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ABSTRACT 

Study of inborn errors of immunity (IEI) caused by defects in actin-regulatory proteins has 

enabled insight into non-redundant roles of actin regulators during basic cellular processes, 

critical for immune-cell function. Initially, IEI research focused on immune defects leading to 

increased susceptibility to infections. More recently, it has been recognized that a large 

proportion of manifestations in IEI patients is linked to an overt reaction of the immune system. 

Many actinopathies also present as complex diseases with autoinflammatory or immune 

dysregulation features, yet the underlying pathomechanisms are often poorly understood. 

Dedicator of cytokinesis (DOCK) proteins act as guanine nucleotide exchange factors (GEFs) 

to activate the small RHO guanosine triphosphatases (GTPases) RAC1 and cell division cycle 

(CDC42), key regulators of actin dynamics. Defects in DOCK2 and DOCK8 cause distinct 

combined immunodeficiency disorders. DOCK11, which is predominantly expressed in 

hematopoietic cells and specifically activates CDC42 has been linked to B-cell development 

and function in mice, was suspected to play a role in the human immune system and for human 

disease, however this had not yet been reported. 

 

In this work, we studied four male patients from four unrelated families presenting with 

recurrent infections, early-onset systemic inflammation and immune dysregulation, normocytic 

anemia of unknown origin and developmental delay. Using whole-exome sequencing, we 

identified four rare, X-linked germline mutations in DOCK11 in these patients, leading to 

complete loss of DOCK11 protein expression in cells from two patients, while expression of 

mutant DOCK11 was retained in the other two patients. In line with the known role of DOCK11 

as CDC42 GEF, we observed impaired CDC42 activation in B lymphoblastoid cells (BLCLs) 

from all four patients. 

 

Using patient-derived material, CRISPR-Cas9 (clustered regularly interspaced short 

palindromic repeats and associated Cas9 homing endonucleases)-edited cell lines and a 

Dock11-knockout mouse model, we revealed perturbed filopodia formation, abnormal 

migration and aberrant T-cell proliferation and cytokine production in DOCK11-deficient T 

cells. We investigated the underlying molecular mechanism and uncovered increased nuclear 

translocation of nuclear factor of activated T cell 1 (NFATc1), a T-cell transcription factor, 

known to regulate various cytokines. In line with previous reports suggesting that c-Jun N-

terminal kinase (JNK), a known CDC42 effector, negatively regulates NFATc1 translocation, 

we observed reduced JNK phosphorylation in T cells from Dock11-knockout mice. 
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A dock11-knockout zebrafish model, generated to uncover the cause of anemia in human 

DOCK11 deficiency, recapitulated both the anemia as well as the abnormal erythrocyte 

morphology. Expression of constitutively active CDC42 in dock11-knockout zebrafish larvae 

rescued the anemia phenotype, suggesting that DOCK11 regulates erythrocyte development 

in a CDC42-dependent manner. Short hairpin RNA (ShRNA)-mediated knockdown of 

DOCK11 in human CD34+ cells resulted in impaired cell growth and altered expression of 

differentiation markers upon induction of erythropoiesis in liquid culture. 

 

Conclusively, in a collaborative effort, we identified germline mutations in DOCK11 as the 

underlying cause of a novel inborn error of immunity leading to aberrant T-cell signaling and 

cytokine production and disturbed erythroid development. 
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ZUSAMMENFASSUNG 

Durch die Erforschung angeborener Immundefekte (IEIs), die durch Mutationen in 

Regulatoren des Aktin-Zytoskeletts verursacht werden, erlangen wir Erkenntnisse über nicht-

redundante Aufgaben dieser Regulatoren während grundlegender zellulärer Prozesse, die für 

die Funktion von Immunzellen entscheidend sind. Ursprünglich konzentrierte sich die 

Forschung auf die Immundefizienz und die damit einhergehende erhöhten Anfälligkeit für 

Infektionen. Zuletzt hat man jedoch erkannt, dass ein großer Teil der Symptome von Patienten 

mit einem Immundefekt mit einer Überreaktion des Immunsystems zusammenhängt. Viele 

Defekte des Aktin-Zytoskeletts verursachen komplexe Krankheitsbilder mit Autoinflammation 

oder Immundysregulation, wobei die zugrundeliegenden Pathomechanismen oft nur 

unzureichend verstanden sind. 

 

DOCK (Dedicator of cytokinesis) Proteine fungieren als Guanin-Nukleotid-Austauschfaktoren 

(GEF) und aktivieren die RHO Guanosintriphosphatasen (GTPasen) RAC1 und CDC42 (cell 

division cycle 42), die eine wichtige Rolle für die Dynamik des Aktin-Zytoskeletts spielen. 

Defekte in DOCK2 und DOCK8 sind Auslöser für die Entstehung von zwei verschiedenen 

kombinierten Immundefekten. DOCK11 wird vorwiegend in hämatopoetischen Zellen 

exprimiert und aktiviert spezifisch CDC42. In Mausversuchen konnte eine Rolle für DOCK11 

bei der Entwicklung und Funktion von B-Zellen gezeigt werden. Daher wurde zwar vermutet, 

dass DOCK11 wichtig für das humane Immunsystem ist und eine potenzielle Rolle bei der 

Entstehung von Krankheiten spielen könnte, jedoch konnte dies bisher noch nicht gezeigt 

werden. 

 

In dieser Arbeit haben wir vier männliche Patienten aus vier nicht verwandten Familien 

untersucht, die an rezidivierenden Infektionen, früh einsetzenden systemischen 

Entzündungen, Immundysregulation, normozytärer Anämie unbekannter Herkunft, sowie 

Entwicklungsverzögerungen litten. Mithilfe der Exom-Sequenzierung konnten wir vier seltene, 

X-chromosomale Keimbahnmutationen in DOCK11 in diesen Patienten identifizieren. Zwei 

Mutationen führten zu einem vollständigen Verlust der Expression in Zellen , während die 

anderen zwei Mutationen keinen Einfluss auf die Proteinherstellung hatten. Übereinstimmend 

mit der bekannten Rolle von DOCK11 als CDC42 GEF konnten wir eine verminderte 

Aktivierung von CDC42 in B-Lymphoblastoiden Zelllinien (BLCLs) aller vier Patienten 

beobachten. 

 

Mit Hilfe von Patientenmaterial, CRISPR/Cas9 (clustered regularly interspaced short 

palindromic repeats and associated Cas9 homing endonucleases)-editierten Zelllinien und 
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einem Dock11-Knockout Mausmodell konnten wir bei T-Zellen mit einer DOCK11-Defizienz  

eine gestörte Bildung von Filopodien, veränderte Zellfortbewegungseigenschaften sowie eine 

abnorme T-Zellproliferation und Zytokinproduktion nachweisen. Wir untersuchten den 

zugrundeliegenden molekularen Mechanismus und entdeckten eine erhöhte Translokation 

des T-Zell-Transkriptionsfaktors NFATc1 (nuclear factor of activated T cell 1) in den Zellkern. 

Es ist bekannt, dass NFATc1  die Produktion verschiedener Zytokine reguliert. In 

Übereinstimmung mit früheren Berichten, die darauf hindeuten, dass JNK (c-Jun N-terminal 

kinase), ein bekannter CDC42-Effektor, als negativer Regulator der NFATc1-Translokation 

fungiert, konnten wir eine reduzierte Phosphorylierung von JNK in T-Zellen von Dock11-

Knockout Mäusen beobachten. 

 

Ein dock11-Knockout Zebrafischmodell, das entwickelt wurde, um die Ursache der Anämie 

aufzudecken, rekapitulierte sowohl die Anämie als auch die abnorme Morphologie der 

Erythrozyten, die zuvor bei Patienten mit DOCK11-Defizienz beobachtet wurde. Die 

Expression von konstitutiv aktivem CDC42 in dock11-Knockout Zebrafischlarven führte zur 

Normalisierung der Anzahl der roten Blutkörperchen, was darauf hindeutet, dass DOCK11 die 

Produktion von Erythrozyten mittels CDC42 Aktivierung reguliert. Die verminderte Expression 

von DOCK11 mittels RNA-Interferenz durch eine short hairpin RNA (shRNA) in humanen 

CD34-positiven Zellen, führte ebenfalls zu einer Beeinträchtigung des Zellwachstums und 

einer veränderten Expression von Differenzierungsmarkern während der in vitro 

Erythropoese. 

 

Zusammenfassend haben wir Keimbahnmutationen in DOCK11 als Ursache für einen 

neuartigen angeborenen Immundefekt identifiziert, der zu einer veränderten 

T-Zell-Signalübertragung und Zytokinproduktion sowie einer gestörten Erythropoese führt. 
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1. INTRODUCTION 

1.1 Hematopoietic system 

1.1.1 Overview of blood cell types 

In an adult human more than 500 billion blood cells are produced on a daily basis (Fliedner et 

al., 2002). Red blood cells (RBCs), also termed erythrocytes, which supply the body with 

oxygen and remove carbon dioxide (Rieger & Schroeder, 2012) are the most abundant cell 

type in the blood, followed by platelets (thrombocytes), which are shed from parental 

megakaryocytes and are involved in blood clotting. White blood cells (WBCs), also called 

leukocytes, are part of the immune system involved in protecting the body from infectious and 

toxic agents, and from malignant cells, in removing tissue debris and dying cells, and in wound 

healing (Cyster & Allen, 2019; Murray & Wynn, 2011; Raskov et al., 2021; Vivier et al., 2008). 

Blood cells in adults arise from hematopoietic stem cells (HSCs) present mainly in specialized, 

perivascular niches in the bone marrow or in the spleen (Morrison & Scadden, 2014). 

Self-renewing HSCs provide a lifelong reservoir for the formation of all blood cell types and 

lineages (Figure 1) (Rieger & Schroeder, 2012). The myeloid lineage consists of erythrocytes 

and platelets arising from a common megakaryocyte erythrocyte progenitor, as well as 

neutrophils, eosinophils, basophils, monocytes, and tissue-resident macrophages, which are 

derived from a common granulocyte macrophage progenitor (Figure 1) (Akashi et al., 2000). 

T, B and natural killer (NK) cells, belong to the lymphoid lineage (Kondo et al., 1997), whereas 

dendritic cells can arise from both lymphoid and myeloid progenitors (Ardavín, 2003; Helft et 

al., 2017; Manz et al., 2001; Orkin & Zon, 2008; Shortman & Liu, 2002; Traver et al., 2000). 

The formation of mature blood cells occurs in a hierarchical, lineage-restricting manner. With 

each differentiation step, cells become progressively committed to a specific lineage and cell 

type until highly specialized mature blood cells with distinct physiological functions emerge. In 

the so-called HSC niche, HSCs are surrounded by mesenchymal stem and progenitor cells 

as well as endothelial cells (ECs). These cells produce cytokines and chemokines that are 

critical for the survival and proliferation of hematopoietic progenitor cells as well as lineage 

determination during hematopoiesis (Metcalf, 1998; Miao et al., 2020; Rieger & Schroeder, 

2009, 2012). While such extrinsic signals mediate lineage induction, cell-intrinsic lineage-

specific genetic programs maintain lineage commitment and specification (Cantor & Orkin, 

2002; Graf & Enver, 2009; Moignard et al., 2013; Orkin, 2000; Orkin & Zon, 2008; Pevny et 

al., 1991). 
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Figure 1. Simplified scheme of hematopoiesis 

Hematopoietic stem cells harbor self-renewing potential and give rise to all blood cell 
lineages. CD34 is expressed on hematopoietic stem/progenitor cells (HSPCs) and 
commonly used to distinguish HSPCs from differentiated blood cells. Common myeloid 
progenitors develop into erythrocytes and platelets and replenish many cells of the innate 
immune system, including neutrophils, eosinophils, basophils, and monocytes. Common 
lymphoid progenitors give rise to T and B cells, critical for mounting an adaptive immune 
response, as well as NK cells. Dendritic cells arise from progenitors of both the myeloid 
and lymphoid lineage. Figure adapted from (Godin, 2016; Raza et al., 2021). 
 

The classical hierarchical HSC differentiation model is a simplified model. As has been shown 

by cellular reprogramming through forced expression of specific transcription factors, lineage 

commitment is not unidirectional (Iwasaki & Akashi, 2007; Orkin & Zon, 2008). New 
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technologies, including the combination of single cell transcriptomics with lineage-tracing 

experiments have deepened our understanding of the complex biological system underlying 

cell fate determination during hematopoiesis (Loughran et al., 2020; Weinreb et al., 2020). 

 

1.1.2 Model systems to study development and function of hematopoietic cells 

For the study of hematopoiesis and particularly erythropoiesis, researchers have explored a 

variety of experimental methods, including the use of animal models, immortalized 

erythroleukemia and erythroid cell lines, as well as RBCs differentiated from murine and 

human embryonic stem cells or human CD34+ umbilical cord blood cells (Dias et al., 2011; 

Fujimi et al., 2008; Giarratana et al., 2005; Hirose et al., 2013; Huang et al., 2014; Kurita et 

al., 2013; Olivier et al., 2006; Parker & Peterson, 2018; Song et al., 2019; Trakarnsanga et al., 

2017). While hematopoiesis had been historically primarily studied in mice, the identification 

of zebrafish (Danio rerio) mutants with hematopoietic defects through large-scale genetic 

screens (Driever et al., 1996; Ransom et al., 1996; Weinstein et al., 1996) led to the recognition 

of zebrafish as a suitable model system to study the hematopoietic system. 

 

Zebrafish harbor several advantageous traits, including ex vivo fertilization/embryonic 

development, optical transparency, and high fecundity (Carradice & Lieschke, 2008; 

Sugiyama et al., 2022). In addition, zebrafish embryos can survive without red blood cells 

during early development (Avagyan & Zon, 2016). Both forward genetic screens, and reverse 

genetic techniques such as transient knockout, knockdown, or overexpression, as well as 

stable transgenesis, have been utilized to identify and study genes involved in zebrafish 

hematopoiesis (Lieschke & Currie, 2007). 

 

While there are certain differences between zebrafish and mammal erythropoiesis, such as 

the lack of enucleation during the terminal steps of zebrafish RBC development, many genes 

involved in erythropoiesis are conserved across the two vertebrates (Thisse & Zon, 2002; Zon, 

1995). Both mammalian (Figure 1) and zebrafish hematopoiesis (Figure 2) occur in sequential 

waves (primitive and definitive erythropoiesis), which take place at different anatomical sites. 

In mammals, the first primitive erythroblasts arise exclusively from blood islands in the yolk 

sac, whereas the definitive hematopoiesis occurs at several sites, including the yolk sac, the 

aorta-gonad-mesonephros (AGM), the placenta, fetal liver and eventually the bone marrow 

(Ivanovs et al., 2017; Ivanovs et al., 2011; Medvinsky & Dzierzak, 1996; Mikkola & Orkin, 

2006; Orkin & Zon, 2008). By contrast, primitive erythroblasts in the zebrafish (reviewed in 

(Avagyan & Zon, 2016; Carradice & Lieschke, 2008; Davidson & Zon, 2004; Kulkeaw & 

Sugiyama, 2012; Zhang et al., 2021) derive from a structure called the intermediate cell mass 
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(ICM), conceptually analogous to the blood island of the yolk sac in mammals. 

