotyping
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Supplementary Figure 7

A Blocking CD137 in H
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Supplementary Figure 8

CTL cytotoxicity, NK-cell degranulation and T-cell receptor mediated signaling
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Supplementary Figure 9

A In vitro plasmablast differentiation

Gated on CD3-CD19*

i + +
Unstimulated CD40L+IL4 CD40L |L1 Plasmablasts
%; 50 * *T* *% e HD
o .
& 40- 2 ® Patients
% 30
8 °
e
10°351.0 3.48| (175 5.20 8
0 100 10* 10° 5 107 . - .
752 0 0.12 = o——y—.\—ﬁ—
3
D x\\j’ QQO
ARG
P1 Y
248 0 253 0.49
0 0
P2
14 0 17.5 1.03| |275 327 0.58
0 0 419 0.42
P4
©
I5e)
[m)
O 426 0 218 0 58.1 65.5 0.52
CcD27 >
B CD137L expression on CD19* B-cells
HD1 HD2 P3
0 G 2 1500 =m HD1
[0 Unstimulated| §
] ] o HD2
& P3
b ] O 1000
o
£
. - -
& 500
o)
] . O
B ]
[T 0- T T
L f T L T T T T = Unstimulated CpG

CD137L




Supplementary Figure 10

A CD86 cell surface expression in sorted naive B-cell
HD P3 P4

CpG
| ] CDAOL+IL21

[\\/\v MV\ W O Unstimulated

v

CD86

B Sorted naive B-cell proliferation

HD P3 P4
83.1 15.9 175 CD40L
+1L21
13.8 4.7 1.22
i —_— _
CpG
VPD450 >
C Class switch recombination in sorted naive B-cells
HD P3 P4
2.98 0.72 I 0.15
3.08 B Y 041 | CD40L
@” +IL21
2.33 0.58 0.23
CpG
2.79 0.39 0.56
<€
2 1gG >
D CpG stimulation in sorted naive B-cells
HD P2 P4
0.12 0.90| 10.31 2.70
" @), q
A |0.58 98.6| 0.80 96.2
&)

Q
O
v



3.2. Germline biallelic PIK3CG mutations in a multifaceted

immunodeficiency with immune dysregulation

Marini Thian'4, Birgit Hoeger'3, Anton Kamnev', Fiona Poyer®, Sevgi Kostel Bal'-3,
Michael Caldera®, Raul Jiménez-Heredia'3, Jakob Huemer'3, Winfried F. Pickl®,
Miriam GroR’, Stephan Ehl’, Carrie L. Lucas® Joérg Menche?, Caroline Hutter?5,

Andishe Attarbaschi®, Loic Dupré'-® and Kaan Boztug'-®

"Ludwig Boltzmann Institute for Rare and Undiagnosed Diseases, Vienna, Austria. 2St.
Anna Children’s Cancer Research Institute (CCRI), Vienna, Austria. 3CeMM Research
Center for Molecular Medicine of the Austrian Academy of Sciences, Vienna, Austria.
4Department of Pediatrics and Adolescent Medicine, Medical University of Vienna,
Vienna, Austria. °St. Anna Children’s Hospital, Department of Pediatrics and
Adolescent Medicine, Medical University of Vienna, Vienna, Austria. SInstitute of
Immunology, Center for Pathophysiology, Infectiology and Immunology, Medical
University of Vienna, Vienna, Austria. ‘Institute for Immunodeficiency, Center for
Chronic Immunodeficiency (CCl), Medical Center - University of Freiburg, Faculty of
Medicine, University of Freiburg, Freiburg, Germany. 8Department of Immunobiology,
Yale University School of Medicine, New Haven, CT, USA. °Center for
Pathophysiology of Toulouse Purpan, INSERM UMR1043, CNRS UMR5282, Paul
Sabatier University, Toulouse, France.

65



LETTERS TO THE EDITOR

Germline biallelic PIK3CG mutations in a
multifaceted immunodeficiency with immune
dysregulation

The PIBK-AKT-mTOR signaling axis is a critical molec-
ular pathway in humans, regulating multiple cellular
processes.' Phosphatidylinositol-3-kinases (PI3K) repre-
sent key signaling hubs for signal propagation, driving
cell activation, cell polarization and morphological adap-
tations. Studies on PI3K in human disease have highlight-
ed PI3K-gamma (PI3Ky) as an appealing drug target for
treatment of human disorders.” Murine PI3Ky studies
showed its importance in regulating innate immune func-
tions and development™ and activation of T cells,’
revealing its role in controlling inflammation.’ However,
its role in the human immune system and diseases
remains to be investigated.

Here we investigated a 14-year old female index
patient, born to non-consanguineous healthy Austrian
parents, who was hospitalized with severe hypotonia and
prolonged fever. She had neither lymphadenopathy nor
hepatosplenomegaly, and no infectious agent was found.
Initial laboratory findings showed a mild thrombocytope-
nia, hypertriglyceridemia, increased lactate dehydroge-
nase (LDH) and markedly elevated ferritin (Table 1 and
Figure 1A), prompting work up for hemophagocytic lym-
phohistiocytosis (HLH). Hemophagocytosis was indeed
visible in the bone marrow aspirate ( Figure 1B). Soluble
CD25 was mildly elevated at 2204 U mL-1 (Table 1) but
below the levels typically seen in HLH.® NK-cell activity
as measured by CD107a expression upon stimulation
was in the low normal range in the initial diagnostic
(Table 1). The presence of fever, hypertriglyceridemia,
hyperferritinemia and hemophagocytosis, did not allow
the diagnosis of HLH, but gave evidence of macrophage
activation in the context of a hyperferritinemic inflam-
matory syndrome (Table 1).° We initiated treatment with
dexamethasone, leading to clinical improvement and
normalization of LDH and ferritin levels. Tapering of
dexamethasone resulted in clinical deterioration and rise
in ferritin (Figure 1A), and was accompanied by the
development of autoimmune neutropenia as document-
ed by HNA-1b antibodies. As the disease was distinct
from classical HLH,® we decided to treat the patient with
recombinant human anti-IL-1p (Anakinra, 100 mg twice
daily) in combination with dexamethasone, rather than
using the etoposide-based HLH-94 protocol. We discon-
tinued dexamethasone treatment after eight weeks and,
one month later, reduced the Anakinra dose to a mainte-
nance dose of 100 mg daily. The patient has remained
clinically stable and is currently receiving Anakinra
(decreased to 60 mg once daily) without any inflamma-
tory manifestations. Immunological characterization of
patient peripheral blood in the asymptomatic phase after
ceasing dexamethasone revealed reduced absolute natu-
ral killer (NK)-cell counts and low frequency of mono-
cytes, and slightly low absolute lymphocyte counts
(Table 1).

To explore a potential genetic etiology of the disease,
we performed whole exome sequencing on patient DNA.
We identified compound heterozygous variants in
PIK3CG encoding for p110y, the catalytic subunit of the
PIBKy complex. Variants were validated by Sanger
sequencing and both parents were identified as heterozy-
gous carriers, each for one of the two variants (Figure
1C). The patient inherited a variant within the adaptor
binding domain of p110y (c.145C>A, p.R49S) and
(c.3254A>G, p.N1085S) near the end of the kinase

domain (Figure 1D). Both variants are rare or absent in
EXAC and gnomAD databases (Online Supplementary
Table S1), and affect evolutionarily conserved residues
(Online Supplementary Figure S1A). Probability of loss-of-
function tolerance was unlikely, CADD and PolyPhen-2
scoring suggested the wvariants as probably
pathogenic/damaging (Online Supplementary Table S1).
We assessed the expression of mutated p110y in T cells
derived from patient peripheral blood mononuclear cells
(PBMC), and found comparable expression levels in the
patient, mother, and healthy donors (HD) (Figure 1E).