Hemangioblasts in the ICM give rise to both HSCs, which further differentiate into erythrocytes, 

monocytes and macrophages, as well as vascular endothelial cells. Primitive macrophages 

also arise from a second region, the rostral blood island (RBI), which is located in the head . 

The first definitive erythroblasts and monocytes/macrophages arise from erythromyeloid 

progenitors in the posterior blood island (PBI). Later during embryonic development, HSCs 

and hematopoietic progenitor cells (HPCs) arise from the AGM-like region in the ventral wall 

of the dorsal aorta, migrate to the caudal hematopoietic tissue (CHT) and subsequently 

expand and differentiate into definitive erythrocytes, monocytes/macrophages, platelets and 

neutrophils. Expanded HSCs further migrate to the developing kidney (pronephros), the site 

of definitive erythropoiesis in the adult zebrafish (C. M. Bennett et al., 2001; Kulkeaw & 

Sugiyama, 2012). 

 

While erythroid cells expressing Gata1a and few myeloid cells can be found as early as 12-24 

hours post fertilization (hpf) in the developing zebrafish, the first lymphoid progenitor cells arise 

at 3-4 days post fertilization (dpf) (Davidson & Zon, 2004; Kulkeaw et al., 2018; Lyons et al., 

2002; Trede et al., 2004). The first transient wave of HSC-independent T-cell lymphopoiesis 

originates from the AGM-like region and mostly gives rise to CD4 T  cells (Tian et al., 2017). 

A second HSC-dependent wave produces various types of T cells. These HSCs arise in the 

AGM, migrate to the CHT, differentiate into T-lymphoid progenitor cells, which then home to 

the thymus, the site of T-cell maturation (Langenau et al., 2004). Many genes involved in T-cell 

development and function are conserved (Haire et al., 2000; Thisse & Zon, 2002). As in 

-cell lineages are formed and VDJ recombination contributes to T-cell 

receptor (TCR) specificity (Covacu et al., 2016; Meeker et al., 2010; Trede et al., 2004; Wan 

et al., 2016). Lck, a non-receptor tyrosine kinase, is expressed in both lymphoid progenitors 

and mature T cells (Langenau et al., 2004). Development of B lymphocytes takes place in the 

pronephros of zebrafish larvae and the kidney marrow of adult fish. Fully mature B cells can 

be found at 3-4 weeks post fertilization (Lam et al., 2004; Trede et al., 2004). 

 

Given the high evolutionary conversation of hematopoietic-cell development and function 

between zebrafish and human and the possibility to use live imaging of an intact organism, 

provides huge potential to study the physiological consequences of genetic defects underlying 

human immunological diseases.  
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Figure 2. Schematic representation of zebrafish hematopoiesis 

Primitive hematopoiesis in zebrafish occurs at the intermediate cell mass (ICM) and in the 
rostral blood island. Hemangioblasts differentiate into vascular endothelial cells, 
erythrocytes and monocytes/macrophages. Definitive erythropoiesis starts around 24 
hours post fertilization. Erythromyeloid progenitors in the posterior blood island (PBI) give 
rise to the first definitive erythroblasts, monocytes and macrophages. Hematopoietic stem 
cells (HSC) and hematopoietic progenitor cells (HPC) that are produced in the aorta-
gonad-mesonephros (AGM)-like region migrate to the caudal hematopoietic tissue (CHT) 
and subsequently expand and differentiate into definitive erythrocytes, 
monocytes/macrophages, platelets, neutrophils and lymphoid progenitors. The latter 
home to the thymus, the place of T-cell maturation. Expanded HSCs migrate from the CHT 
to the developing kidney (pronephros), the site of definitive erythropoiesis in the adult 
zebrafish. Marker genes for the distinct blood cell types are displayed in Italic. Figure 
adapted from (Chen & Zon, 2009; Jing & Zon, 2011; Paik & Zon, 2010). 
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1.2 Immune system development and function 

1.2.1 Innate immune system - Inflammasome assembly 

The immune system, which can be divided into the innate and the adaptive immune system, 

has evolved to protect the human body from potentially harmful foreign pathogens, toxins and 

allergens, while maintaining immune tolerance against self. The innate immune system, which 

is the first line of defense, mounts a quick but non-specific response. It consists of physical 

and physiological barriers, which include skin and mucosal tissue, sweat, saliva and gastric 

acid, as well as of specialized cells, that are derived from HSCs. 

 

The innate immune response is based on the recognition of danger signals through germline-

encoded pattern recognition receptors (PRRs). These receptors enable the recognition of 

specific structures present in a variety of invasive pathogens, so called pathogen associated 

molecular patterns (PAMPs), or the sensing of tissue damage via damage-associated 

molecular patterns (DAMPs). PRRs can be divided into four different classes, namely Toll-like 

receptors (TLRs), NOD-like receptors (NLRs), C-type lectin receptors and Retinoic acid-

inducible gene 1 -like receptors. Upon engagement of these receptors through the recognition 

of DAMPs or PAMPs, intracellular signaling cascades trigger microbe phagocytosis and lead 

to the production of antimicrobial proteins, chemokines and proinflammatory cytokines 

(reviewed in (Fitzgerald & Kagan, 2020; Iwasaki & Medzhitov, 2010). 

 

Interleukin (IL)-1  and IL-18 are two inflammatory cytokines, which are produced as inactive 

precursors. The generation of their bioactive forms are mediated through cleavage by 

multimeric protein complexes, termed inflammasomes (reviewed in (Schroder & Tschopp, 

2010; Zheng et al., 2020). They consist of an innate sensor protein, such as pyrin (encoded 

by MEFV), AIM2, NLRP3 or NLRC4, which gives the inflammasome its specific name, an 

apoptosis-associated speck-like protein (ASC) adaptor protein, and a procaspase-1 enzyme. 

Upon inflammasome assembly, pro-caspase-1 is cleaved into its active form, which 

subsequently cleaves pro-IL-1  and IL-18, as well as gasdermin D. The latter forms pores in 

the plasma membrane, mediating the release of active IL-1  and IL-18 and inducing a specific 

form of cell death, called pyroptosis. The assembly of inflammasome complexes is triggered 

by various exogenous or endogenous stimuli. For instance, canonical activation of the NLRP3 

inflammasome requires a first priming step, which triggers the NF B-dependent transcriptional 

upregulation of NLRP3 and pro-IL1 , as well as post-transcriptional changes. Priming can be 

triggered trough Toll-like receptors, such as lipopolysaccharide-induced TLR-4 activation, or 

trough IL-1  and tumor necrosis factor  (TNF- ) signaling. In a second activation step, 
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pathogen virulence factors, as well as intracellular danger signals, including ion flux, 

mitochondrial injury and release of reactive oxygen species, lead to the assembly of the 

NLRP3 inflammasome (Franchi et al., 2009; Swanson et al., 2019; Zheng et al., 2020). 

 

The pyrin inflammasome can be activated in response to pathogen-induced modification of 

RHO guanosine triphosphatase (GTPase) activation. For instance, Clostridium difficile-

derived cytotoxin (TcdB) glycosylates RHOA, resulting in its inactivation and decreased 

activity of its downstream effectors PKN-1/2. The serine/threonine protein kinases PKN-1/2 

phosphorylate pyrin on serine residues S208 and S242, enabling binding of the chaperone 

protein 14-3-3, which sequesters pyrin thereby preventing inflammasome assembly. 

Consequently, modulation of RHOA or PNK-1/2 activity by bacterial toxins or effectors, such 

as TcdB, or YopE and YopT from Yersinia, lead to pyrin inflammasome activation (Jamilloux 

et al., 2018; Malik & Bliska, 2020; Xu et al., 2014). 

 

Recognition of microbial PAMPs by innate immune cells initiates a direct antimicrobial 

response, but it also controls the amplitude and type of adaptive immune response thereby 

ensuring an effective immune response against foreign pathogens while maintaining tolerance 

against self (Iwasaki & Medzhitov, 2010; Palm & Medzhitov, 2009). 

 

1.2.2 Adaptive immune system – B- and T-cell development 

The adaptive immune system is the second line of defense and acts in conjunction with the 

innate immune response to fight and destroy foreign pathogens. In contrast to the innate 

immune system, cells of the adaptive immune system, which also originate from HSCs, can 

recognize specific antigen and therefore mediate a slower but more targeted immune 

response. In addition, the adaptive immune system has the capability to generate immunologic 

memory and therefore respond in a faster and stronger manner upon repeated encounter of 

the same pathogen. To mount an antigen-specific immune response to the vast number of 

potential pathogens humans encounter throughout their lifetime, cells of the adaptive immune 

system need to achieve a tremendous receptor diversity. Mammalian T- and B-cell receptor 

(TCR and BCR) diversity is generated through similar mechanisms including the existence of 

multiple variable (V), diversity (D), and joining (J) genes and genetic recombination of these, 

as well as generation of junctional diversity through insertion or deletion of nucleotides at the 

junction sites of the VDJ genes. Isotype class-switching through the usage of different constant 

region genes ( , , , , ), and somatic hypermutation, which alters the antigen affinity of the 

BCR through enhanced accumulation of point mutations in the V region genes, further 
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increases the diversity of the B-cell receptor repertoire (reviewed in (Chi et al., 2020; Nikolich-

Zugich et al., 2004)). 

 

Human B and T cells arise from a common lymphoid progenitor (Figure 1), but while T cells 

mature in the thymus, B-cell differentiation and maturation continues in the bone marrow. 

Through sequential rearrangements, pro-B cells develop into pre-B cells and eventually 

immature B cells, which after successful VDJ recombination of the immunoglobulin heavy and 

light-chain loci, express a complete immunoglobulin (Ig) M (IgM) molecule on their surface 

(LeBien & Tedder, 2008). Central tolerance in the bone marrow selects immature B cells for 

self-tolerance through induction of apoptosis or receptor editing (Nemazee, 2017). Transitional 

B cells leave the bone marrow and home to secondary lymphoid organs, like spleen and lymph 

nodes to develop into mature, naïve B cells that express both IgM and IgD (LeBien & Tedder, 

2008). Upon antigen encounter naïve B cells are activated and proliferate. Co-stimulation with 

CD40L and cytokines from T follicular helper cells induces class-switch recombination 

resulting in the isotype switching of activated B cells (Crotty, 2014; Qi, 2016). The specific 

cytokines determine whether B cells start producing IgA, IgG or IgM antibodies (Moens & 

Tangye, 2014). This T-cell dependent B-cell activation in secondary lymphoid tissues leads to 

the formation of germinal centers, transient microstructures from which long-lived plasma cells 

and memory B cells emerge, which can mediate a humoral immune response (Mesin et al., 

2016). 

 

By contrast, for the generation of mature T cells, progenitor cells leave the bone marrow and 

seed the thymus. Double negative T cells, which lack the expression of both the CD4 and CD8 

co-receptor, mature through several developmental stages and start expressing CD4 and 

CD8. During a process called positive selection, double positive T cells encounter self-antigen 

presented by major histocompatibility complex (MHC) class I or class II molecules, with three 

potential outcomes: 1) If the TCR of a T cell is incapable of binding to either MHC molecule, 

the cell will undergo apoptotic cell death; 2) if the TCR of a T cell binds to MHC class II, the 

cell receives a survival signal, downregulates CD8 expression and becomes a CD4+ single 

positive cell; and 3) if the TCR of a T cell binds less strongly to MHC class II and binds to MHC 

class I, it matures into a CD8+ single-positive cell (Germain, 2002; Klein et al., 2014). While 

positive selection ensures that mature T cells recognize MHC-peptide complexes to fight 

infection, a process called negative selection is critical to avoid recognition and destruction of 

self. Hence, if T cells bind too strongly to self-antigen-MHC complexes and are prone for self-

reactivity, they are either eliminated through induction of apoptosis, or if they have a medium 

affinity selected for differentiation into regulatory T cells (Tregs) (Klein et al., 2014; Xing & 

Hogquist, 2012). This mechanism of central tolerance is critical to avoid the development of 
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autoimmune disorders. Tregs are critical for maintaining peripheral tolerance by suppressing 

autoreactive T cells that escaped the negative selection process in the thymus (Sakaguchi et 

al., 2008; Xing & Hogquist, 2012). 

 

Mature T cells can be subdivided into two major classes, CD8+ cytotoxic and CD4+ helper 

T cells. CD8+ cells recognize antigen-MHC class I complexes, which are expressed by all 

nucleated cells (Shah et al., 2021). Upon recognition of a foreign antigen, naïve CD8+ T cells 

expand and differentiate into effector T cells, which can mount specific effector responses, for 

instance the release of lytic granules like perforin and granzyme B, which mediate target cell 

killing. Further effector T cell responses include secretion of cytokines, such as TNF-

IFN-

replication (Barry & Bleackley, 2002). Following clearance of the pathogen, most CD8+ effector 

cells undergo apoptosis, however some differentiate into memory cells (Harty & Badovinac, 

2008). Memory cells are critical to mount rapid effector responses upon encounter of the same 

pathogen. Naïve CD4+ helper T cells are also activated upon antigen encounter, however they 

recognize specifically antigen-MHC class II complexes, which are only presented by antigen-

presenting cells (APCs), such as dendritic cells, macrophages and B cells (Shah et al., 2021). 

As their name suggests, CD4+ T cells provide help to other lymphocytes to mount effective 

immune responses. Upon activation, naïve CD4+ T cells expand and differentiate into distinct 

T helper cell subsets. T follicular helper cells are one of such specialized subsets. Located in 

secondary lymphoid organs, T follicular helper cells provide co-stimulatory signals to B cells 

critical for affinity maturation and antibody production (Crotty, 2014; Qi, 2016). T helper 1 

(Th1), Th2 and Th17 CD4+ subsets are characterized by the expression of subset specific 

transcription factors (Th1 - Tbet; Th2 - Gata3, and Th17 -  ROR t) and produce IFN- -4 

and IL17 cytokines, respectively (Fang & Zhu, 2017; Tuzlak et al., 2021). 

 

1.2.3 T-cell activation and homeostasis 

T-cell activation (reviewed in (Gaud et al., 2018; Shah et al., 2021; Smith-Garvin et al., 2009)) 

is mediated through the TCR complex, consisting 

heterodimer and six CD3 chains

 (Figure 3). The majority of cells are  T cells, as they express the 

 heterodimer and only 0.5-  and  isoforms. 