To investigate whether the identified PIK3CG muta-
tions potentially cause the HLH-like disease due to
defects in PI3Ky-dependent mechanisms, we first studied
patient-derived NK- and T-cell functions. Diminished
NK-cell function is part of the diagnostic criteria for
HLH.® Pik3cg” mice display reduced NK-cell numbers,
defective NK-cell development and, consequently,
decreased cytotoxicity.” We also observed reduced fre-
quency, absolute counts and degranulation of patient NK
cells compared to cells derived from the mother and HD
(Table 1 and Online Supplementary Figure S1B and C). The
impaired NK-cell compartment may have contributed to
the observed clinical HLH-like phenotype.’

We further hypothesized that a defect in PI3Ky signaling
would affect TCR-driven activation of T cells.” Patient T-
cell subsets were comparable to HD (Online Supplementary
Table S2). However, we observed functional defects in
patient T cells, particularly a poor activation and prolifer-
ation in response to anti-CD3 or combined anti-
CD3/CD28 stimulation (Figure 2A and B and Ounline
Supplementary Figure S1D). As expected, TCR-dependent
T-cell activation was impaired in PIK3CG-mutated T
cells. In contrast, patient T-cell proliferation was intact
upon stimulation with phytohemagglutinin P (PHA)
(Figure 2A and Omnline Supplementary Figure S1D) which
can be explained due to the bypassing of TCR/PI3Ky-
dependent activation mechanisms. To prove the causative
role of mutated PIK3CG for the observed phenotypes, we
performed a gene-rescue experiment on primary patient
cells using GFP-labeled wild-type p110y and showed that
the T-cell activation defect could be restored (Figure 2C).
Additionally, we utilized the PI3Ky inhibitor IPI-549 to
prove the causative role of PI3Ky loss-of-function for the
observed phenotypes. T-cell activation and proliferation
defects upon TCR stimulation were phenocopied by the
addition of IPI-549 to HD cells (Figure 2D and E).
Furthermore, we examined PI3K/AKT signaling and
found mildly decreased AKT phosphorylation in patient
cells upon stimulation (Figure 2F and Ounline Supplementary
Figure S1E), similar to a recently reported patient with
PIK3CG mutations.® To prove causality in an independent
cellular system, we created Jurkat PIK3CG knockout (KO)
cells (Omnline Supplementary Figure S1F) and found
decreased activation as measured by CD69 upregulation
upon anti-CD3 stimulation (Figure 2G), and reduced AKT
phosphorylation at the Ser473 phosphorylation site
(Figure 2H and Omnline Supplementary Figure S1F and G).
These data mimic the phenotypes observed in patient T
cells. Furthermore, upon reconstitution with wild-type
p110y, CD69 was upregulated on the surface of Jurkat
PIK3CG KO cells (Online Supplementary Figure S1H). By
contrast, upon reconstitution of mutant N1085S or R49S,
no upregulation of CD69 was observed compared to
empty vector (Online Supplementary Figure S1H), showing
loss-of-function mechanisms for both individual variants.
Altogether, the T-cell stimulation defects observed in
PIK3CG-mutated patient cells recapitulate reports on
Pi3ky” murine T cells.””

haematologica 2020; 105:e488



For the development of familial HLH, absence of the
cytotoxic activity of cytotoxic T cells (CTL) plays a cen-
tral role. The level of surface CD107a/LAMP1 was nor-
mal on patient CTL wupon stimulation (Online
Supplementary Figure S1I). Furthermore, consistent with

Table 1. Patient's immunological features.

murine studies suggesting that PTEN activity, counteract-
ing PI3K function, is required to maintain Treg cell stabil-
ity and homeostasis,” we observed a slightly increased
frequency of CD4*CD127*"FOXP3"CD25" T cells in the
peripheral blood of the patient (Online Supplementary

Initial presentation After ceasing dexamethasone  After reducing Anakinra
(July 2018) (Dec 2018) (June 2019)
Hb (g/dL) 12.3 12.6 13.1
(12.3-16) (12.3-16) (12.3-16)
Absolute lymphocytes (x10%L) 0.95 1.07 0.95
(1.1-4.5) (1.1-4.5) (1.1-4.5)
Absolute neutrophils (x10%L) 3.48 1.95 1.05
(1.9-8.0) (1.9-8.0) (1.9-8.0)
Absolute monocytes (x10%L) 0.24 0.15 0.15
(0.15-1.4) (0.15-1.4) (0.15-1.4)
CD3-CD16-CD14* monocytes (%) NA 7.59 NA
(24.1-11.8)
Absolute thrombocytes (x107L) 119 334 296
(140-400) (140-400) (140-400)
Absolute CD3* T cells (x10L) 0.71 0.99 0.75
(0.75-2.51) (0.75-2.51) (0.75-2.51)
Absolute CD4* T cells (x107L) 0.37 0.53 0.43
(0.43-1.69) (0.43-1.69) (0.43-1.69)
Absolute CD8* T cells (x107L) 0.3 04 0.28
(0.22-1.21) (0.22-1.21) (0.22-1.21)
Absolute CD56*CD3~ NK cells (x10%/L) 0.06 0.06 0.07
(0.12 - 0.60) (0.12 - 0.60) (0.12 - 0.60)
Absolute CD19* B cells (x10%L) 0.13 0.09 0.08
(0.12-0.64) (0.12-0.64) (0.12-0.64)
HLH determinants [criteria for familial HLH]
Ferritin (ng/mL) [>500] 13898 33 22
(7-150) (7-150) (7-150)
Fibrinogen (mg/dL) [<150] 242 236 NA
(150-450) (150-450)
Triglycerides (mg/dL) [>265] 265 41 NA
(0-150) (0-150)
NK-cell degranulation’ [low/absent] 10.64 NA NA
(>10)
sCD25 (U/mL) [>2400] 2204 1320 NA
(158-623) (158-623)
IgG (g/L) 11 6.16 NA
(4.9-16.1) (6-16)
IgM (g/L) 1.27 0.28 NA
(0.5-1.9) (0.5-1.9)
IgA (g/L) 0.98 0.27 NA
(0.4-2.0) (0.8-2.8)
HiB IgG (ug/mL) 8.15 1.46 NA
Diphtheria IgG (IU/mL) 0.15 0.05 NA
Tetanus IgG (IU/mL) 1.25 0.25 NA

Reference ranges are indicated in round brackets.Values out of reference ranges are indicated in bold. Criteria ranges for familial HLH® are indicated in squared brackets.
Hb: hemoglobin; HiB: Haemophilus influenzae B antibody; HLH: hemophagocytic lymphobhistiocytosis; Ig: immunoglobulin; NA: not applicable; sCD25: soluble CD25;
#%CD107 cells,according to the standard diagnostic measurement conducted at the Centre for Chronic Immunodeficiency, University of Freiburg, Freiburg, Germany.
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Figure S1]). In comparison to T cells which activate via
PI3Ky and PI3KS, B cells predominantly respond via
PI3KS. This was corroborated by impaired B-cell devel-
opment compared to rather intact T-cell populations in
PIK3CD and PIK3R1 loss-of-function patients." By con-
trast, PIK3CG-mutated patient-derived B cells showed
intact proliferation and class switch recombination upon
stimulation (Online Supplementary Figure S1K and L), sup-
porting data obtained in Pik3cg” mice.’