The TCR/CD3 complex further associates with CD4 or CD8 co-receptors, and intracellular 

molecules to form a functional signaling hub. Upon peptide-MHC recognition by the TCR, Src 

family kinase LCK phosphorylates tyrosines in the ITAM motif of the CD3 chains, leading to 

the recruitment of ZAP70 kinase, which is activated through phosphorylation by LCK. 
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Subsequently, ZAP70 phosphorylates the adaptor protein LAT, which in turn recruits the 

adaptor protein Gads and its constitutive binding partner SLP-76. Together LAT, Gads and 

SLP76 create a platform for the binding of additional effector molecules, such as 1. 

Protein interaction is often mediated through Src homology 2/3 (SH2/SH3) protein domains. 

SH2 domains bind to phosphotyrosine-containing sequences, while SH3 domains bind to 

sequences containing proline and hydrophobic amino acids. For instance, the interaction of 

PLC 1 with LAT and SLP-76 is mediated through its SH2 and SH3 domains, respectively. 

PLC 1 activation following TCR ligation leads to the initiation of several downstream signaling 

pathways. PLC 1 is an enzyme that cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into 

diacyl glycerol (DAG) and inositol 1,4,5-trisphosphate (IP3), each of them serving as second 

messengers for signal transduction. 

 

DAG initiates the Ras-Raf-MEK-ERK signaling cascade, which affects the transcriptional 

activity of several transcription factors, including Elk-1, STAT3 and AP-1 complex (Zhang & 

Liu, 2002). Recruitment of  to the plasma membrane and its subsequent activation is 

also mediated by DAG.  regulates  signaling by controlling the assembly of the 

CBM complex (CARMA1, BCL10, and MALT1), which is 

(IKK) complex (Thome et al., 2010). The IKK complex phosphorylates 

ubiquitination and degradation, thereby releasing 

translocation into the nucleus (Shah et al., 2021). 

 

Moreover, -generated IP3 induces Ca2+-mediated signaling through stimulation of IP3R 

on surface of the endoplasmic reticulum (ER) leading to the release of Ca2+ ions stored in the 

ER (Streb et al., 1983). Consequently, through a mechanism known as store-operated Ca2+ 

entry (SOCE), influx of extracellular Ca2+ through Ca2+ release-activated Ca2+ (CRAC) 

channels is triggered (Putney, 2011). SOCE is initiated by the transmembrane protein STIM1, 

which can sense Ca2+ concentrations in the ER and upon ER-Ca2+ store depletion interacts 

with the pore-forming, plasma membrane protein ORAI1 to form CRAC channels (Prakriya et 

al., 2006; Vaeth et al., 2017). Increase in intracellular Ca2+ levels following TCR stimulation 

leads to the activation of Ca2+-dependent proteins, such as the calcium and 

calmodulin-dependent serine/threonine phosphatase calcineurin (Klee et al., 1998). Ca2+ 

binds to calcineurin and calmodulin, required for the phosphatase activity of calcineurin. 

Removal of phosphates from the N terminus of nuclear factor of activated T-cells (NFAT) 

transcription factor proteins leads to the exposure of the nuclear localization signal, allowing 

translocation of NFAT proteins into the nucleus (Macian, 2005; Vaeth & Feske, 2018). Of the 

five NFAT family proteins, NFATc2 (NFAT1), NFATc1 (NFAT2) and NFATc3 (NFAT4) are 

expressed in T cells. Despite redundant functions, differences in subset expression, upstream 
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regulation and interactions with co-activators exist, suggesting distinct roles of NFAT proteins 

for T-cell functions. For instance, while calcineurin-induced NFATc2 translocation is inhibited 

by activated p38 mitogen-activated protein (MAP) kinase, but not c-Jun N-terminal kinase 

(JNK), NFATc1 is phosphorylated and inhibited by JNK (Chow et al., 2000; Gómez del Arco 

et al., 2000). JNK and p38 signaling are also induced upon TCR stimulation, and involvement 

of small RHO GTPases in regulation of these two pathways has been suggested (Saoudi et 

al., 2014; Tybulewicz & Henderson, 2009). 

 

For optimal T-cell activation, T cells engage co-stimulatory molecules (reviewed in (Chen & 

Flies, 2013)). For instance, binding of CD28 to its ligands B7-1 (CD80) and B7-2 (CD86),which 

are expressed on APCs, leads to enhanced IL-2 secretion and T-cell survival. While T cells 

must be rapidly activated and secrete high amounts of proinflammatory cytokines upon 

infection, a large network of negative regulators exists to avoid chronic immune activation and 

inflammation. Cytotoxic T-lymphocyte antigen 4 (CTLA-4) binds to B7-1 and B7-2 with greater 

affinity, but in contrast to CD28, it functions as an immune checkpoint receptor by dampening 

IL-2 production, cell cycle progression and inhibition of critical T-cell transcription factors, such 

as NF-  (Fraser et al., 1999; Krummel & Allison, 1996). CTLA-4 is 

constantly expressed on regulatory T cells, while in effector T cells it is upregulated upon TCR 

stimulation. T-cell homeostasis is further regulated by intracellular signaling molecules, for 

instance SHP-1 (also known as PTPN6), PTPN12 and PTPN22 phosphatases, which 

dephosphorylate key TCR signaling molecules, including LCK and ZAP70 (Stanford et al., 

2012). 

 

Overall, the interplay of activatory and inhibitory receptors and signaling molecules modulates 

the threshold for T-cell activation. Defects in these proteins can alter the threshold, thereby 

affecting responses to self-antigen or induction of anergy (Guram et al., 2019; Seidel et al., 

2018). 
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Figure 3. T-cell receptor signaling scheme 

Upon peptide-MHC recognition by the TCR, Src family kinase LCK phosphorylates 
tyrosines in the ITAM motif of the CD3 chains, leading to the recruitment of ZAP70 kinase, 
which is activated through phosphorylation by LCK. Subsequently, ZAP70 phosphorylates 
the adaptor protein LAT, which in turn recruits the adaptor protein Gads and its constitutive 
binding partner SLP-76. Together LAT, Gads and SLP76 create a platform for the binding 

 -generated diacyl glycerol (DAG) 
initiates the Ras-Raf-MEK-ERK -IKK- signaling cascades. 

-generated IP3 induces Ca2+-mediated signaling, and subsequently Calmodulin 
(CaM)/Calcineurin-mediated NFAT nuclear translocation. RAC1 and CDC42 small RHO 
GTPases are activated following TCR ligation leading to actin remodeling and the 
activation of JNK and p38 effector proteins. Signaling pathways induced by the TCR and 
co-stimulatory receptors converge in the nucleus and results in the transcriptional activity 
of key transcription factors, including NFAT, -1 (Fos/Jun). Figure adapted 
from (Bhattacharyya & Feng, 2020; Gaud et al., 2018).  
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1.3 Structure and regulators of the actin cytoskeleton 

1.3.1 Actin filament assembly - structure and regulators 

There are three basic types of cytoskeletal filaments in eukaryotic cells, actin filaments 

microtubules and intermediate filaments. These filaments provide stability against exogenous 

forces, but at the same time enable rapid changes of cell shape and movement through 

dynamic remodeling (Pollard & Borisy, 2003; Pollard & Cooper, 2009). With cellular 

concentrations above 100 mM, actin is the most abundant protein in most eukaryotic cells. 

Globular actin (G-actin) polymerizes in a head-to-tail manner to form polar, double-stranded 

helical actin filaments (F-actin) (reviewed in (Pollard, 2016)). During the transition from the 

monomeric to the filamentous state, the ATPase activity of F-actin is activated. ATP hydrolysis 

occurs in two sequential steps, rapid cleavage of ATP followed by slower Pi dissociation. Actin 

filaments constantly assemble and disassemble in a polarized fashion, as one end, termed 

barbed end, grows much faster than the other end, the pointed end. This phenomenon, known 

as treadmilling is essential for actin turnover during cell motility (Pollard & Borisy, 2003). 

 

A large number of actin-binding proteins regulate actin elongation, capping, severing and 

cross-linking (reviewed in (Pollard, 2016)) (Figure 4). Profilin, a small protein, which preferably 

binds ATP-bound actin monomers, prevents spontaneous nucleation, promotes filament 

assembly specifically at barbed ends and catalyzes the ATP/ADP exchange thereby 

increasing the rate of polymerization (Krishnan & Moens, 2009). Severing of actin filaments is 

regulated by proteins belonging to the cofilin/ADF and gelsolin family, as well as formins 

(Andrianantoandro & Pollard, 2006; Goode & Eck, 2007; Nag et al., 2013; Paul & Pollard, 

2009). Cofilin, a small essential protein in many organisms, can sever actin filaments to create 

free barbed and pointed ends. Gelsolin can associate with both monomeric and filamentous 

actin and regulates actin turnover through its severing and capping functions. The activity of 

actin-severing proteins is regulated by calcium and ATP levels, intracellular pH, interaction 

with phospholipids, phosphorylation, proteolytic cleavage and competition with other 

actin-binding proteins. Cofilin activity for instance is regulated by LIM kinases and 

phosphatases, such as Slingshot and chronophin (Mizuno, 2013). Several small RHO 

GTPases through ROCK, PAK and other signaling mediators, influence the activity of these 

kinases and phosphatases in response to inflammatory, chemotactic, or other stressors 

(Edwards et al., 1999; Maekawa et al., 1999). 
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Figure 4. Scheme of actin cytoskeleton regulators

In response to extrinsic signals, antigen receptors, chemokine receptors and integrins 
initiate signaling cascades that lead to remodeling of the actin cytoskeleton. Upstream 
signal transducers include RHO GTPases (RHOA, RHOH, RHOG, RAC1, RAC2 and 
CDC42) and their regulators, such as the guanine nucleotide exchange factors DOCK2 
and DOCK8. The RHO GTPases directly bind and activate actin-binding proteins or signal 
through downstream effectors, including kinases of the PAK, ROCK and LIMK families. 
Actin-binding proteins regulate actin dynamics by initiating actin nucleation, elongation 
and branching (profilin, ARP2/3, WASP, formins), actin severing (cofilin), actin cross-
linking (fascin, -actinin), actin capping and actomyosin contraction. Figure adapted from 
(Dupré et al., 2021).
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Actin filament polymerization is initiated by three classes of actin-nucleating proteins. The 

ARP2/3 complex is critical for actin filament branching (Rouiller et al., 2008), formins 

stabilize actin polymerization intermediates thereby promoting the elongation of unbranched 

filaments (Goode & Eck, 2007), and proteins containing tandem repeats of WASP homology 

2 domains align several actin monomers to initiate nucleation (Chereau et al., 2005). Small 

RHO GTPases also play a role in the regulation of actin-nucleating proteins, as they release 

ARP2/3-activating proteins, such as Wiskott-Aldrich Syndrome protein (WASP) and neural-

WASP from their autoinhibitory state (Kim et al., 2000; Spiering & Hodgson, 2011; 

Takenawa & Miki, 2001). 

 

Capping proteins regulate the access to free ends of actin filaments, critical for instance during 

actin polymerization at the leading edge of a migrating cells or for endosomal transport (Wang 

et al., 2021). Capping protein binds to barbed ends, while tropomodulin exclusively interacts 

with pointed ends (Edwards et al., 2014; Rao et al., 2014). Moreover, other actin-binding 

proteins such as gelsolin and the ARP2/3 complex also cap barbed or pointed ends, 

respectively, in addition to their actin severing and nucleating functions (Mullins et al., 1998; 

Nag et al., 2013). 

 

Assembly of actin filaments into bundles or networks is mediated by actin cross-linking 

proteins (Matsudaira, 1994). The close proximity of actin- -actinin and 

fascin promotes the formation of actin bundles, whereas dystrophin connects the F-actin 

network to the plasma membrane via the dystroglycan complex (Borrego-Diaz et al., 2006; 

Broderick & Winder, 2005; Fealey et al., 2018; Vignjevic et al., 2006). Actin-binding proteins 

act in concert to form cell protrusions such as filopodia and lamellipodia. Lamellipodia are thin 

(0.1-0.2 µm) fan-like protrusions formed through the assembly of branched F-actin networks, 

which are critical for cell migration (Krause & Gautreau, 2014; Mattila & Lappalainen, 2008). 

Filopodia are thin protrusions consisting of densely packed bundles of parallel actin filaments. 

(Ahmed et al., 2010; Chhabra & Higgs, 2007; Mattila & Lappalainen, 2008; Mellor, 2010; 

Ridley, 2011). They have been suggested to play essential roles in several key immune-cell 

processes, including directed cell migration (Meyen et al., 2015), leukocyte extravasation 

(Song et al., 2014) and target capture during phagocytosis (Kress et al., 2007; Vonna et al., 

2007). 
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1.3.2 Network of RHO GTPases, GEFs, GAPs and GDIs 

The family of small RHO GTPases consists of around 20 family members, which are key 

regulators of actin cytoskeleton dynamics. RHO GTPases are a subfamily of the Ras 

superfamily of small GTPases, which function as binary molecular switches that cycle between 

an inactive guanosine diphosphate (GDP)-bound state and an active guanosine triphosphate 

(GTP)-bound state (Gray et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. RHO GTPase regulation 

RHO GTPases cycle between an inactive guanosine diphosphate (GDP)-bound state and 
an active guanosine triphosphate (GTP)-bound state. Upon activation, small RHO 
GTPases can bind to effector proteins and regulate downstream signaling pathways. 
Guanine nucleotide exchange factors (GEFs) catalyze the GDP/GTP exchange of 
GTPases, leading to their activation, while GTPase activating proteins (GAPs) facilitate 
GTP hydrolysis, thereby inactivating the GTPase. Guanine nucleotide dissociation 
inhibitors (GDI) bind GDP-bound RHO GTPases, block nucleotide dissociation and inhibit 
GTPase activation. Additionally, binding of GDIs to GTP-bound GTPases can block GTP 
hydrolysis and GDIs can facilitate the release of RHO GTPases from cellular membranes. 
Adapted from (Gray et al., 2020). 

 

Upon activation, small RHO GTPases can bind to effector proteins and regulate downstream 

signaling pathways. The activation/deactivation cycle is regulated by a large number of 

guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs) and guanine 

nucleotide dissociation inhibitors (GDIs) (Figure 5). GEF proteins catalyze the GDP/GTP 

exchange of GTPases, resulting in their activation. Two structurally distinct GEF families, the  

DBL-homology domain family, consisting of over 70 proteins, and the dedicator of cytokinesis 

(DOCK) homology region domain family, regulate the activation of small RHO GTPases 

(Rossman et al., 2005; Thompson et al., 2021). In contrast, GAP proteins facilitate GTP 

hydrolysis, leading to the inactivation of the GTPase (Bos et al., 2007; Cherfils & Zeghouf, 
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2013). GDI proteins have three distinct functions (Cherfils & Zeghouf, 2013; DerMardirossian 

& Bokoch, 2005; Garcia-Mata et al., 2011). They can bind GDP-bound RHO GTPases and 

block nucleotide dissociation, thereby inhibiting GTPase activation. Moreover, binding of GDIs 

to GTP-bound GTPases can block GTP hydrolysis and GDIs can facilitate the release of RHO 

GTPases from cellular membrane. The complex interplay of GEFs, GAPs and GDIs enables 

spatiotemporally restricted activation of small RHO GTPases. 

 

Effector proteins of small RHO GTPases, such as the serine/threonine protein kinase families 

ROCK, PAK and LIMK, as well as WASP, N-WASP and WAVE complex family members, 

subsequently transmit the signal to actin-binding proteins, including ARP2/3 and cofilin, which 

control the nucleation, severing and capping of actin fibers (Figure 4) (Spiering & Hodgson, 

2011). Hence, distinct sets of upstream regulators and downstream effector proteins, 

determine the specific functions of individual RHO GTPases, critical for various immune cell 

functions, including the formation of cell protrusions, cell contractility, adhesion and immune 

synapse (IS) formation (Etienne-Manneville & Hall, 2002; Heasman & Ridley, 2008; Ridley, 

2011; Tybulewicz & Henderson, 2009). For instance, RHOA contributes to the formation of 

stress fibers and focal adhesions ensuring contractility of the cell by activating mDia, ROCK 

and further downstream effectors (Burridge & Guilluy, 2016; Chrzanowska-Wodnicka & 

Burridge, 1996). In contrast, cell division cycle 42 (CDC42) induces the formation of filopodia 

through several effector proteins, including mDia, IRSp53, WASP and PAK (Ahmed et al., 

2010; Mellor, 2010). Further, interaction of RAC family members with the WAVE Regulatory 

Complex has been shown to be essential for lamellipodia formation (Mehidi et al., 2019; Ridley 

et al., 1992). While there is clear evidence for a role of RHOA in stress fiber, RAC1 in 

lamellipodia and CDC42 in filopodia formation, crosstalk between these atypical RHO 

GTPases during the formation of cell protrusions has been described. While CDC42 cannot 

initiate lamellipodia formation in cells lacking RAC expression, it can clearly promote RAC-

dependent lamellipodia, demonstrating the cross-regulatory role of RHO GTPases (Schaks et 

al., 2021). Further, CDC42-mediated formation of lateral filopodia has been suggested to be 

initiated through a DOCK4 - RAC1 signaling axis (Abraham et al., 2015). 

 

The importance of this finely tuned network of RHO GTPases, GEFs, GAPs, GDIs and effector 

proteins is further demonstrated by the fact that defects in several of these proteins underly 

distinct inborn errors of immunity (IEIs) (Aydin et al., 2015; Burns et al., 2017; Dobbs et al., 

2015; Dupré et al., 2021; Dupré & Prunier, 2023; El Masri & Delon, 2021; Engelhardt et al., 

2015; Hsu et al., 2019; Janssen & Geha, 2019; Kalinichenko et al., 2021; Lam et al., 2019; 

Lougaris et al., 2019; Martinelli et al., 2018; Papa et al., 2020; Salzer et al., 2016; Salzer et 

al., 2020; Sharapova et al., 2019; Sprenkeler et al., 2021; Su, 2010; Su & Orange, 2020; 
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Takenouchi et al., 2015). Hence, despite certain overlapping functions, for instance GEF 

activity towards CDC42, as has been described for numerous GEFs (Harada et al., 2012; 

Hayakawa et al., 2005; Mavrakis et al., 2004; Meller et al., 2004; Miyamoto et al., 2007; 

Nishikimi et al., 2005), each protein seems to have a distinct regulatory role that cannot be 

compensated for. This specificity is likely a consequence of tissue-specific expression, 

subcellular localization and interaction with distinct binding partners  (Fritz & Pertz, 2016; 

Hodge & Ridley, 2016; Nakamura et al., 2017; Pertz, 2010; Tybulewicz & Henderson, 2009). 

 

1.3.3 Dedicator of cytokinesis family proteins 

In mammalian cells, the DOCK family consists of 11 members, which act as guanine 

nucleotide exchange factors to activate small RHO GTPases. Based on sequence similarity, 

the DOCK proteins can be grouped into four subfamilies, DOCK-A to DOCK-D (Figure 6). All 

DOCK proteins contain two evolutionary conserved DOCK homology regions (DHR). The 

DHR1 domain is critical for recruitment of DOCK proteins to specific intracellular membranes 

through binding of phosphatidylinositol (3,4,5)-trisphosphate (Côté et al., 2005; Kobayashi et 

al., 2001; Premkumar et al., 2010). Whereas the DHR2 domain is pivotal for binding and 

activation of the respective small RHO GTPase by catalyzing the GDP-GTP exchange 

reaction (Brugnera et al., 2002; Côté & Vuori, 2002; Yang et al., 2009). In addition to the 

common DHR1 and DHR2 domains, there are structural differences between the subfamilies. 

DOCK-A and -B subfamilies contain an additional SH3 domain and a proline-rich region 

(PxxP), while DOCK-D family members harbor an additional pleckstrin homology (PH) domain 

(Harlan et al., 1994; Lemmon, 2007). For DOCK11 it has also been shown that residues 

66-126 within the N-terminus of the protein are required to provide a positive feedback loop 

for CDC42 activation (Lin et al., 2006). 

 

Moreover, DOCK family members preferentially activate specific RHO GTPases. For instance, 

DOCK-A and DOCK-B show a substrate specificity for RAC1, while DOCK-D (also called 

zizimin in mice) family members have been shown to activate CDC42. DOCK-C family 

members show undefined or dual substrate specificities (Kulkarni et al., 2011; Meller et al., 

2005; Shi, 2013). In addition to difference in structure and substrate specificity, DOCK proteins 

also show distinct cellular expression (Figure 7). While many DOCK family members are more 

ubiquitously expressed, DOCK2, DOCK8, DOCK10 and DOCK11 are expressed 

predominantly in cells of the hematopoietic system. 

 

Defects in DOCK2 and DOCK8 cause distinct inborn errors of immunity, demonstrating the 

role of DOCK family members for immune cell function (Alizadeh et al., 2018; Aydin et al., 
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2015; Dobbs et al., 2015; Engelhardt et al., 2015; Moens et al., 2019; Su, 2010). Studies of 

patients presenting with these inherited immune disorders as well as murine models have 

uncovered a variety of immune-cell functions regulated by DOCK2 and DOCK8 (Biggs et al., 

2017; Kearney et al., 2017; Kunimura et al., 2020; Nishikimi et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Scheme of DOCK family protein structure 

The 11 DOCK proteins are grouped into four subfamilies, DOCK-A to DOCK-D, based on 
sequence similarity. Members of each subfamily are listed and the DOCK proteins on which 
the schematic structures are based are highlighted in bold. DOCK homology regions 1 
(DHR1) and DHR2 are found in all DOCK proteins. The DHR1 domain mediates binding to 
phospholipids and the DHR2 domain catalyzes the GDP-GTP exchange reaction to 
activate the respective RHO GTPase. Additionally, DOCK-A and -B subfamilies contain a 
Src-homology 3 (SH3) domain and a proline-rich region (PxxP), while DOCK-D family 
members harbor a pleckstrin homology (PH) domain. Figure adapted from (Shi, 2013). 
 

For instance, DOCK8 has been shown to be critical for CD4 T helper cell subset formation 

(Tangye et al., 2017), T-cell proliferation and effector functions (Janssen et al., 2017; Randall 

et al., 2011; Zhang et al., 2009), the development and survival of NKT cells (Crawford et al., 

2013), immune synapse formation (Ham et al., 2013; Janssen et al., 2017; Mizesko et al., 

2013; Randall et al., 2009), NK-cell cytotoxicity (Ham et al., 2013; Mizesko et al., 2013), 

migration of T cells, dendritic cells and macrophages (Harada et al., 2012; Krishnaswamy et 

al., 2015; Shiraishi et al., 2017; Zhang et al., 2014), B-cell development, peripheral B-cell 

tolerance and antibody production (Aydin et al., 2015; Engelhardt et al., 2015; Jabara et al., 

2012; Janssen et al., 2014; Randall et al., 2009). 

 

DOCK2 has also been associated with critical roles in T- and B-cell development (Fukui et al., 

2001; Tanaka et al., 2007), T-cell proliferation and immune synapse formation (Sanui et al., 

2003), NK-cell cytotoxicity (Dobbs et al., 2015; Moens et al., 2019; Sakai et al., 2013), 
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chemotaxis and migration of lymphocytes, neutrophils as well as dendritic cells (Dobbs et al., 

2015; Fukui et al., 2001; Gotoh et al., 2008; Kunisaki et al., 2006; Moens et al., 2019; Nishikimi 

et al., 2009; Nombela-Arrieta et al., 2004), as well as cytokine production (Dobbs et al., 2015; 

Gotoh et al., 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. DOCK family members - single cell RNA expression 

Heatmap depicts transcript expression levels of DOCK family members in selected cell 
types. Normalized expression ("nTPM"), summarized per gene from 30 datasets 
(rna_single_cell_type.tsv.zip), was retrieved from the Human Protein Atlas version 22.0 
(https://v22.proteinatlas.org/download) (Karlsson et al., 2021). 
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Given their tissue expression (Figure 7), other DOCK proteins, such as DOCK10 or DOCK11, 

may also play a role in hematopoietic cells. Indeed, DOCK10 has been suggested to play a 

role in B-cell maturation and function, as Dock10-knockout mice showed lower marginal zone 

and follicular helper B cells in spleen and peripheral blood (García-Serna et al., 2016), 

increased CD23 expression on follicular B cells (García-Serna et al., 2016), and reduced 

proliferation capacity upon anti-CD40 and IL-4 stimulation . 

 
 

Similarly, the study of Dock11-knockout mice, has revealed a role for DOCK11 in early bone 

marrow development and marginal zone B-cell formation, and in B-cell intrinsic signaling 

critical for the expansion of antigen-specific germinal center B cells following immunization 

(Matsuda et al., 2015; Sakamoto & Maruyama, 2020). Moreover, reduction of DOCK11 

expression was associated with immunosenescence along with aging in mice (Sakabe et al., 

2012; Sakamoto et al., 2017). DOCK11 has been shown to activate the small RHO GTPase 

CDC42 and thereby promote the formation of filopodia. 

Despite these findings suggesting a role for DOCK10 and DOCK11 in murine B-cell 

development and function, the function of these two DOCK proteins in other hematopoietic 

cells, including T lymphocytes, or their implication in human immunological disease is 

unknown. 

 

1.4. Rare inherited disorders of the hematopoietic system and the 

actin cytoskeleton 

1.4.1 Introduction to inborn errors of immunity 

To date more than 485 distinct IEIs or primary immunodeficiencies (PIDs) are known (Bousfiha 

et al., 2022; Tangye et al., 2022). The advancement in next-generation sequencing and the 

increasing accessibility and affordability of this technique have accelerated the discovery of 

novel IEIs (Bamshad et al., 2011; Meyts et al., 2016; Tangye et al., 2022). Historically, PIDs 

were defined mainly by increased susceptibility to infections. However, in the past few years 

it has become apparent that overt activation of the immune system also contributes to a 

plethora of manifestations in patients with IEIs (Flinn & Gennery, 2022; Goudouris, 2021; 

Notarangelo et al., 2019; Ren et al., 2021; Tangye et al., 2022). 

 

The identification of pathogenic variants underlying inborn errors of immunity is critical for 

patient care. In addition, through in-depth research aiming to dissect the central molecular 
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mechanisms of these novel diseases, researchers have frequently uncovered basic principles 

of immune-cell function. 

 
1.4.2 IEIs with immune dysregulation 

Defects leading to overt immune-cell activation or impairment of regulatory mechanisms 

critical for preventing immune reactions against self can lead to the development of 

autoinflammatory or immune dysregulation disorders. 

 

The IUIS classification from 2022 categorizes 52 diseases as IEI with immune dysregulation 

and 56 as autoinflammatory disorders (Bousfiha et al., 2022; Tangye et al., 2022). The 

immune dysregulation disorders are further divided into subclasses, such as familial or primary 

hemophagocytic lymphohistiocytosis (HLH), regulatory T-cell defects, immune dysregulation 

with colitis, and autoimmune lymphoproliferative syndrome (ALPS, Canale-Smith syndrome) 

(Bousfiha et al., 2022; Tangye et al., 2022). Autoinflammatory disorders include type 1 

interferonopathies, as well as inflammasome-dependent and independent disorders. Patients 

with these disorders often suffer from a combination of immunodeficiency with additional 

manifestations, including systemic inflammation, autoimmunity, lymphoproliferation and in 

some cases an increased risk of cancer (Costagliola et al., 2022; López-Nevado et al., 2021). 

In recent years many distinct pathomechanisms have been identified which underly disorders 

of immune dysregulation or autoinflammation (Alroqi et al., 2017; Lin & Goldbach-Mansky, 

2022; Masters et al., 2009; Papa et al., 2020; Ren et al., 2021). For instance, defects in perforin 

or other proteins involved in cytotoxic granule formation and release, which result in severely 

impaired lymphocyte cytotoxicity, have been associated with hemophagocytic 

lymphohistiocytosis (Bode et al., 2012; Filipovich, 2009; Janka, 2007; Janka & Lehmberg, 

2013; Morimoto et al., 2016; Stepp et al., 1999; Voskoboinik & Trapani, 2013). In case of 

familial HLH, cytotoxic defects result in accumulation of infected antigen-presenting cells, 

which in turn causes chronic stimulation of cytotoxic T and NK cells. These cells respond to 

the constant stimulation with production of inflammatory cytokines and infiltration of various 

tissues, including bone marrow, liver and central nervous system. The cytokine storm caused 

by hyperactivation and uncontrolled proliferation of T cells, results in hyperactivation of 

macrophages. In such conditions, hemophagocytosis, and predominantly phagocytosis of 

erythrocytes, is often observed in the bone marrow, spleen or lymph nodes.  In addition, 

affected patients show other clinical manifestations commonly seen in immune dysregulation 

syndromes, such as persistent fever, hepatosplenomegaly and multiorgan failure. 
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The prototypic immune dysregulation disorder related to impaired function of regulatory T cells 

is the immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome (C. 

L. Bennett et al., 2001; Park et al., 2020; Wildin et al., 2001; Wildin et al., 2002). IPEX is a rare 

genetic disorder caused by mutations in the X-linked gene Forkhead box P3 (FOXP3). 

Common clinical symptoms include autoimmune enteropathy, rash, thyroid disease and 

diabetes. The transcription factor FOXP3 is critical for determining the lineage specification 

and function of CD4+CD25+ Tregs (Fontenot et al., 2003; Hori et al., 2003; Khattri et al., 2003). 