Since PI3Ky is highly expressed in myeloid cells, we
hypothesized that loss-of-function mutations in human
PI3Ky may compromise the function of these cells, there-
by potentially contributing to the inflammatory features
reported in the patient. Indeed, the observation that the
patient responded well to anti-IL-1p (Anakinra) therapy
(Figure 1A) supports the notion that defects in the PI3K
pathway in innate immune cells may underlie the inflam-
matory presentation. Preclinical studies have shown that
PI3Ky blockade leads to reprogramming of macrophages,
resulting in increased production of pro-inflammatory
cytokines." PI3Ky activation results in the PIPs-dependent
activation of Rac and, subsequently, Arp2/3-dependent
actin-cytoskeleton remodeling driving cell polarization,
morphology and phagocytosis.”” We hypothesized that

| beXamethasone Anakinra

30000
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PIK3CG-mutated patient cells would display abnormali-
ties in innate cell morphology and function. We therefore
differentiated freshly-isolated monocytes of patient,
mother and HD to macrophages, which showed compa-
rable expression of macrophage differentiation markers
(Online Supplementary Figure S2A), implying normal differ-
entiation. Upon stimulation, the number of adhered cells
per image was similar across all groups (Omnline
Supplementary Figure S2B). However, patient monocyte-
derived macrophages displayed dramatic reduction in cell
area and total amount of F-actin per cell, as compared to
HD cells (Figure 2I-K). Moreover, cells from the mother
displayed an intermediate phenotype, possibly linked to
her heterozygous carrier status for one of the PIK3CG
mutations. Altogether, these data indicate that PI3Ky
deficiency is associated with a defect in actin-driven
macrophage spreading upon stimulation. We also
observed diminished phagocytosis in patient-derived
monocytes and neutrophils (Figure 2L). Patient neu-
trophils showed a pronounced apoptotic population after
isolation (Online Supplementary Figure S2C). Loss of mito-
chondrial membrane potential in neutrophils is an early
marker for commitment to apoptosis.” Consistently,
mitochondrial membrane potential of patient neutrophils
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Figure 1. Compound-heterozygous PIK3CG mutations in a patient with systemic inflammation. (A) Patient response to dexamethasone treatment (purple) as
evidenced by the decrease of ferritin in the patient’s peripheral blood. Disease relapsed upon initial withdrawal of dexamathasone, as evidenced by increased
ferritin levels. Reinitiation of dexamethasone normalized ferritin levels, and treatment with Anakinra (blue) was initiated and well-tolerated. Treatment was initi-
ated at 14 years of age, and ferritin was monitored over seven months. Colored bars indicate drug dosage. (B) Patient bone marrow biopsy showing engulfment
of erythroblast (black asterisk) and mature erythrocyte (white arrow) by a macrophage. The nucleus is indicated by the black arrow. Scale bar: 25 um. (C)
Compound-heterozygous PIK3CG base pair substitutions in the index patient (filled symbol) segregate with parents. Sanger sequencing confirmed presence of
a heterozygous variant in each parent (half-filled symbols). (D) Schematic representation of chromosomal position (top) and protein domains (bottom) of the
identified PIK3CG/p110y mutations, introducing two distinct missense mutations within the adaptor-binding domain (ABD) and near the kinase domain of the
protein (bottom). RBD: Ras-binding domain; het: heterozygous. (E) Expression of p110y protein in expanded T cells of the patient, compared with cells of mother
and two healthy donors (HD). HSP90 was used as a housekeeping loading control.
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was compromised (Online Supplementary Figure S2D).  patient neutrophils were able to migrate normally (Online
However, patient neutrophils displayed a normal oxida-  Supplementary Figure S2F). Since PI3Kd works synergisti-
tive burst upon stimulation (Ounline Supplementary Figure  cally with PI3Ky in neutrophil migration, PI3Kd may
S2E). Studies in mice outlined the importance of PI3Ky in  compensate for migration processes in human neu-
neutrophils.” However, in a transwell migration assay, trophils. Collectively, we report deficiency of human
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Figure 2. PIK3CG mutations affect adaptive and innate immune functions. (A) Reduced proliferative capacity of patient-derived T cells upon stimulation with
anti-CD3 antibody or combined anti-CD3/CD28 antibody. Phytohemagglutinin P (PHA) stimulation was not impaired, in agreement with TCR/PI3K-independent
T-cell activation. Cells were stained with violet proliferation dye (VPD450), and dye dilutions were monitored three days post stimulation. (B) Impaired activation
of patient T cells. Peripheral blood mononuclear cells (PBMC) were isolated and stained for the appearance of activation markers, one day (left, CD69 upregu-
lation) or three days (right, CD25 upregulation) after stimulation with anti-CD3/CD28. Cells were gated on lymphocytes and CD8 CD4" (left) or CD4-CD8" (right)
populations. (C) Rescue of T-cell activation via CD69 expression on day 2 post stimulation with anti-CD3 in patient cells by exogenous expression of wild-type
(WT) PIK3CG or empty vector (EV). Gated on GFP* transfected cells (left). Mean fluorescence intensity (MFI) of CD69 expression on GFP* transfected cells (right).
(D) PI3Ky inhibition with IPI-549 phenocopies T-cell proliferation defects. Cells were stimulated with anti-CD3/CD28 and monitored for VPD450 dye dilution as
in (A). (E) Addition of PI3Ky inhibitor IPI-549 (1 uM) phenocopies the T-cell activation defect, compared to DMSO control. Cells were stimulated as in (B) and
gated on CD4CD8"* (left) or CD8CD4* (right) lymphocytes. (F) Impaired activation of AKT signaling in PIK3CG-mutated patient PBMC, gated on CD4*CD8"
T cells. PBMC were stimulated with anti-CD3/CD28 for 15 minutes. (Left) Phospho-AKT signal was reduced in patient cells compared to healthy donors (HD).
(Right) Normalization to unstimulated control. (G) Decreased activation of PIK3CG knockout (KO) Jurkat cells compared to Renilla KO control upon anti-CD3 stim-
ulation. ****P<0.0001, two-way ANOVA. (H) Reduced MFI of AKT Ser473 phosphorylation in PIK3CG KO Jurkat cells compared to Renilla KO control and
unstained control. (I) Representative immunostaining images of 40x magnification after 5 hours incubation with PMA/ionomycin in HD, mother and patient
monocyte-derived macrophages. Images show reduced cell spreading and total F-actin intensity in patient macrophages upon stimulation. Scale bars: 100 um
(top), 20 um (middle, bottom). The lookup table (bottom right) indicates a color code for pixel values. (J) Patient macrophages show lack of cell spreading as
indicated by significantly smaller cell area compared to mother and HD cells. ****P<0.0001, Mann-Whitney U test. (K) Reduced total F-actin intensity of patient
macrophages compared to mother and HD cells. ****P<0.0001, Mann-Whitney U test. (L) Reduced phagocytosis ability of patient-derived monocytes (left) and
neutrophils (right). Whole-blood samples were incubated with pHrodo Red E. coli and phagocytosed bacteria were evaluated by flow cytometry. Populations were
gated based on forward/side scatter characteristics of monocytes and neutrophils, respectively. All error bars indicate + standard error of mean.
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p110y underlying a previously unknown inborn error of
immunity with HLH-like systemic inflammation and
aberrant immune cell function. Intriguingly, despite com-
promised functions of both innate and adaptive immune
cells, so far the patient has not experienced serious infec-
tions as compared to a patient recently reported with
PIK3CG mutations.” Larger patient cohorts and longer
follow up will thus be necessary to unravel the full clini-
cal spectrum of the disease.
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MATERIALS AND METHODS

Whole Exome Sequencing and analysis

Whole exome sequencing was performed using a TruSeq Rapid Exome kit as well as the
IMlumina HiSeq3000/4000 system and the cBot cluster generation instruments as previously
described,'> with minor changes. Briefly, reads were aligned to the human genome version 19
by means of the Burrows-Wheeler Aligner (BWA). VEP was used for annotating single
nucleotide variants (SNVs) and insertions/deletions lists. The obtained list was then filtered
according to the presence of variants with a minor allele frequency (MAF) >0.01 in 1,000
Genomes, gnomAD, and dbSNP build 149. After further filtering steps for nonsense, missense,
and splice-site variants using VCF.Filter software,’ an internal database was used to filter for
recurrent variants. Moreover, variants were prioritized using tools, such as SIFT, Polyphen-2
and the combined annotation dependent depletion (CADD) score,*® that predict the

deleteriousness of a present variant.