FOXP3 induces the expression of several of the key Treg surface markers, including the 

inhibitory receptor CTLA-4 and the IL-2 receptor (CD25), which competes with activated 

effector T cells for endogenous IL-2 (Gavin et al., 2007; Lin et al., 2007; Ohkura et al., 2013; 

Pandiyan et al., 2007). Moreover, FOXP3 is critical for the expression of the inhibitory cytokine 

IL-35, and also dampens the expression of pro-inflammatory cytokines through inhibition of 

other T-cell transcription factors, such as NFAT and NF- B (Bettelli et al., 2005; Collison et 

al., 2007; Olson et al., 2013). Pathogenic mutations in FOXP3 lead to impaired Treg function 

and consequently lack of immune suppression, resulting in an overactivated immune 

response. Treg cells are specifically crucial to maintain the immune tolerance against self-

antigens, through suppression of autoreactive CD4+ T cells, which have “escaped” the 

negative selection process in the thymus (Josefowicz et al., 2012; Rocamora-Reverte et al., 

2020). Consequently, patients with FOXP3 mutations commonly present with autoimmune 

manifestations. Germline mutations in FOXP3 target genes, such as CTLA-4 and IL2RA have 

also been described to cause immune dysregulation disorders with predominant autoimmune 

manifestations (Caudy et al., 2007; Gambineri et al., 2018; Kuehn et al., 2014; Schubert et al., 

2014; Schwab et al., 2018; Sharfe et al., 1997; Teft et al., 2006; Walker & Sansom, 2011). 

 

Patients with mutations in LRBA and DEF6, which affect trafficking of CTLA-4, showed similar 

clinical manifestations (Alkhairy et al., 2016; Habibi et al., 2019; Lo et al., 2015; Serwas et al., 

2019). While CTLA-4 is constitutively expressed on regulatory T cells, other CD4+ and CD8+ 

subsets upregulate CTLA-4 surface expression following T-cell activation. In line with a role of 

CTLA-4 in negatively regulating T-cell activation, murine studies have linked CTLA-4 

deficiency to lymphoproliferation, increased levels of T-cell activation markers and cytokine 

production (McCoy et al., 1999; Tivol et al., 1995; Walunas et al., 1994; Waterhouse et al., 

1995). 

 

In addition to reduced number of function of Tregs, shifts in CD4+ Th1, Th2 and Th17 cell 

subsets have also been linked to various autoimmune and immune dysregulation disorders 

including inflammatory bowel diseases, systemic lupus erythematosus and rheumatoid 
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arthritis (Chemin et al., 2019; Imam et al., 2018; Romagnani, 1997; Suárez-Fueyo et al., 2016; 

Talaat et al., 2015). 

 

Autoinflammatory disorders have frequently been associated with increased activation of the 

inflammasome. In 1997, inherited mutations in MEFV, encoding for pyrin, were suggested to 

cause Familial Mediterranean fever (FMF), the most common monogenic autoinflammatory 

disease, characterized by recurrent episodes of fever and polyserositis ("A candidate gene for 

familial Mediterranean fever," 1997; Consortium, 1997; The French FMF Consortium et al., 

1997; The International FMF Consortium, 1997). Since then several gain-of-function mutations 

in inflammasome sensors, including NLRP3, NLRC4 and NLRP1, have been identified as the 

underlying cause of systemic inflammation with increased levels of pro-inflammatory 

cytokines, such as IL-1  and IL-18 (Aganna et al., 2002; Aksentijevich et al., 2002; 

Aksentijevich et al., 2007; Canna et al., 2014; Dowds et al., 2004; Grandemange et al., 2017; 

Hoffman et al., 2001; Romberg et al., 2014). 

 

In addition, several defects in other genes that induce inflammasome activation have been 

identified. These include hypermorphic PLCG2 mutations, suggested to increase intracellular 

calcium levels and thereby trigger assembly of the NLRP3 inflammasome (Chae et al., 2015; 

G. S. Lee et al., 2012; Zhou et al., 2012). Moreover, biallelic hypomorphic mutations in 

Mevalonate Kinase (MVK) underlying hyperimmunoglobulinemia D syndrome (HIDS) have 

been linked to increased IL-1  secretion and inflammasome activation (Akula et al., 2016; 

Dorfleutner & Stehlik, 2016; Drenth et al., 1999; Houten et al., 1999; Kuijk et al., 2008; Mandey 

et al., 2006; Normand et al., 2009; Park et al., 2016). MVK is a key enzyme in the mevalonate 

pathway, critical for cholesterol/isoprenoid biosynthesis (Miziorko, 2011). Defective MVK leads 

to depletion of intracellular geranylgeranyl pyrophosphate, thereby affecting the activity of 

small RHO GTPases, which depend on isoprenylation. For instance, isoprenoid depletion 

diminishes the activity of RHOA, a small RHO GTPase known to activate the serine-threonine 

kinases PNK1 and PNK2. These kinases have been shown to phosphorylate pyrin, initiating 

14-3-3 binding and pyrin inhibition (Gao et al., 2016; Park et al., 2016). Hence, MVK deficiency 

is suggested to induce pyrin activation through reduced RHOA activity (Park et al., 2016). 

Moreover, diminished isoprenylation has also been linked to RAC1/PI3K/PKB-mediated 

caspase-1 activation and increased IL-  secretion (Kuijk et al., 2008). Eventually, defects in 

MVK have also been linked to NLRP3 inflammasome activation, although the exact underlying 

pathomechanisms is not fully understood (Skinner et al., 2019). 

 

Taken together, these studies have identified potential molecular links between HIDS, FMF 

and other inflammasome-related diseases, thereby opening novel avenues for patient 
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treatment. Nevertheless, dissecting the impact of each of the suggested pathomechanisms to 

the clinical presentation of patients with mevalonate kinase deficiency will be an interesting 

field for future research. 

 

More recently, mutations in actin-related genes, such as WAS, WDR1 and CDC42, have also 

been associated with inflammasome activation. The Wiskott-Aldrich Syndrome (WAS) was 

initially described as an X-linked inherited disease characterized by recurrent infections, 

thrombocytopenia and eczema (Aldrich, 1954; Ochs et al., 1980; Wiskott, 1937). Over the past 

decades, the identification of additional patients with WAS deficiency revealed a broad clinical 

spectrum, including predominant autoimmune and autoinflammatory features. Molecularly, 

WAS mutations have been linked to enhanced NLRP3 inflammasome activation and 

increased IL1-  and IL-18 cytokine levels (Lee et al., 2017; Rivers et al., 2021). In contrast, 

mutations in WDR1 have been linked to pyrin inflammasome activation, likely triggered 

through the formation of mutant WDR1 aggregates (Kim et al., 2015; Standing et al., 2017). 

The concept that protein aggregates might trigger inflammasome assembly is further 

supported through reports of CDC42 C-terminal variants, which lead to aberrant palmitoylation 

and localization in the Golgi, thereby promoting pyrin activation (Bekhouche et al., 2020; Lam 

et al., 2019; Nishitani-Isa et al., 2022). Although inflammasome components have been shown 

to co-localize with actin-rich cellular compartments (Waite et al., 2009), it is unclear whether 

defects in proteins that regulate actin dynamics, such as WASP or WDR1, control 

inflammasome activation in an actin-dependent or -independent manner. 

 

1.4.3 Actin-related inborn errors of immunity 

An increasing number of inborn errors of immunity is caused by defects in actin-regulatory 

proteins. Besides the above discussed role in inflammasome formation and 

hyperinflammation, study of these clinically distinct actin-related IEIs has unraveled key roles 

of actin regulators in numerous immune cell functions (Aydin et al., 2015; Burns et al., 2017; 

Dobbs et al., 2015; Dupré et al., 2021; Dupré & Prunier, 2023; El Masri & Delon, 2021; 

Engelhardt et al., 2015; Hsu et al., 2019; Janssen & Geha, 2019; Kalinichenko et al., 2021; 

Lam et al., 2019; Lougaris et al., 2019; Martinelli et al., 2018; Papa et al., 2020; Salzer et al., 

2016; Salzer et al., 2020; Sharapova et al., 2019; Sprenkeler et al., 2021; Su, 2010; Su & 

Orange, 2020; Takenouchi et al., 2015). For example, the Wiskott-Aldrich Syndrome, first 

described clinically in 1937 (Aldrich, 1954; Wiskott, 1937) and later linked to mutations in the 

WAS gene (Derry et al., 1994), has been subject of extensive research over the past decades 

and revealed critical roles for actin remodeling in both the adaptive and the innate immune 

system, as well as in other hematopoietic cells. WAS deficiency has been linked to alterations 
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in T-cell activation, Th subset differentiation, function of regulatory T cells, B-cell homeostasis 

and autoantibody formation, as well as inflammasome assembly (discussed in chapter 1.5.2.) 

(Bouma et al., 2014; Calvez et al., 2011; Castiello et al., 2014; Kolhatkar et al., 2015; Lee et 

al., 2017; Maillard et al., 2007; Morales-Tirado et al., 2004; Recher et al., 2012; Simon et al., 

2014; Trifari et al., 2006). In line with its role in actin nucleation, WASP has been shown to be 

critical for cell morphology, such as podosome formation (Linder et al., 1999), as well as 

migration of several hematopoietic cells, such as dendritic cells, neutrophils, macrophages 

and lymphocytes (de Noronha et al., 2005; Snapper et al., 2005; Zicha et al., 1998). These 

cellular and molecular changes have been linked to a plethora of clinical manifestations in 

WAS, the most common being microthrombocytopenia and susceptibility to infections, and 

varying frequency of eczema, autoimmunity and autoinflammation, as well as malignancy 

(Albert et al., 2011; Candotti, 2018). Moreover, patients with homozygous mutations in 

Wiskott-Aldrich syndrome (WAS) protein-interacting protein (WIP) have been identified. WIP 

deficiency leads to premature degradation of WASP, explaining the WAS-like clinical 

resemblance with recurrent infections, bloody diarrhea, and thrombocytopenia (Lanzi et al., 

2012; Pfajfer et al., 2017; Schwinger et al., 2018). 

 

To date, roughly 20 inborn errors of immunity caused by defects in actin-related proteins have 

been described. Some of the affected proteins, such as WASP, WIP, but also PSTPIP1, 

ARPC1B, HEM1, WDR1 and CARMIL2 are directly involved in several steps of actin 

remodeling, including actin filament branching, cross-linking, actin elongation and severing, 

as well as actin capping (Figure 4) (reviewed in (Dupré & Prunier, 2023; Pollard, 2016)). 

 

Other actin-related disorders are caused by mutations in upstream regulators of actin 

dynamics, namely small RHO GTPases, such as RAC2, CDC42, RHOG and RHOH, and their 

regulators, including DOCK2, DOCK8 and ARHGEF1 (Alizadeh et al., 2018; Bouafia et al., 

2019; Crequer et al., 2012; Dobbs et al., 2015; Engelhardt et al., 2015; Hsu et al., 2019; 

Kalinichenko et al., 2021; Lam et al., 2019; Lougaris et al., 2019; Martinelli et al., 2018; 

Sharapova et al., 2019; Su, 2010; Su & Orange, 2020; Takenouchi et al., 2015; Zhang et al., 

2009). For instance, defects in the dedicator of cytokinesis family members, DOCK2 and 

DOCK8, guanine nucleotide exchange factors that activate the small RHO GTPases RAC1 

and CDC42, cause distinct combined immunodeficiencies (Alizadeh et al., 2018; Dobbs et al., 

2015; Engelhardt et al., 2015; Moens et al., 2019; Su, 2010; Zhang et al., 2009). Specific 

clinical and cellular features, including bacterial and viral recurrent infections, T-cell 

lymphopenia, impaired lymphocyte migration and impaired NK-cell degranulation have been 

reported for both DOCK2 and DOCK8 deficiency (Alizadeh et al., 2018; Dobbs et al., 2015; 

Engelhardt et al., 2015; Moens et al., 2019; Su, 2010; Zhang et al., 2009). Other 
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manifestations, for instance severe food allergy, atopic dermatitis, as well as increased 

susceptibility to malignancy and autoimmunity are more commonly observed in DOCK8-

deficient patients (Engelhardt et al., 2015; Su, 2010; Zhang et al., 2009), while DOCK2 

deficiency seems to have generally a more severe disease progression with early-onset 

life-threatening invasive bacterial and viral infections (Dobbs et al., 2015; Moens et al., 2019). 

Studies using Dock2- and Dock8-knockout mice have further suggested a role for these DOCK 

proteins in regulating CD8+ T-cell synapse assembly and cytotoxicity (Randall et al., 2011; 

Sakai et al., 2013; Sanui et al., 2003). 

 

The clinical spectrum of patients with de novo heterozygous missense mutations in CDC42 is 

unusually broad and clinically challenging (Su & Orange, 2020). In 2015, the first patients with 

CDC42 mutations at p.Tyr64Cys were described (Takenouchi et al., 2015). The characteristic 

clinical features of this new disease, called Takenouchi-Kosaki syndrome, included facial 

dysmorphism, neurodevelopmental delay and macrothrombocytopenia (Takenouchi et al., 

2015). Since the initial description, additional CDC42 mutations associated with 

Takenouchi-Kosaki syndrome have been identified. The identified mutations have been 

demonstrated to have variable impact on CDC42 activity, localization and interaction with 

downstream effectors (Martinelli et al., 2018). Clinical disease manifestations include 

neurodevelopmental delay with variable degrees of intellectual disability, facial dysmorphism, 

as well as certain cardiovascular, genitourinary, hematological, and immunological defects. 

Milder forms of the disease are reminiscent of Noonan syndrome, caused by mutations 

affecting RAS signaling (Martinelli et al., 2018; Roberts et al., 2013; Tartaglia & Gelb, 2010). 

More recently, C-terminal CDC42 mutations at p.R186C have been identified as the cause of 

a distinct disease termed NOCARH (neonatal-onset cytopenia with dyshematopoiesis, 

autoinflammation, rash, and hemophagocytic lymphohistiocytosis) (Lam et al., 2019). Patients 

with NOCARH show impaired NK-cell cytotoxicity, a classical feature of HLH, as well as 

diminished NK-cell migration and conjugate formation. Moreover, increased production of 

proinflammatory cytokines was observed and several patients responded to treatment with 

IL-1 or IFN-  (Lam et al., 2019). Further, C-terminal CDC42 variants have been 

associated with predominant autoinflammatory and hematological disease manifestations 

(Bekhouche et al., 2020; Gernez et al., 2019; Nishitani-Isa et al., 2022). These initial 

indications of genotype-phenotype correlations have been challenged through the discovery 

of a patient carrying the p.Tyr64Cys mutation, previously associated exclusively with 

Takenouchi-Kosaki syndrome, that also presented with systemic inflammation and 

life-threatening recurrent infections (Bucciol et al., 2020; Verboon et al., 2020). The ongoing 

identification of patients with CDC42 mutations that present with new disease features, 

including elevated serum IgE and malignancy, illustrates the broad clinical spectrum of CDC42 
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deficiency (Bucciol et al., 2020; He et al., 2020; Szczawinska-Poplonyk et al., 2020; Verboon 

et al., 2020). Due to the distinct clinical and cellular phenotypes, diagnosis and treatment of 

these patients remains challenging, further highlighted by the variable outcomes of 

hematopoietic stem cell transplantation in patients with CDC42 mutations (Bekhouche et al., 

2020; Su & Orange, 2020; Verboon et al., 2020). 

 

Identification of additional actin-related genes underlying novel IEIs with distinct clinical and 

cellular features will help to further uncover the role of specific actin regulators during basic 

cellular processes, critical for immune-cell function during homeostasis or upon encounter of 

an infection or malignant cells. Besides their prominent role in regulating actin dynamics, other 

functions of these proteins may depend on actin-independent activities. 

 

For instance, in addition to its ARP2/3-mediated role in actin nucleation and consequently cell-

shape remodeling, WASP has been connected to transcriptional regulation via interaction with 

chromatin remodeling proteins, for instance in Th1 T cells (Adriani et al., 2007; Taylor et al., 

2010; Thrasher & Burns, 2010; Verboon et al., 2015). Moreover, DOCK8, which on one hand 

regulates actomyosin dynamics in a CDC42 GEF-dependent manner, has been shown to 

regulate IL-31 production by helper T cells independent from its GEF function through 

interaction with MST1 (Kunimura et al., 2020; Yamamura et al., 2017). 

 

In addition to the prominent immune-driven manifestations, many patients with actin-related 

disorders present with systemic features affecting various cell types and organs. Hence, the 

study of IEIs with a broad clinical spectrum may uncover functions of actin-regulatory proteins 

beyond the immune system. Eventually, disentangling the pathomechanisms driving these 

diseases can foster the development of personalized treatment options to further improve 

patient care. 

 

1.5 Role of the actin cytoskeleton in hematopoietic cells uncovered 

through study of inborn errors of immunity 

1.5.1 Overview of immune cell functions associated with actin-related IEIs  

In general, study of actin-related IEIs has enabled the discovery of many basic principles of 

actin remodeling and dynamics and uncovered crucial roles of the actin cytoskeleton during 

various immune cell functions. 
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The human body is constantly facing challenges, such as the encounter of different kinds of 

pathogens, mechanical injuries or malignantly transformed cells, which require a rapid and 

coordinated response from the immune system. Migration to sites of infection, interaction with 

antigen-presenting cells and engulfment of pathogens or cell debris require constant changes 

of cell shape, which is mediated by the actin cytoskeleton. Consequently, deleterious 

mutations in genes encoding for actin binding proteins and actin regulators have been 

associated to impaired immune cell functions, including defects in cell adhesion, cell migration, 

phagocytic cup formation, cell-cell interactions, such as immune synapse formation, 

intracellular signaling and cell activation (Burns et al., 2017; Dupré et al., 2021; Dupré & 

Prunier, 2023; Moulding et al., 2013; Sprenkeler et al., 2021; Vicente-Manzanares & Sánchez-

Madrid, 2004). Many of the involved molecular signaling pathways have been unraveled 

through study of actin-related IEIs. In addition to studies on primary patient material, modeling 

of these genetic defects in animal models has further advanced our understanding of the 

distinct roles of actin-regulatory proteins in immune cell function. 

 

1.5.2 Actin cytoskeleton remodeling in migrating immune cells 

Immune cell migration is a process that heavily relies on actin remodeling. Leukocytes for 

instance need to adapt their cellular shape to the surrounding environment during their 

development in the bone marrow and thymus, when entering or exiting the blood stream during 

migration in secondary lymphoid organs as well as in the peripheral tissue. For instance, when 

leukocytes leave the blood circulation to reach a site of infection or tissue damage, a process 

called transendothelial migration (TEM), they must undergo sequential changes in their cell 

morphology. The dynamics changes in cell shape are achieved through remodeling of the 

cytoskeleton and formation of various types of cell protrusions, including lamellipodia, filopodia 

and podosomes (Ridley, 2011; Vicente-Manzanares & Sánchez-Madrid, 2004). 

 

As a first step of the leukocyte adhesion cascade, proinflammatory stimuli, produced in 

response to exogenous or endogenous triggers, lead to the upregulation of selectins and 

intercellular cell adhesion molecule 1 (ICAM-1) on endothelial cells, which mediate the 

tethering and rolling of leukocytes (van Buul & Hordijk, 2004). A study on WASP deficiency 

revealed that neutrophils lacking the actin-regulatory protein WASP show impaired clustering 

of beta2 integrins, which mediate adhesion to ICAM-1 (Fagerholm et al., 2019; Zhang et al., 

2006). As a consequence, WASP-deficient neutrophils showed impaired adhesion to 

endothelial cells and reduced TEM under shear flow conditions (Zhang et al., 2006). In addition 

to actin-related IEIs which influence beta2-integrin clustering and signal transduction, inherited 

genetic defects in the beta2-integrin-chain itself or in the focal adhesion protein kindlin-3, 
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which mediates beta2 integrin activation, have been shown to cause leukocyte adhesion 

deficiency type I and type III, further highlighting the crucial role of beta2 integrins in leukocyte 

trafficking (Fagerholm et al., 2019). 

 

Following more firm adhesion, intraluminal crawling allows leukocytes to reach the site of 

transmigration (also called diapedesis). During the migration on the apical endothelial surface, 

leukocytes form lamellipodia and “invasive podosomes” to sense the endothelial topography 

and scan the surface to determine the sites permissive for TEM (Carman et al., 2007; Song et 

al., 2014). Defects in WASP and WASP interacting protein (WIP) have been linked to impaired 

podosome formation and defective transmigration and the study of these actin regulators 

underlying IEIs has revealed the crucial role in ARP2/3-driven actin polymerization in the 

formation of these podosomes (Chou et al., 2006; Linder et al., 1999). Neutrophils of patients 

with defects in ARPC1B, which is part of the ARP2/3 complex, also showed defective TEM, 

further underlying the importance of ARP2/3-induced actin remodeling in this process. 

 

Filopodia, thin actin-rich protrusions, which are known for their role in pathfinding and 

exploration in the environment, have also been linked to TEM (Heasman & Ridley, 2010; 

Jacquemet et al., 2015; Shulman et al., 2009; Song et al., 2014). It was shown that shear 

stress can increase the number of filopodia underneath crawling leukocytes and that cells 

extend these thin protrusions below the layer of endothelial cells before and during 

transmigration (Shulman et al., 2009). The RHO GTPases RHOA and CDC42 have been 

implicated in filopodia formation during these processes (Heasman & Ridley, 2010; Shulman 

et al., 2009; Ward, 2009), however a deeper mechanistic understanding of the involved 

signaling pathways is still missing. DOCK8, which activates the small RHO GTPases RAC1 

and CDC42, has also been shown to play a role during TEM.  

 

In addition to actin cytoskeleton remodeling in leukocytes, actin dynamics in the interacting 

endothelial cells also influence the leukocyte extravasation (Schnoor, 2015). For instance, the 

transendothelial migration process can occur transcellularly or paracellularly and changes in 

cortical actin in ECs can shift the preference between the different routes (Martinelli et al., 

2014). In addition, ECs form lamellipodia to close gaps generated by transmigrating 

leukocytes (Mooren et al., 2014). 

 

Beyond the role of actin-regulatory proteins during TEM, study of actin-related IEI has 

advanced our understanding of basic molecular processes during many types of immune cell 

migration. For instance, DOCK8-deficient lymphocytes that migrate in collagen-dense tissues, 

as can be found in the skin dermis, display an aberrantly elongated phenotype and upon 
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prolonged migration cell shattering occurs, a new form of cell death that was termed 

cytothripsis (Zhang et al., 2014). Moreover, several defects in actin regulators have been 

linked to impaired egress of T cells from the thymus, including deficiencies in DOCK8, 

CORO1A, DIAPH1 and STK4/MST1 (Föger et al., 2006; Katagiri et al., 2009; Sakata et al., 

2007). 

 

1.5.3 Actin dynamics during immune synapse formation and cell activation 

In addition to defects in cell migration, leukocytes from patients with actin-related IEIs, 

including WASP, WIP, WDR1, DIAPH1, DOCK2, DOCK8 and HEM1 deficiencies, often show 

impaired immune synapse (IS) formation and activation (Cook et al., 2020; Dupré et al., 2002; 

Dupré et al., 2021; Le Floc'h et al., 2013; Orange et al., 2002; Pfajfer et al., 2018; Pfajfer et 

al., 2017; Randall et al., 2011; Salzer et al., 2020; Sanui et al., 2003; Sasahara et al., 2002). 

Upon encounter of antigen-presenting cells, migrating leukocytes need to undergo 

morphological changes, driven by dynamic actin remodeling, to form an immune synapse and 

induce intracellular signaling (reviewed in (Dupré et al., 2021; Dustin & Cooper, 2000). There 

are several steps during IS formation, which involve actin dynamics. As a first step, immune 

cells need to transition from an elongated “migratory” shape to a round shape during contact 

initiation. Inhibition of the migratory phenotype is mediated for instance through 

phosphorylation of myosin IIA downstream of TCR-induced signaling s (Jacobelli et al., 2004). 

After the initial contact, T cells form protrusions to scan the APC surface for specific antigen-

MHC complexes (Blumenthal & Burkhardt, 2020; Sage et al., 2012). If no specific antigen is 

found, T cells can detach and move towards the next APC (Bousso, 2008; Martín-Cófreces et 

al., 2018). The strength of antigen stimulation further determines the stability of an immune 

synapse. It has been proposed that strong antigen stimulation leads to a Ca2+ and ARP2/3-

dependent arrest of the T cell leading to a stable immune synapse, whereas weaker antigen 

stimulation results in a motile synapse, also called kinapse (Dustin, 2008; Moreau et al., 2015). 

T cells deficient in WASP, known to regulate ARP2/3-dependent actin polymerization, show a 

tendency to form kinapses, instead of stable synapses, further supporting this concept (Calvez 

et al., 2011).  

 

Actin dynamics do not only control changes in the overall cellular morphology, but they also 

promote the assembly of surface receptors into distinct spatial clusters. Retrograde actin flow 

enables distribution of the TCRs and associated signaling molecules in a supramolecular 

activation cluster (cSMAC) at the center of the synapse, which is surrounded by the peripheral 

SMAC (pSMAC) adhesion ring containing the integrin LFA-1 (Dustin, 2009; Dustin & Cooper, 

2000; Freiberg et al., 2002). LFA-1 interaction with ICAM-1 is critical for close adhesion of the 
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T cell to the APC (Dustin, 2007; Springer, 1990). Impaired LFA-1 recruitment, activation and 

spatial organization of LFA-1 at the IS has been reported for several defects affecting actin 

regulators, such as WASP and DOCK8, highlighting the role of these proteins in this particular 

step (Houmadi et al., 2018; Lafouresse et al., 2012; Randall et al., 2011). At the center of the 

IS, F-actin density is reduced and allows the polarization of the microtubule-organizing center 

(MTOC) to the immune synapse. In cytotoxic T cells, MTOC polarization is critical for polarized 

delivery of lytic granules towards the target cell (Stinchcombe et al., 2006). Lytic granules of 

cytotoxic T cells contain cytotoxic proteins such as perforin or granzyme B and mediate target 

cell death (Barry & Bleackley, 2002; Voskoboinik et al., 2006). A defect in MTOC or lytic 

granule polarization has also been described for several actin-related IEIs, including DIAPH1 

and WASP deficiencies (De Meester et al., 2010; Kaustio et al., 2021; Orange et al., 2002). 

 

Overall, actin regulators control various steps of IS formation and are closely connected to 

TCR-induced signaling. On one hand, interaction of the TCR with the peptide-MHC complex 

present on the surface of APCs initiates a signaling cascade leading to the activation of actin 

regulators that mediate the above-named changes of the cytoskeletal network (Kumari et al., 

2014). The actin filament network, on the other hand, has been implicated in the formation of 

TCR microclusters, serving as a platform to bring signaling molecules in closer proximity, as 

well as in modulating Ca2+ signaling, thereby regulating T-cell activation (Beemiller & Krummel, 

2013; Campi et al., 2005; Valitutti et al., 1995). Concordantly, some defects in actin-regulatory 

proteins, such as WASP, VAV and DIAPH/mDia family proteins have been linked to 

diminished expression of specific T-cell cytokines, as well surface molecules, such as CD25 

(IL-2R) or CD69 (Calvez et al., 2011; Fischer et al., 1998; Holsinger et al., 1998; Maillard et 

al., 2007; Thumkeo et al., 2020; Trifari et al., 2006; Wülfing et al., 2000; Zhang et al., 1999). 

In contrast, one study suggested an inhibitory role of actin remodeling for T-cell activation and 

cytokine production through modulation of plasma membrane calcium ATPase surface 

expression (Rivas et al., 2004). 

 

Many links between actin and T-cell activation and signaling have been made based on 

studies of actin-regulatory proteins. Some studies have investigated whether the observed 

defects in T-cell activation and cytotoxicity are directly linked to impaired actin remodeling or 

whether actin-independent roles of the assessed proteins mediate these T cell functions  

(Butler & Cooper, 2009; Cotta-de-Almeida et al., 2015; Gorman et al., 2012). However, in most 

cases this remains to be determined. Overall, there seems to be a complex interplay between 

actin dynamics and TCR-induced signaling pathways and the integration of these multiple 

signals at the transcription factor level, all of which influence the duration and level of T-cell 

activation. 
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As in T cells, actin remodeling also plays a role in NK- and B-cell immune synapse formation 

and study of actin-related IEIs has also helped to uncover many key players of IS formation in 

these cell types (Cook et al., 2020; Kritikou et al., 2016; Mizesko et al., 2013; Orange et al., 

2002; Salzer et al., 2020). While certain actin-mediated pathways may play similar roles 

across different leukocyte subsets, other actin-dependent functions may be more cell-type 

specific. For instance, synapses formed between NK cells and activating target cells show 

increased F-actin densities compared to those formed with inhibitory target cells (Banerjee & 

Orange, 2010). Actin cytoskeleton dynamics at the NK-cell immune synapse have been 

proposed to regulate receptor clustering, sequester signaling molecules, such as the inhibitory 

protein tyrosine phosphatase SHP1, and to mediate the secretion of cytokines and lytic 

granules (Ben-Shmuel et al., 2021; Matalon et al., 2018). Similarly, actin remodeling has been 

shown to be critical for B-cell activation by governing the spreading and contraction at the 

contact zone between B cell and antigen-presenting cell (Fleire et al., 2006), and by 

modulating BCR mobility and microcluster formation (Treanor et al., 2011; Treanor et al., 2010; 

Wang et al., 2017). A recent study from the Boztug group showed that the actin regulator 

HEM1, which is part of the WAVE complex, is critical for cell spreading and B cell immune 

synapse formation through its role in lamellipodia formation (Salzer et al., 2020). As a 

consequence of aberrant B-cell synapse formation, disturbed BCR signaling may occur and 

affect B-cell development and B-cell fate choices, eventually contributing to loss of tolerance 

and the development of autoimmunity (Salzer et al., 2020) . 