Sanger sequencing

Sanger sequencing was used to validate the two variants found in PIK3CG:

variant 1, ENST00000359195.3:¢.145C>A, p.Arg49Ser; and variant 2,
ENST00000359195.3:¢.3254A>G, p.Asnl085Ser, in the affected patient and her family
members. This was done by designing specific primers for the two variants.

For variant 1,

Fwl: 5’- CATGTACGCCGCCTATACCT -3°,

Rvl: 5°- TACCACTGCCCCTTCTTCTG -3

and for variant 2,

Fw2: 5’- TCCTGTTCTCCATGATGCTG-3’,

Rv2: 5°- AACAATCAGCAATGCCAACA-3’.



Cell Culture

Human PBMCs were isolated by Ficoll-Paque PLUS (GE Healthcare) density gradient
centrifugation, washed twice in PBS, and resuspended in complete RPMI-1640 media (Gibco)
containing 10 % heat-inactivated FBS, 1 % penicillin and streptomycin (Invitrogen) and 1 %
HEPES buffer solution 1 M (Invitrogen). CTL and NK cell degranulation was assessed by
CD107a surface staining for 3 h in presence or absence of dynabeads human T-activator
CD3/CD28 (Thermo Fisher Scientific) stimulation or K562 target cells respectively. The
erythroleukemic cell line K562 (ATCC, CCL-243) was used as target cell line. NK cells were
cultured in complete RPMI-1640 media with or without 600 U mL"! IL-2 (Peprotech) for 48h
to assess NK degranulation of activated or non-activated NK cells respectively. Proliferative
response was measured by labeling PBMCs with 1 mM Violet Proliferation Dye 450 (BD
Biosciences) according to manufacturer’s instructions. For T-cell activation and proliferation
assay, PBMCs were stimulated with 2 ng mL! anti-CD3 (OKT3, Thermo Fisher Scientific) or
with 1 ug mL! anti-CD28 (Thermo Fisher Scientific) or 5 ug mL™' PHA (Sigma-Aldrich) for
1-3 days. PI3Ky inhibitor IP1-549 was used at 1uM. For B cell proliferation and class switch
recombination assays, PBMCs were stimulated with 200 ng mL™' CD40 ligand (R&D Systems)
and 100 ng mL"' rhIL4 (R&D Systems) for 5 days. For T-cell expansion, PBMCs were
stimulated with feeder cells (gamma-irradiated PBMCs) and 1 pg mL' PHA (Sigma-Aldrich)
with 100 U mL! IL-2 (Peprotech) for 14 days. Expanded T cells were starved by serum
deprivation 2 h prior to 200 ng mL™' SDF1 (Peprotech) stimulation. Jurkat E6-1 cells were
cultured in complete RPMI-1640 media and stimulated with 2 ng mL™! anti-CD3 (OKT3).
Reconstitution with GFP-labeled wild-type PIK3CG or empty vector GFP control was
performed on a NEPA21 electroporator (Nepagene), according to manufacturer’s

recommendations, with a poring pulse of 175 V for 5 ms.



Monocyte isolation and differentiation

Primary monocytes were isolated from PBMCs using human Pan Monocyte Isolation Kit
(Miltenyi Biotec) according to manufacturer’s instructions. To generate human monocyte-
derived macrophages, isolated primary monocytes were cultured in complete RPMI-1640
medium (Gibco) with 50 ngmL™! recombinant human M-CSF (Peprotech) for 7 days. Surface
markers for human macrophages such as CD163, CD206 were used to stain human monocyte-
derived macrophages by flow cytometry. For morphology imaging, human monocyte-derived
macrophages were plated on 384-well-plate (PerkinElmer) and stimulated with 250 ng mL"!

PMA (Sigma-Aldrich) and 1 pg mL! ionomycin (Sigma-Aldrich) for 5 h.

Microscopy and image analysis

Following incubation, cells were fixed with 3% Formalin (Pierce) in growth media for 15 min
at 37 °C and incubated 15 min at 37 °C in permeabilization buffer (eBioscience) supplemented
with 2% heat inactivated FBS (HyClone). Cells were stained first with anti-a-Tubulin
antibodies (1:200, Sigma-Aldrich) for 1 h at RT followed by overnight staining at 4 °C with
Phalloidin-Alexa488 (1:500; Thermo Fisher Scientific), DAPI (5 pg/ml, Thermo Fisher
Scientific) and AF-555 secondary antibody conjugates (1:1000, Invitrogen). Finally, cells were
washed and stored in PBS at 4 °C. Stained cells were imaged using PerkinElmer Opera Phenix
high content screening system equipped with 20x (0.4NA) and 40x (1.1NA, water immersion)
lenses, confocal unit (Yokogawa CSU-X) and solid state laser illumination (405nm, 488nm,
561nm, 640nm). Each plate was imaged twice: first with 20x lens to image all cells in each well
(25x 1080x1080 pxl fields of view (FOV) per well; 640 nm/pxl resolution), followed by
imaging with 40x lens to collect high-resolution images of cell footprint (9x 1080x1080 pxl
FOV per well; 320 nm/pxI resolution; 3x Z stacks with dZ = 0.5 um near the coverslip surface).
All subsequent measurements were performed using the 20x dataset. 40x datasets were used to

create representative images. Quantification of cell area and total amount of F-actin per cell



were done using CellProfiler software and custom written pipeline. Resulting measurements
were then further processed using custom written Python scripts. Analysis of significance
between donor groups was done using Mann—Whitney U test and Bonferroni correction for

multiple comparisons.

Flow cytometry

Immunophenotyping was performed on a BD LSR-Fortessa. PBMC staining of surface markers
was performed for 30 minutes at 4°C in the dark. The fixation/permeabilization kit for
intracellular antigens or transcription factors (Affymetrix, eBioscience) were used for
intracellular markers. Frozen PBMCs from patient and healthy donor controls were thawed and
allowed to recover for four hours at 37°C in complete media (RPMI-1640 with 10% FBS).
Following extracellular staining, cells were stimulated for 15 minutes at 37°C with
Dynabeads© Human T activator CD3/CD28 (ThermoFisher) and IL2 (100 IU/mL). Cells were
then immediately fixed for 10 minutes at 37°C, washed and permeabilized for 35 minutes on
ice. Cells were then stained with p-AKT-PE for 1 hour at room temperature, washed again and
resuspended in FACS buffer for flow cytometry analysis. All analyses were performed using
FlowJo X (TreeStar Inc.) and Prism 8.0 (GraphPad Software). The following antibodies were
used for flow cytometry: From Beckman Coulter: CD16-FITC (clone 3G8), CD4-PECy7
(SFCI12T4D11), CD56-PE (N901), CD56-PECy5 (N901); from eBisocience, Affymetrix:
CD4-PerCPCy5.5 (RPA-T4), CD19-PerCPCy5.5 (HIB19), CD69-APC (FN50), FOXP3-APC
(236A/E7); from BD Biosciences: CD19-PECy7 (SJ25C1), CD14-PECy5 (61D3), CD16-
PECy7 (3G8), CD25-PE (M-A251), CD25-BV605 (2A3), CD27-V450 (M-T271), CD3-APC-
H7 (SK7), CD4-BV605 (RPA-T4), CD45RA-AF700 (HI100), CD56-V450 (B159), CD8-V450
(RPA-TS8), IgD-FITC (IA6-2), anti-AKT-PE (pS473); from Biolegend: CD163-BV605
(GHI/61), CD206-PE (MMR); from Miltenyi Biotec: IgA-PE (IS11-8E10); IgG-APC (IS11-

3B2.2.3).



Immunoblotting

Whole cell lysates were prepared from control- and patient-derived expanded T cells, loaded
on 10% acrylamide gel, separated by SDS-PAGE and transferred to a polyvinylidene difluoride
membrane (Bio-Rad). Membranes were incubated with 5% BSA in Tris-buffered saline with
0.5% Tween (TBS-T) and were probed overnight with 1:1000 dilution of anti-p110y (4252) or
anti-phospho-AKT Ser473 (D9E) or anti-AKT (pan, 40D4) from Cell Signaling, and 1:8000
dilution of anti-HSP90o/p (Santa Cruz) as a loading control. Bands were revealed using

Amersham ECL Select Western Blotting Detection Reagent (GE Healthcare).

Generation of CRISPR/Cas9-edited Jurkat cell lines

sgRNAs targeting PIK3CG were designed wusing the GPP Web portal
(https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design) and cloned into a
lentiCRISPRvV2 using FastDigest Esp31 (Thermo Fisher Scientific) and standard molecular
cloning. Lentivirus was generated from transfection of Lenti-X 293T cells (Takara Bio) with
Polyfect (Qiagen) using the lentiviral envelope and packing vectors pMD2.g and psPAX2.
Lentiviral supernatant was harvested 48 h post transfection, filtered and directly applied to
Jurkat E6-1 cells. Transduction was carried out by spinfection (1 h, 37°C, 800 rcf) in presence
of 8 pg mL! Polybrene. Transduced cells were selected with 1 pg mL™!' Puromycin (Sigma).
Single clones were selected by limiting dilution and editing was assessed using TIDE.® The
utilized knockout cells showed 84.6% total editing efficiency, with 21.5% at position +2, 42.9%
at position +4 and 19.5% at position -1 after Cas9 cutting site. sgRNA and primer sequences
for TIDE were as follows:

For sgRNA,

Fw: caccgAAGTATGACGTCAGTTCCCA,

Rv: aaacTGGGAACTGACGTCATACTTc;

and for TIDE,



Fw: TCTAGCCGTGAAGACCCAGT,

Rv: GCATAATGCTGCTTAATTTTTCAGT.

Phagocytosis assay

The phagocytic function of neutrophils and monocytes was evaluated in 100 uL of sodium-
heparinized whole blood sample to 20 uL. pHrodo Red E. coli (Life Technologies) for 15
minutes at 37°C according to manufacturer’s instructions. Erythrocytes were lysed using
reagents provided in pHrodo Red E. coli BioParticles Phagocytosis Kit for Flow Cytometry
(Life Technologies) and analyzed using flow cytometry (PE channel). Monocytes and

neutrophils were distinguished based on forward/side scatter characteristics.

Neutrophil assays

Neutrophils were isolated from whole blood by Ficoll-Paque PLUS (GE Healthcare) density
gradient centrifugation. After recovering of PBMCs, the remaining fraction was sequentially
pulsed with Milli-Q water and 3 M KCIl for erythrocyte lysis, and neutrophils were recovered
by centrifugation. Isolated neutrophils were kept in complete RPMI-1640 media, spread on a
10cm culture dish, until further use. For detection of apoptotic cells, neutrophil samples were
taken at the indicated time points, replaced by Annexin-V binding buffer (BD Biosciences),
and stained on ice for 5 min with propidium iodide (BD Biosciences) and Annexin-V-APC (BD
Biosciences), before acquisition by flow cytometry. HD neutrophils treated at 70 °C served as
positive control for gate setting. Gating was based on forward/side scatter including live and
dead neutrophils. For evaluation of mitochondrial membrane potential, neutrophil fractions
were washed in PBS and stained with 3.5 uM JC-1 (Thermo Fisher Scientific) for 15 min at 37
°C. After PBS wash, samples were treated with 100 nM valinomycin in complete RPMI-1640
media. Samples were either taken immediately (0 h) or incubated for 2 h. Cells were gated on

single-cell neutrophils by forward/side scatter, and final gates were set on comparing



mitochondrial J-aggregates (PE channel) with cytosolic JC-1 monomers (AlexaFluor488
channel) appearing from mitochondrial membrane leakage. For evaluation of oxidative burst
capacities, neutrophils were resuspended in pre-warmed KRP-PBS buffer and placed in a 37
°C thermoshaker. At time point 0, Oxyburst green reagent (Thermo Fisher Scientific, used 1:20)
was added and samples were immediately taken at the indicated time points, by pipetting into
tubes prepared with ice-cold PBS. For flow cytometry acquisition, an unlabeled sample was
taken for peak setting (FITC channel) within the neutrophil scatter gate. For neutrophil
chemotaxis, 50,000 neutrophils were placed into the upper chambers of a 96-well transwell
plate (Corning, 5 um pore size), and left to migrate towards 5 nM fMLP or DMSO control in
complete RPMI. After 20 min incubation, migrated neutrophils were counted by forward/side
scatter detection, and normalized to sample controls of 50,000 neutrophils seeded into the lower

compartments, respectively, to reflect total input.

Statistical Analysis
Statistical evaluation of experimental data was performed using Prism version 8 (GraphPad
Software, USA). Probability (P) values <0.05 were considered statistically significant. P values

and statistical tests are indicated in figure legends, where applicable.



SUPPLEMENTARY TABLES

Table S1: Characteristics of the identified germline-encoded PIK3CG variants.

Gene Position Ref.  Obs. Substitution  PolyPhen-2 CADD gnomAD ExACallele ExAC
allele counts pNull
counts

PIK3CG Chr7 A G p.N1085S probably 23.8 - - 4.4365

106545777 damaging E-06

PIK3CG Chr7 C A p-R49S benign 22 - hom: 0, het:  4.4365

106508151 2 (117466), E-06
MAF: 1.703
E-05

Prediction scores were calculated with PolyPhen-2 and CADD tools.** Current genomes
include 10,738 (gnomAD, https://gnomad.broadinstitute.org/) and 60,706 individuals (ExAC,
http://exac.broadinstitute.org/). MAF frequencies are indicated for identified heterozygotes
(accession date: May 21, 2019). Gene names are indicated in italic font. (Ref.: reference; Obs.:
observed; het: heterozygous; hom: homozygous; MAF: minor allele frequency; pNull:

probability of loss-of-function tolerance; ---: not reported)



Table S2: Extended immunological features of patient T-cell subsets.

Reference ranges are indicated in round brackets. Values out of reference ranges are indicated

in bold font.