 

1.5.4 Role of actin-regulatory proteins in red blood cell formation and 

morphology  

Some inborn errors of immunity that are caused by defects in actin-regulatory proteins also 

show defects in red blood cell numbers, morphologies and functions (Aydin et al., 2015; Castro 

et al., 2020; Coppola et al., 2022; Nunes-Santos et al., 2023). While such defects are often 

attributed to autoimmune-driven destruction of red blood cells, animal studies or 

pharmacological targeting of actin regulators have suggested RBC intrinsic roles for some of 

these proteins (Chan et al., 2013; Park et al., 2008; Ubukawa et al., 2020; Wang et al., 2006; 

Yang et al., 2007). 

 

Red blood cells supply the human body with oxygen, while clearing it from carbon dioxide. To 

perform this function, RBCs need to have the mechanical properties to withstand the fluid 

sheer stress in larger blood vessels and at the same time be deformable in order to move 

through capillaries smaller than their diameter. Therefore, RBCs have a unique cortical 

membrane skeleton, consisting of a network of spectrin, actin, ankyrin, protein 4.1, as well as 
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several actin-binding proteins, and an overlying lipid bilayer (reviewed in (Gokhin & Fowler, 

2016; Lux, 2016)). Band 3 molecules within the plasma membrane form multi-protein 

complexes, which are unbound or connected to the underlying ankyrin-bound or actin-bound 

spectrin networks (Lux, 2016). In contrast to other hematopoietic cells, whose actin filaments 

can extend up to several µm in length, RBCs contain short double-helical actin filaments that 

lie parallel to the plasma membrane. Roughly 30,000-40,000 of such filaments, which are each 

about 37 nm in size, exist in one cell (Fowler, 2013; Lux, 2016). The actin filaments are 

connected by spectrin tetramers forming a quasi-hexagonal network (An et al., 2005; Li & 

Bennett, 1996; Lux, 2016). Actin dynamics in RBCs are regulated by several actin-binding 

proteins. These include tropomyosin, suggested to stabilize actin filaments and spectrin-actin-

4.1R junctional complexes (An et al., 2007; Cooper, 2002), the actin-capping protein 

tropomodulin and protein 4.1R, critical for spectrin-actin interactions and attachment of this 

network to the plasma membrane (Rao et al., 2014; Salomao et al., 2008; Yamashiro et al., 

2012). Furthermore, RBCs contain adducin, a barbed-end capping protein, which recruits 

spectrin and promotes spectrin-actin interactions and dermatin, which also assists in actin-

spectrin network assembly and through binding to the glucose transporter attaches actin to 

the plasma membrane (Khan et al., 2008; Koshino et al., 2012; Kuhlman et al., 1996; Li et al., 

1998). 

 

Less is known about the upstream regulators of actin remodeling during erythropoiesis and in 

mature red blood cells (Mulloy et al., 2010). Patients with defects in the RHO GTPase CDC42 

frequently present with anemia, as well as further cytopenias including thrombocytopenia and 

neutropenia (Coppola et al., 2022; Lam et al., 2019; Takenouchi et al., 2015; Verboon et al., 

2020). For patients carrying CDC42 missense mutations that affect CDC42 prenylation 

(p.C188Y and p. 192Cext 24) it has been speculated that the anemia observed in these 

patients is caused by hyperinflammation. While these patients responded to the anti-

inflammatory drug anakinra, an interleukin-1 receptor antagonist, anakinra seemed to have 

no effect on anemia reported in patients with p.R186C variants (Coppola et al., 2022). Instead, 

it was proposed that the p.R186C variant may affect hematopoietic progenitor cells (Coppola 

et al., 2022). In line with a role of CDC42 in early RBC development, genetic deletion of 

CDC42GAP in mice, resulting in increased CDC42 activity, caused impaired erythroid 

differentiation and subsequently severe anemia (Wang et al., 2006). Moreover, in a second 

study CDC42-deficient mice displayed anemia, probably due to a decreased number of 

erythroid progenitors, while they showed myeloid hyperproliferation and neutrophilia. This 

disbalance of myelopoiesis and erythropoiesis was suggested to be caused by an altered 

transcriptional program (Yang et al., 2007). While in humans the role of CDC42 in RBC 
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development has not been fully investigated, these studies in mice predict that a fine-tune 

regulation of CDC42 is critical for erythropoiesis. 

 

Erythropoiesis in mammals ends with the enucleation of orthochromatic erythroblasts 

generating reticulocytes, which leave the bone marrow and mature to erythrocytes in the blood 

stream. F-actin assembly into an actin-myosin contractile ring is critical for nuclear expulsion 

and pharmacological inhibition of CDC42 with CASIN blocked the proliferation and enucleation 

of colony forming units-erythroid cells (Ubukawa et al., 2020). Defects in RAC1, RAC2 and 

their downstream effector mDia2 have also been shown to cause anemia associated with 

impaired enucleation, defective cytokinesis during early stages of erythropoiesis, as well as 

altered cellular deformability (Ji et al., 2008; Kalfa et al., 2006; Watanabe et al., 2013). 

Moreover, a murine study uncovered the WAVE complex member HEM1 as a critical regulator 

of erythrocyte skeleton integrity and membrane stability (Chan et al., 2013; Park et al., 2008). 

Anemia was also reported in two patients with HEM1 deficiency (Castro et al., 2020). The 

same study also showed that knockdown of nckap1, encoding for Hem1, causes anemia in 

zebrafish, further underling the role of HEM1 for erythrocyte homeostasis (Castro et al., 2020). 

Defects in actin regulators that affect erythrocyte stability, deformability and enucleation have 

often been linked to aberrant F-actin structures, suggesting that dynamic remodeling of the 

actin cytoskeleton is critical for erythrocyte function (Kalfa et al., 2006; Mulloy et al., 2010; 

Ubukawa et al., 2020). Whether impaired intracellular signaling and transcriptional regulation 

is also a consequence of disturbed actin remodeling or whether actin regulators affect RBC 

development in an actin-independent manner often remains to be determined. 
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1.6 Aims  

The aims of this thesis were (1) to identify the genetic defect underlying a novel immune 

dysregulation syndrome in four patients from four unrelated families (2) uncover novel 

functions of the identified gene in hematopoietic cells, with specific focus on T lymphocytes 

and erythroid cells (3) dissect the pathomechanisms in order to identify signaling molecules 

with potential roles for a larger group of inflammatory and immune dysregulation disorders. 

To achieve these aims, we performed whole-exome sequencing on genomic DNA (gDNA) 

isolated from blood samples of patients. We confirmed and segregated the identified variants 

through Sanger sequencing using gDNA derived from patients and healthy family members. 

Using patient-derived material, CRISPR/Cas9 (clustered regularly interspaced short 

palindromic repeats and associated Cas9 homing endonucleases)-edited cell lines, as well as 

mouse and zebrafish models we performed a variety of functional and biochemical assays to 

explore novel functions of the gene of interest. Lastly, identification of the pathomechanisms 

underlying this novel disease may contribute to the discovery of potential drug targets, thereby 

fostering the development of personalized treatment options. 
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2. RESULTS 

Chapter 2 of this thesis contains content reproduced with permission from N Engl J Med. 2023 

Jun 21. doi: 10.1056/NEJMoa2210054. Epub ahead of print. PMID: 37342957, Copyright © 

(2023) Massachusetts Medical Society. Reprinted with permission. 

 

The article resulted from work done during the period of this doctoral thesis and was published 

on June 21, 2023 at https://www.nejm.org/doi/full/10.1056/NEJMoa2210054. The author of 

this thesis acquired the majority of the published data and was involved in the coordination of 

all experiments, as well as in the assembly of all figures and writing of the manuscript. 

Individual contributions from all co-authors are specified under Declaration on page ii-iii. 
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BACKGROUND

Increasing evidence links genetic defects affecting actin-regulatory proteins to 
diseases with severe autoimmunity and autoinflammation, yet the underlying mo-
lecular mechanisms are poorly understood. Dedicator of cytokinesis 11 (DOCK11) 
activates the small Rho guanosine triphosphatase (GTPase) cell division cycle 42 
(CDC42), a central regulator of actin cytoskeleton dynamics. The role of DOCK11 
in human immune-cell function and disease remains unknown.

METHODS

We conducted genetic, immunologic, and molecular assays in four patients from 
four unrelated families who presented with infections, early-onset severe immune 
dysregulation, normocytic anemia of variable severity associated with anisopoikilo-
cytosis, and developmental delay. Functional assays were performed in patient-
derived cells, as well as in mouse and zebrafish models.

RESULTS

We identified rare, X-linked germline mutations in DOCK11 in the patients, leading 
to a loss of protein expression in two patients and impaired CDC42 activation in all 
four patients. Patient-derived T cells did not form filopodia and showed abnormal 
migration. In addition, the patient-derived T cells, as well as the T cells from Dock11-
knockout mice, showed overt activation and production of proinflammatory cyto-
kines that were associated with an increased degree of nuclear translocation of 
nuclear factor of activated T cell 1 (NFATc1). Anemia and aberrant erythrocyte mor-
phologic features were recapitulated in a newly generated dock11-knockout zebrafish 
model, and anemia was amenable to rescue on ectopic expression of constitutively 
active CDC42.

CONCLUSIONS

Germline hemizygous loss-of-function mutations affecting the actin regulator 
DOCK11 were shown to cause a previously unknown inborn error of hematopoiesis 
and immunity characterized by severe immune dysregulation and systemic inflam-
mation, recurrent infections, and anemia. (Funded by the European Research 
Council and others.)
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A plethora of human neurologic, 

vascular, and immune diseases and can-
cer are associated with aberrant homeo-

stasis of the actin cytoskeleton.1,2 Actin remodel-
ing is pivotal for numerous cellular processes, 
including morphologic changes, migration, cell–
cell interaction, and signal transduction, all of 
which are critical for immune-cell development 
and function.1

Dedicator of cytokinesis (DOCK) family mem-
bers participate in actin cytoskeleton dynamics 
through their guanine nucleotide exchange fac-
tor (GEF) activity, resulting in activation of the 
small Rho guanosine triphosphatases (GTPases) 
RAC and cell division cycle 42 (CDC42).3 Their 
importance for human immunity has been ex-
emplified by germline mutations in DOCK2 and 
DOCK8 underlying combined immunodeficien-
cies with severe and recurrent infections, as well 
as autoimmune manifestations including throm-
bocytopenia, hemolytic anemia, and vasculitis.4-6 
As is the case with DOCK2 and DOCK8, DOCK11 
is predominantly expressed in hematopoietic cells, 
and in mice it has a role in early B-cell develop-
ment and function.7 However, its role in human 
immune-cell biology and disease remains un-
known. Here, we implicate DOCK11 deficiency 
in an immune dysregulation disorder in patients 
with susceptibility to infection, systemic inflam-
mation, and normocytic anemia.

Me thods

Study Oversight

Written informed consent was provided by the 
legal representatives of the patients at the respec-
tive institutions. All experiments in animals were 
performed with the approval of the institutional 
review board at the National Center for Geriatrics 
and Gerontology in Obu, Japan.

Genetic, Biochemical, and Functional 

Analyses

Details of genetic analyses and the generation of 
CRISPR-Cas9 (clustered regularly interspaced short 
palindromic repeats and associated Cas9 homing 
endonucleases)–edited cells and zebrafish lines 
are provided in the Supplementary Appendix, avail-
able with the full text of this article at NEJM 
.org. Biochemical and immunochemical assays 
in which various hematopoietic cell types were 
used and statistical analysis of the performed 

experiments are also described in the Supplemen-
tary Appendix.

R esult s

Clinical Histories

We studied four male patients who presented 
with early-onset immune dysregulation and he-
matopoietic defects of unknown origin; the pa-
tients were from four unrelated families with 
healthy parents (Fig. 1A, Table 1, and Tables S1 
through S4 in the Supplementary Appendix). 
The patients showed transient (Patients 2 and 4) 
or chronic (Patients 1 and 3) normocytic (rarely 
microcytic) anemia of unknown origin (Table 1, 
and Fig. S1A and S1B). In Patient 1, who received 
regular erythrocyte transfusions, a bone marrow 
smear showed moderate erythroid hypoplasia 
(Fig. 1B). Coombs’ tests that were performed in 
Patient 1 were negative. A morphologic study of 
erythrocytes showed anisocytosis and poikilocy-
tosis, suggesting a defect in red-cell shape integ-
rity. Known erythrocyte membranopathies in-
volve altered osmotic fragility, hemolysis, and 
increased levels of bilirubin and lactate dehydro-
genase,8 but these measures were normal or only 
slightly increased in tested patients (Patients 1 
through 3). In addition, Patient 1 had thrombo-
cytopenia (platelet count, 15,000 to 56,000 per 
cubic millimeter); Patient 3 had thrombocytosis 
(platelet count, 500,000 to 800,000 per cubic mil-
limeter), which was most likely caused by hyper-
inflammation; and Patients 2 and 4 had mostly 
normal platelet counts.

The patients showed a range of early-onset 
systemic or organ-specific inflammatory mani-
festations, including recurrent fever and leuko-
cytosis (Patients 1 and 3), skin inflammation 
and amyloid A amyloidosis (Patient 3), spleno-
megaly (Patients 1 and 3), systemic inflamma-
tory response syndrome (Patients 2 and 3), and 
early-onset Crohn’s disease (Patient 4) (Fig. 1C 
through 1F, Table 1, and Fig. S1C). Patients had 
recurrent respiratory tract infections, bacille 
Calmette–Guérin vaccine–related lymphadenitis 
and skin ulcer at injection site (BCGitis) (Patient 
1), and one episode of sepsis (Patient 3) (Ta-
ble 1). Patient 2 had pectus excavatum (Fig. 1G), 
and pyloric stenosis and recurrent vomiting had 
developed. Inguinal hernias were present in Pa-
tients 1 and 2. Failure to thrive was observed in 
Patients 1 through 3. Neurologic symptoms, in-
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cluding muscular hypotonia and delayed devel-
opmental milestones, were observed in Patient 2. 
The patients received immunosuppressive agents, 
including glucocorticoids (Patients 1 through 4), 
tocilizumab and anakinra (Patient 3), and azathio-
prine (Patient 4). In addition, Patients 1 through 
3 received antibiotic prophylaxis and underwent 
immunoglobulin substitution. No autoantibodies 
were detected in any of the patients who were 
evaluated (Table 1; clinical histories are provided 
in the Supplementary Appendix).