Variables Patient (Dec 2018)
CD4+ (%) 61.6
(25-48)
CD45RA+ CCR7+ (%) 45.8
(43.3-63.2)
CD45RA- CCR7+ (%) 40.5
(30.85-45.25)
CD45RA- CCR7- (%) 12.7
(4.2-16.25)
CD45RA+ CCR7- (%) 0.88
(0.1-2.1)
Variables Patient (Dec 2018)
CD8+ (%) 12.2
(9-35)
CD45RA+ CCR7+ (%) 60.1
(37-69.35)
CD45RA- CCR7+ (%) 19.7
(14-36.85)
CDA45RA- CCR7- (%) 12.2
(2.4-15.5)
CD45RA+ CCR7- (%) 7.98
(3.9-27.25)
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SUPPLEMENTARY FIGURE LEGENDS

Figure S1. Additional cellular data on patient cells. (A) Affected amino acid stretches of p110y
are conserved across species. (B) Reduced NK cell frequency in patient peripheral blood.
Numerical inserts depict percentages within the final gate. (C) Reduced degranulation capacity
in patient-derived NK cells, as compared to mother and HD, indicative of impaired cytotoxic
capacities. Peripheral blood-derived NK cells were incubated for 3 h with K562 target cells
(middle panel) or NK cells activated with IL2 for 48 h prior to K562 target cells (right panel),
and compared according to percentages of CD107a (LAMP1) positive CD3°'CD56" cells as a
proxy of degranulation ability (* P <0.05, ** P <0.01, Two-way ANOVA). (D) Quantification
of proliferated CD8" T cells in percentage upon stimulation with various stimuli (** P <0.01,
Two-way ANOVA). (E) Impaired activation of AKT signaling in PIK3CG-mutated patient
cells. Patient-derived expanded T cells were stimulated with SDF-1 for the indicated time
points. Phospho-AKT signal intensity was compared with total AKT signal. HSP90 was used
as housekeeping loading control. (F) Abrogated pl110y and reduced p-AKT expressions in
PIK3CG knockout (KO) Jurkat cells compared to Renilla KO control Jurkat cells. GAPDH was
used as a housekeeping loading control. (G) Reduced normalized mean fluorescence intensity
(MFI) of AKT Ser473 phosphorylation in PIK3CG KO Jurkat cells compared to Renilla KO
control (** P<0.01, Mann-Whitney U test). Dotted line represents the normalization to
unstained control. (H) Genetic rescue of CD69" activation (normalized) in PIK3CG KO Jurkat
cells using wild-type (WT) vector, empty vector (EV), mutant N1085S or mutant R49S vectors
(P=0.1, Mann-Whitney U test). (I) Intact cytotoxic capacity in patient CTLs compared to cells
from mother and HDs. Cells were incubated for 3 h with CD3/CD28 stimulation and compared
according to mean fluorescence intensity (MFI) of CD107a (LAMP1) on CD3CD8" T cell
surfaces as a proxy of degranulation ability. (J) Increased frequency of peripheral blood

CD4"CD127%MFOXP3"CD25" Treg cells in patient, compared to mother and HD. Numerical



inserts depict percentages. (K) Patient B cells proliferate normally during 5-day stimulation
with CpG or CD40L in combination with IL4 or IL21. (L) Class switch recombination capacity

of patient B cells is intact after 5-day stimulation with CD40L with 1L4.

Figure S2. Additional data on innate immune cells. (A) Comparable macrophage surface
markers CD163 and CD206 on monocyte-derived macrophages of patient, mother and HD,
after 9 days in differentiation culture. (B) Violin plots showing average cell number per image
of patient, mother and HD. (C) Slightly elevated cell death in patient neutrophils. Freshly-
isolated neutrophils showed a pronounced propidium iodide-positive population (top, red
numerical insert). Apoptotic neutrophils persist during incubation (bottom). Numerical inserts
indicate percentages. (D) Compromised mitochondrial membrane potential in patient
neutrophils. Mitochondria were stained with JC-1 dye, membrane leakage was monitored
during incubation with valinomycin. Presence of mitochondrial J-aggregates was compared
with appearance of cytosolic JC-1 monomers. Patient neutrophils rapidly lose membrane
integrity compared to mother and HD, as observed by the increased dye loss (red numerical
insert). Numerical inserts indicate percentages. (E) Patient neutrophils are able to initiate
oxidative burst upon Fc receptor stimulation as shown by the appearance of oxyburst green-
positive cells. (F) Patient-derived neutrophils are able to migrate towards fMLP, compared to

cells from HDs and mother.
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4. Discussion

In the following chapters, we will discuss each manuscript from the results section in
detail. We will first understand the basic biology, followed by discussing novel findings

in the context of prior knowledge from the literature.

4.1. Human CD137 deficiency and impaired EBV immunity
4.1.1. The role of CD137 in immunity

CD137 (also known as 4-1BB or TNFRSF9) is a costimulatory molecule expressed
transiently by activated T cells, while its ligand (CD137L or 4-1BBL) is expressed on
activated APCs such as DCs, macrophages and B cells. However, many non-immune
cells also express CD137L constitutively, albeit in low amount. A bidirectional signaling
exists in CD137-CD137L system (Kwon, 2015; Etxeberria et al, 2020).

Functionally, costimulation of CD137 or CD137 ligation in T cells leads to the
production of IL-2 and IFN-y as well as T-cell proliferation. It has been reported that
CD137 costimulation promotes T-cell differentiation into memory and effector T cells.
Furthermore, CD137 costimulation protects T cells from apoptosis and increase T-cell
respiratory capacity. Signaling downstream of CD137 is mediated by TNF-receptor
associated factor 1 and 2 (TRAF1 and TRAF2) to activate NF-kB, ERK, p38 MAPK
and AKT pathways. These signaling pathways induce the expression of survival genes
while reducing the expression of pro-apoptotic genes (Ward-Kavanagh et al, 2016;
Etxeberria et al, 2020).

CD137 has been implicated in autoimmune several disorders. Studies have shown that
targeting CD137-CD137L signaling interaction resulted in reduced disease severity in
multiple models of autoinflammatory and autoimmune diseases. An increase serum
levels of soluble CD137 has been reported in MS and RA patients, indicating that
CD137 might be a useful biomarker for disease severity, as well as a target for clinical
trials. Interestingly, stimulation of CD137 signaling with an agonist monoclonal
antibody (mAb) also alleviated allograft response and autoimmune disorders in
preclinical models. It has been proposed that CD137 mAb induce apoptosis of
pathogenic CD8" T cells and induce differentiation of suppressive Tregs (Ward-
Kavanagh et al, 2016). However, exactly how CD137 exerts its role in autoinflammation

and autoimmunity is unclear.
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Studies using tumor models showed CD137 is inducible on both CD8* and CD4* T
cells, including Tregs. However, CD137 has a dominant role of CD137 in CD8" T cells.
CD137 agonists were shown to prevent CTL anergy and thereby break T-cell tolerance
towards tumor antigens, restore T-cell dysfunctionality in the tumor microenvironment

(TME) and increase persistence of tumor-specific CTLs (Etxeberria et al, 2020).

Owing to its strong costimulatory activity and expression on tumor-specific T cells to
maintain cytotoxic function and favors survival and memory differentiation in TME,
CD137 is considered an appealing target for immunotherapy. Moreover, CD137
functions to enhance Treg expansion which can be a target to selectively deplete Tregs
that have higher CD137 expressions (Etxeberria et al, 2020).

CD137 agonistic mAb (Urelumab and Utolimumab) are currently in clinical trials and
are also studied in combination with checkpoint inhibitors such as CTLA-4 and PD-1
inhibitors in order to selectively activate tumor targeting T- and NK-cells in order to
provide a robust antitumor response. True synergistic combinations are a major aim in
cancer immunotherapy which in this case, could also be achieved with bispecific

antibodies containing both activities in a single moiety (Etxeberria et al, 2020).

CD137 signaling is also utilized in chimeric antigen receptor (CAR) T cell
immunotherapy. A CAR usually consists of an extracellular domain that binds to a
specific antigen on tumor cells, a transmembrane domain and intracellular domains
which provide signals for T-cell activation to target tumor cells. The addition of the
CD137 to the intracellular anti-CD3¢ motif enhances cytotoxicity with persistent anti-
tumor response in vivo (Song et al, 2011; Porter et al, 2011). To date, the only CD137-
based approach approved by the Food and Drug Administration (FDA) is the CD19
targeting CAR-T cells (Tisagenlecleucel) for the treatment of B-cell pediatric
lymphoblastic leukemia (Maude et al, 2018) and refractory diffuse large B-cell

lymphoma (Schuster et al, 2019).
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4.1.2. Human CD137 deficiency

Since its discovery, CD137 has gained significant attention and has been studied
extensively (Kwon & Weissman, 1989; Schwarz et al, 1993). However, only recently,
three independent studies including the work done in this thesis (chapter 3.1.) reported
patients with germline mutations in TNFRSF9 encoding for CD137 (Alosaimi et al, 2019;
Somekh et al, 2019; Rodriguez et al, 2019).

For the first time, a total of 6 novel mutations in 7 patients were characterized. Alosaimi
et al. identified two unrelated patients who shared the same homozygous missense
mutation in TNFRSF9. Both patients successfully underwent hematopoietic stem cell
transplantation (Wildermann et al, 2021). Activated T cells showed abolished CD137
expression in both patients and they suffered from immunodeficiency and EBV-driven
lymphoproliferation, one patient additionally developed HLH and another patient
developed Hodgkin’s lymphoma. CD8" T cell expansion, expression of IFN-y and
perforin, and cytotoxicity against allogeneic EBV-transformed B cells were significantly
impaired in both patients. Moreover, patient activated CD8* T cells showed defective

mitochondrial function (Alosaimi et al, 2019).

In the work included in this thesis (chapter 3.1.), the author of this thesis and colleagues
reported four unrelated patients with four distinct homozygous mutations in TNFRSF9.
Interestingly, in 3 of the pedigrees, 1 healthy sibling each was also homozygous for
the same TNFRSF9 mutation, suggesting incomplete penetrance of the disease. All
patients suffered from immunodeficiency and two of them additionally developed EBV-
related lymphoma (Burkitts and Hodgkin's) and one developed EBV-induced
lymphoproliferation. Defects were observed in both T- and B-cell populations including
activation and proliferation. Upon exogeneous expression of wildtype CD137, T-cell
proliferation and activation defects were restored. Additionally, we showed that
defective proliferation in CD137-deficient T cells can be restored by other costimulatory
molecules such as OX40 or CD28. We also showed a significant reduction in the
diversity of the TCR repertoires, impaired EBV-specific CTL cytotoxicity and impaired
CSRin patient B cells. The study also highlighted the previously less appreciated direct
role of CD137 in activated B cells since it was more widely known that its ligand,
CD137L is expressed on APCs such as B cells. Our study showed that CD137 can

also be expressed in activated human B cells and may play a direct role in proper
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differentiation and function of B cells. Consistently, patients showed highly reduced

proportions of memory B cells, plasmablasts and TrH cells (Somekh et al, 2019).

Rodriguez et al. reported a patient with homozygous LOF mutations in PIK3CD and
TNFRSF9. The patient suffered from EBV-related T cell lymphoproliferative disease.
The patient has a sister who is asymptomatic but shared the same homozygous
mutation in TNFRSF9. The sister has persistently high EBV load but normal
immunological parameters, except for a low proportion of memory B cells, suggesting
incomplete clinical penetrance. There were defective activation and proliferation of T
cells from the patient and sister. These defects were restored in T cells from the sister
upon CD137 expression using lentiviral vector, as the patient eventually succumbed to
fatal HLH (Rodriguez et al, 2019).

Phenotypic distinctions between individuals can often be attributed to variation in
underlying genetic and environmental conditions. Interestingly, a total of 4 siblings with
the same homozygous TNFRSF9 mutations found in the patients were healthy and
asymptomatic, indicating a strong incomplete clinical penetrance mode of inheritance.
Further studies on other genetic variants, genetic expressions of other costimulatory
molecules as well as epigenetic regulation would be important to address the

phenotypic differences in these individuals even in homogeneous environments.
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4.1.3. Defective EBV immunity in CD137-deficient patients

A robust immunity is crucial to defend the body against pathogens such as EBV. In
individuals with impaired immune function, EBV infection may result in life-threatening

diseases as discussed in chapter 1.4.2.

In the three studies of human CD137 deficiency reported so far, all patients had EBV
viremia and 6 out of 7 patients developed EBV-driven diseases. These data strongly
support a key role for CD137 in host immunity against EBV. A robustimmune response
against virus includes effective cytotoxic killing of infected cells. In this regard, Alosaimi
et al. and the work presented in this thesis have independently shown that CD137-
deficient patients have impaired EBV-specific CD8" T cell cytotoxic killing (Alosaimi et
al, 2019; Somekh et al, 2019). This suggests that a functional CD137 is essential in
controlling EBV infection and its associated diseases and malignancies.

Additionally, the lack of CD137 will inevitably affect CD137-CD137L interaction, which
induces a bidirectional signaling. Consistently, CD137L-deficient mice developed B-
cell ymphomas (Middendorp et al, 2009). The loss of reverse signaling by CD137L on
the APCs of CD137-deficient patient T cells may contribute to the observed
phenotypes.

Costimulatory signaling through other TNFR superfamily members have also been
identified to play a nonredundant role in EBV immunity, such as CD27 and its ligand,
CD70. While CD137 is expressed upon activation in T cells, CD27 is constitutively
expressed. Patients with CD27 or CD70 deficiency also suffered from EBV-associated
diseases. Studies have shown that these patients have defective EBV-specific CTL
cytotoxicity response (Tangye & Latour, 2020). Nonredundant functions of different
human TNFR superfamily members could be clarified with studies involving patients

with mutations and/or deficiencies in these molecules in the future.

Further studies on the use of CD137 agonistic mAb may be explored in CD137
deficient patients and patients with EBV-associated malignancies such as Hodgkin’s

lymphoma.
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4.2. Human PI3KYy deficiency and immune dysregulation

4.2.1. The biology of PI3Ky

Studies on PI3K in human disease have highlighted phosphatidylinositol 3-kinase
gamma (PI3Ky) as an appealing drug target for treatment of human proliferative
disorders (Ruckle et al, 2006; Janku et al, 2018).

PI3Ky consists of a catalytic protein (p110y) encoded by PIK3CG, and a regulatory
domain (p84/p101). PI3KYy is activated by GPCRs such as chemokine receptors. Both
the regulatory and catalytic subunits of PI3Ky directly bind to G-protein By subunits
upon activation. p110y contains a classical Ras-binding domain (RBD) which can bind
RAS-GTP directly to further regulate its catalytic activity. PI3Ky belongs to class IB
PI3Ks which selectively phosphorylate PIP2 to form PIPs, the latter serving as recruiting
moiety to localize effector proteins at the plasma membrane, via interaction with their
pleckstrin homology domain. Subsequently, AKT is phosphorylated and activated
which in turn, phosphorylates a myriad of downstream substrates (Rommel, 2007;
Fruman et al, 2017).

PI13KYy is highly expressed in various immune cells, including mast cells, macrophages,
neutrophils, and eosinophils. Studies showed that PI3Ky plays fundamental roles in
chemokine-dependent leukocyte chemotaxis and mast cell activation (Janku et al,
2018). PI3Ky-mutant mice showed defective neutrophil and macrophage recruitment
in response to inflammatory stimuli to the sites of inflammation. Neutrophil oxidative
burst, T-cell activation and DC migration were also impaired in these mice (Rommel,
2007).

The development of PI3K isoform-specific inhibitors has gained much attention in order
to treat immune disorders. Treatment with PI3Ky-selective inhibitor has been shown to
reduce glomerulonephritis and increase survival in a model of systemic lupus
erythematosus (SLE). Moreover, PI3Ky was defined as a promising target for airway

inflammatory diseases and RA (Rommel, 2007).

Preclinical studies have demonstrated that tumor-associated macrophages (TAMs)
highly expressed PI3Ky which can contribute to resistance to immune-checkpoint
inhibitors such as anti-CTLA4. The use of selective pharmacologic targeting PI3Ky
reprogrammed TAMs from M2-like phenotype characterized by expression of IL-10

91



and TGF-B to M1-like phenotype which promote CTL-mediated tumor regression,
increase proinflammatory cytokine production and restore tumor sensitivity to immune-
checkpoint inhibitors (Fruman et al, 2017; Janku et al, 2018).

Currently, selective inhibitor of PI3Ky which is orally administered, IP1-549 is being
tested in clinical trials as a monotherapy and in combination with immune-checkpoint
inhibitor nivolumab in patients with different advanced-stage carcinomas or melanoma
(Janku et al, 2018).

4.2.2. Human PIK3CG mutations

Germline mutations in several components of PI3K signaling pathway have been
identified and characterized in humans leading to immunodeficiency and immune
dysregulation (Nunes-Santos et al, 2019). Even though its role has been widely
investigated in mouse models, germline biallelic mutations in PI3Ky complex or its
components have not been described until recently.

In 2019, Takeda et al. reported the first description of germline biallelic human PI3Ky
deficiency while our independent investigation was ongoing in our patient. The patient
inherited compound heterozygous mutations in PIK3CG encoding for p110y. The
patient had humoral defects and lymphocytic tissue infiltration. More recently, she
suffered from enterocolitis and autoimmune hemolytic anemia and autoimmune
cytopenia. Currently, the patient is treated with immunoglobulin replacement therapy
and mycophenolate mofetil to suppress inflammation. Patient T cells showed defects
in activation with increased Tnu1 marker CXCR3. Inflammatory cytokines were found to
be elevated in patient serum. Using PI3Ky inhibitor in THP-1 cell line and THP-1
PIK3CG shRNA knockdown, Takeda et al. showed an upregulation and secretion of
IL-12 and IL-23, which can be restored using a GSK3 inhibitor upon stimulation.
Moreover, Pik3cg-deficient mice also showed an upregulation and secretion of I1L-12

upon stimulation (Takeda et al, 2019).

In the work presented in this thesis (chapter 3.2.), the author of this thesis and
colleagues reported the second patient with novel germline compound heterozygous
mutations in PIK3CG. The patient presented with systemic autoinflammation with HLH-
like phenotype. Patient responded well to the recombinant human anti-IL-13 (Anakinra)
therapy in combination with dexamethasone. PIK3CG mutations caused reduced T-

cell activation, proliferation and AKT signaling upon PI3Ky-dependent stimulation, and
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defects were phenocopied by a PI3KYy inhibitor and in Jurkat PIK3CG knockout (KO)
cell line. These defects were restored by exogeneous expression of wildtype p110y in
primary patient cells and Jurkat PIK3CG KO cell line. NK-cell numbers and
degranulation capacity were moderately decreased, but not to the extent characteristic
of HLH. Patient monocyte-derived macrophages showed impaired phagocytosis and
decreased cell spreading and total actin intensity upon stimulation. In addition, patient-
derived neutrophils showed defective phagocytosis and elevated cell death. No
humoral defects such as activation, proliferation nor CSR were observed (Thian et al,
2020).

Interestingly, the two patients described with compound heterozygous loss-of-function
mutations in PIK3CG have different clinical phenotypes, which are likely contributed
by different mutations as well as external factors such infections and environmental
variation. However, both patients suffered from autoinflammation and are currently
treated with anti-inflammatory drugs. Therefore, future studies on patients with different
PIK3CG mutations would be helpful to understand the precise role of PI3Ky in human

immunity and its full clinical manifestations.

4.2.3. Immune dysregulation in PI3Ky-deficient patients

Different experimental systems have shown conflicting conclusions regarding
inflammatory and anti-inflammatory functions of PI3Ky. In the two studies of human
PI3Ky deficiency reported so far, both patients showed defects in monocytes,
macrophages and T cells which resulted in inflammation with immune dysregulation.
Both studies thus clarified the importance of human PI3Ky in controlling inflammation

and immune regulation.

PI3Ky has been shown in mice to mediate the migration of immune cells such as
neutrophils and DCs. In addition, pre-exposure of neutrophils to TNF impaired the
generation of reactive oxygen species (ROS) induced by subsequent stimuli such as
chemo-attractants by Pik3cg-deficient mice (Rommel et al, 2007). However, both
studies in PI3Ky-deficient patients demonstrated normal neutrophil migration and ROS
production under the conditions tested. It is therefore possible that other PI3K isoforms
such as PI3Kd works synergistically with PI3Ky in neutrophil migration and ROS
production and PI3Kd may compensate for the loss of PI3Ky function in human
neutrophils. Despite the normal neutrophil migration and ROS production, the work

included in this thesis clarified that PI3Ky plays a more important role in the survival
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and function of human neutrophils (Thian et al, 2020). Therefore, the two studies

provided valuable insights into the difference between human and mouse systems.

Interestingly, the patient reported by Takeda and colleagues was presented with
hypogammaglobulinemia and autoimmunity. However, no defects in B cells were found
in the patient reported by the author of this thesis (Thian et al, 2020) and the patient
mainly suffered from autoinflammation rather than autoimmunity. It is unclear whether
humoral defects seen in the patient reported by Takeda et al is intrinsically due to the
mutations in PIK3CG or indirectly due to the impairment of T cell function. Further
studies with different patients are crucial to clarify the role of human PI3Ky in humoral

immunity.

Both studies also utilized selective PI3Ky inhibitor IPI-549 on healthy primary human
cells which mimicked PI3Ky-deficient patient phenotype. As IPI-549 is currently in
clinical trials for its use in cancer patients, it will be helpful to monitor the development

of immunodeficiency and inflammation.

Collectively, the two studies highlight the pleiotropic role of human PI3Ky in regulating
innate and adaptive immune responses and reveal a pivotal role in restraining
inflammation. Larger patient cohorts and longer follow up will thus be necessary to

unravel the full clinical spectrum of the disease.
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5. Conclusion and Outlook

Altogether, the work in this thesis revealed hitherto novel roles of human CD137/ 4-
1BB and PI3Ky in immune activation, function, and regulation. Our work has
contributed to the genetic and molecular diagnosis of patients suffered from previously
unknown diseases and therefore served to encourage better characterization of these
diseases in future studies. Furthermore, our work opened avenues to the identification

of better treatment options and personalized therapy for these patients.
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