Immunophenotyping revealed normal num-
bers and subset distributions of T cells, natural 
killer cells, and monocytes (Figs. S2 and S3 and 
Table S5). Given the immune dysregulation in 
the patients, we specifically investigated regula-
tory T cells, the numbers of which were also 
within the normal range in all the patients who 
were evaluated (Patients 1, 3, and 4). Patient 4 
had an increase in the absolute number of natu-
ral killer T cells and double-negative T cells at one 
time point. B-cell abnormalities included reduced 
proportions of marginal zone–like and switched-
memory B cells (Patient 1) and intermittently 
increased proportions of CD21lowCD38low B cells 
(Patients 1 through 4) (Fig. S4). Assessment of 
B-cell differentiation and proliferation in vitro in 
Patients 1 and 4 showed intact immunoglobulin 
class-switch recombination in response to both 
T-cell–dependent and independent stimuli (Fig. 
S5), a finding that suggests that the reduction of 
switched-memory B cells in Patient 1 may be due 
to a B-cell extrinsic defect, possibly resulting 
from aberrant interactions between T and B cells.

Germline DOCK11 Loss-of-Function Mutations

We identified, through exome sequencing, four 
hemizygous variants in DOCK11 that cosegregated 
with disease in an X-linked inheritance pattern 
(Fig. 1A, and Fig. S6 and Tables S6 through S15). 
These four variants (Fig. S7A) — an early stop-
gain mutation in Patient 1 (c.75dup [p.Glu26Ter]), 
a splice-site variant in Patient 2 (c.1718+5G→A 
[p.Pro533_Lys573del]) leading to skipping of 
exon 15 (Fig. S7B), and two missense mutations 
in Patients 3 and 4 (c.5120G→C [p.Trp1707Ser] 
and c.323A→G [p.Tyr108Cys]) — are predicted to 
be damaging according to the associated Com-
bined Annotation-Dependent Depletion scores.9 
Each of the four healthy male relatives from the 
maternal side of the families who were tested 
did not carry the relevant DOCK11 variants, so 

there is support for complete penetrance. We did 
not find evidence of skewed X-chromosome in-
activation in the mothers of the patients (Fig. S8).

Immunoblotting revealed absent DOCK11 ex-
pression in lymphocytes from Patients 1 and 2 
and retained expression of DOCK11W1707S and 
DOCK11Y108C in cells from Patients 3 and 4, re-
spectively (Fig. 2A, and Figs. S9 and S10). The 
DOCK11W1707S substitution was in the DOCK 
homology region 2 (DHR-2) domain harboring 
the GEF activity, and the DOCK11Y108C variant 
amino acid was in the N-terminal CDC42-bind-
ing region (Fig. S11)10; these findings support 
our hypothesis that the variants impair DOCK11-
dependent activation of CDC42. C-C motif che-
mokine ligand 19 (CCL19)-dependent CDC42 
activation was nearly abrogated in B-lympho-
blastoid cells from all four patients (Fig. 2B, and 
Figs. S12 and S13).

Leukocyte Morphologic Features, Migration, 

and Cytokine Production

We next tested whether the DOCK11 mutations 
might alter CDC42-dependent cell polarization and 
filopodia formation in lymphocytes.11 Whereas the 
majority of control T cells were elongated in a 
polarized manner and formed actin-rich filopodia 
on interaction with fibronectin-coated surfaces, 
the patient-derived T cells were devoid of such 
protrusions and were more circular (Fig. 3A and 
3B, and Fig. S14A). The morphologic defects 
were phenocopied by knocking in the implicated 
pathogenic variants into healthy donor T cells or 
knocking down DOCK11 in Jurkat T cells (Fig. 3C, 
Fig. S14B through S14D, and Fig. S15A through 
S15C), a result consistent with the previous dem-
onstration of induction of filopodia through 
DOCK11 overexpression in murine bone mar-
row–derived dendritic cells.12 Expression of wild-
type DOCK11, but not mutant DOCK11W1707S, 
partially restored the number of filopodia per cell, 
corresponding to the transgene expression level 
(Fig. S15D through S15F). Taken together, these 
results show that the implicated DOCK11 variants 
lead to deficits in actin remodeling and morpho-
logic features in the patient-derived T cells.

We then investigated whether such defects 
might affect T-cell migration. Although the pa-
tient-derived T cells showed reduced migration 
across a monolayer of activated endothelial cells 
under physiological flow conditions (Fig. 3D), their 
migration speed was enhanced in a confined in 
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vitro environment (Fig. 3E). Aberrant T-cell mi-
gration was confirmed in vivo in a newly gener-
ated F0 dock11-knockout zebrafish model (Figs. 
S16 through S18 and Videos S1 and S2 [links to 
the videos are provided in the Supplementary 
Appendix]).13 Collectively, these data indicate 
that DOCK11-mediated actin remodeling may 
differentially govern T-cell motility depending 
on the environmental context.

CDC42 and some of its effectors, such as 
Wiskott–Aldrich syndrome protein (WASP), are 
critical to T-cell activation.5,14-18 Given the hyper-

inflammatory phenotype of our patients, we 
hypothesized that DOCK11 regulates T-cell acti-
vation and cytokine production. We observed an 
increase in the proinflammatory cytokines inter-
leukin-2, interferon-γ, and tumor necrosis factor 
α (TNF-α) in CD8+ T cells from Patient 1 
(Fig. 3F), although cytokine levels were normal 
in CD8+ T cells from Patients 2 and 3 (Fig. 
S19A). Slightly increased levels of interferon-γ 
and slightly reduced levels of interleukin-4 were 
observed in CD4+ T cells from Patients 1 and 3 
(Fig. S19B).

B Bone Marrow–Aspirate Sample
from Patient 1

C Skin Inflammation in Patient 3 D Kidney-Biopsy Sample from Patient 3

E Colonoscopic Image from Patient 4 F Gastric Mucosal Tissue–Biopsy Sample from Patient 4 G CT Scan from Patient 2

A Family Pedigrees

I

II

Kindred A

1

1 2 3

Wild Type c.75dup
(Patient 1)

c.75dup/
Wild Type

2

Kindred C

1
c.5120G→C/

Wild Type

1 2 3

Wild Typec.5120G→C
(Patient 3)

2
Wild Type

Kindred D

1
c.323A→G/
Wild Type

1 2

c.323A→G
(Patient 4)

2
Wild Type

Kindred B

2
c.1718+5G→A/

Wild Type

1 2

c.1718+5G→A
(Patient 2)

3
Wild Type

1

I

100 µm 100 µm

40 µm100 µm

a b

c d

33×

100×

The New England Journal of Medicine 

Downloaded from nejm.org at Bibliothek der MedUni Wien on June 21, 2023. For personal use only. No other uses without permission. 

 Copyright © 2023 Massachusetts Medical Society. All rights reserved. 



n engl j med   nejm.org 5

Systemic Inflammation and Anemia in DOCK11 Deficiency

To overcome the limited availability of pri-
mary patient material and the potential effect of 
drug treatment on cellular functions, we further 
explored the role of DOCK11 in T cells from a 
Dock11-knockout mouse model7 and observed no 
overt abnormalities in T-cell development (Fig. 
S20A through S20C). However, Dock11-knockout 
mice showed increased rates of proliferation of 
CD4+ and CD8+ T cells (Fig. S20D and S20E). 
Lack of DOCK11 in mouse CD8+ T cells led to 
increased levels of interleukin-2, interferon-γ, 
and TNF-α (Fig. 3G), findings that were similar 
to our observations in T cells from Patient 1. 
Moreover, levels of interleukin-2 were increased 
in CD4+ T cells, whereas TNF-α and interleu-
kin-4 levels were decreased (Fig. 3H), which was 
also consistent with DOCK11 regulating cyto-
kine production in T cells. Such regulation is 
probably cell type–dependent; we observed no 
changes in cytokine production in a monocyte-

like cell line that had been rendered deficient in 
DOCK11 (Fig. S21).

Aberrant cytokine production has been linked 
to defective immune synapse formation in sev-
eral actin-related defects with immune dysregu-
lation.16,18,19 However, CD8+ T cells from patients 
with DOCK11 deficiency showed no overt chang-
es in immune synapse formation, polarization of 
the microtubule organization center, degranula-
tion, or perforin levels in either T or natural 
killer cells (Fig. S22). B-cell synapse formation 
was normal in the primary B cells of Patient 4 
and in the B-lymphoblastoid cells of all four 
patients (Fig. S23); these findings suggest that 
DOCK11 regulates cytokine production indepen-
dent of synapse formation.

To explore alternative regulatory mechanisms, 
we investigated T-cell–receptor signaling and 
transcriptional regulation, which were previously 
associated with small Rho GTPase–mediated 
regulation of cytokine production.14,15,20-22 T cells 
from the patients and the Dock11-knockout mice 
showed higher nuclear translocation of the pro-
tein nuclear factor of activated T cell 1 (NFATc1), 
which regulates the transcription of messenger 
RNAs encoding interleukin-2, interferon-γ, and 
interleukin-4 (Fig. 3I, and Fig. S24A and S24B).23 
Translocation of NFATc1 to the nucleus is nega-
tively regulated by phosphorylated c-Jun N-termi-
nal kinase (JNK), a CDC42 effector.24 We observed 
that JNK phosphorylation was reduced in T cells 
from Dock11-knockout mice (Fig. S24C), a finding 
that suggests that DOCK11 controls T-cell cyto-
kine levels through the CDC42–JNK–NFATc1 axis.

Anemia and Aberrant Morphologic Features 

of Red Cells

Given the characterized bias in lymphocyte activa-
tion, we reasoned that red-cell abnormalities ob-
served in patients with DOCK11 deficiency might 
be autoimmune-driven. However, the finding of 
an absence of erythrocyte-directed antibodies sup-
ported an erythrocyte-intrinsic role of DOCK11 in 
erythroid homeostasis.

Zebrafish have been used to model vertebrate 
hematopoiesis — in particular, erythropoiesis.25 
It is notable that dock11-knockout transgenic 
f li1:GFP;gata1a:dsRed embryos showed a striking 
defect in blood circulation that was character-
ized by the accumulation of blood cells in the 
posterior part of the body (Fig. 4A, Fig. S25A, 
and Videos S3 through S6). The dock11-knockout 

Figure 1 (facing page). Identification of Germline 

DOCK11 Loss-of-Function Variants.

Panel A shows the pedigrees of four unrelated families. 
Double lines indicate consanguinity, black solid sym-
bols affected persons with a hemizygous dedicator of 
cytokinesis 11 (DOCK11) variant, and gray solid symbols 
affected persons with an unknown genotype. Ge no-
types are indicated below the symbols. Squares indi-
cate male family members, and circles female mem-
bers. A slash indicates that the person had died. 
Roman numerals indicate generations, and Arabic 
numbers persons within a generation. Panel B shows 
erythroid hypoplasia and hypersegmented neutrophils 
in a bone marrow–aspirate sample (Wright–Giemsa 
stain) obtained from Patient 1. Panel C shows erythem-
atous, painful, swollen lesions on the right knee (upper 
picture) and left hand (lower picture) of Patients 3; the 
lesions were diagnosed as cellulitis. Panel D shows 
nodular glomerulosclerosis with extension to interstitial 
vessels caused by amyloid A deposits in a kidney-biop-
sy sample obtained from Patient 3. Renal amyloid A 
amyloidosis was confirmed by a weak periodic acid–
Schiff reaction (a), negative methenamine silver stain-
ing (b), intense staining of both glomerular and tubular 
basal membranes for Congo red (c), and immunohisto-
chemical staining of the renal interstitial vessel walls 
for amyloid A (d). No marked tubular atrophy, intersti-
tial fibrosis, or relevant interstitial inflammation was 
observed. Panel E shows mucosal erythema with small 
ulcerations in a macroscopic colonoscopy image in Pa-
tient 4. Panel F shows focal, chronic inflammation in a 
hematoxylin and eosin–stained section of a gastric mu-
cosal tissue–biopsy sample obtained from Patient 4. 
Panel G shows pronounced pectus excavatum in a 
computed tomographic (CT) scan in Patient 2.
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embryos were anemic; they harbored a lower 
percentage of erythroid cells (Gata1a+) than did 
controls. In contrast, the percentage of endothe-
lial cells (Fli1+) was similar in the dock11-knock-

out embryos and controls (Fig. 4B, and Fig. S25B 
and S25C). Moreover, dock11 knockdown reca-
pitulated the anemia observed in dock11-knock-
out embryos (Fig. 4B). Because CDC42 is critical 

Table 1. Clinical and Genetic Characteristics of Patients with DOCK11 Deficiency.*

Characteristic Patient 1† Patient 2† Patient 3† Patient 4

DOCK11 genomic change 
(HGVS, NC_000023.10)

g.117630009dup g.117718825G→A g.117805029G→C g.117677487A→G

DOCK11 cDNA change 
(HGVS, NM_144658.3)

c.75dup c.1718+5G→A c.5120G→C c.323A→G

DOCK11 protein change 
(HGVS, NP_653259.3)

p.Glu26Ter p.Pro533_Lys573del p.Trp1707Ser p.Tyr108Cys

ClinVar accession number SCV003841184 SCV003841185 SCV003841186 SCV003841187

Age at onset 40 days Birth 4 mo 2 yr

Red-cell manifestations Transfusion-dependent 
anemia

Anisocytosis

Transient anemia
Anisocytosis
Fragmentocytes

Anemia
Anisocytosis

Anisocytosis

Inflammatory  
manifestations

Leukocytosis
Hepatosplenomegaly
ARDS

SIRS Leukocytosis
SIRS
Amyloid A amyloidosis
Hepatosplenomegaly

Early-onset Crohn’s disease

Infections Otitis media
Mastoiditis
BCGitis

Pneumonia
Bronchitis
Gastroenteritis

Pneumonia
Gastroenteritis
Sepsis

Gastroenteritis (rotavirus)

Immunoglobulin levels Low-normal IgG
Normal IgM and IgE

Normal IgG, IgA, and  
IgM

Low IgG, IgA, and IgM
Normal IgE

Normal IgG, IgA, and IgM
Increased IgE

Gastrointestinal  
manifestations

None Pyloric stenosis
Recurrent vomiting

None Constipation
Diarrhea
Rectal bleeding
Colitis
Antrum gastritis

Skin manifestations Skin ulcer Wrinkled skin Cellulitis
Myositis
Arthritis

None

Neurologic manifestations Facial-nerve palsy Delayed developmental 
milestones

Floppy infant
Muscular hypotonia

None None

Miscellaneous FTT
BCG vaccine–related 

lymphadenitis
Inguinal hernia

FTT
Pectus excavatum
Inguinal hernia

FTT
Nephrotic syndrome
Hypothyroidism

None

Therapy Blood transfusions
IVIg
Prednisolone

Antibiotic prophylaxis
IVIg
Gastric-tube feeding
Budesonide

Steroids
Cyclosporine
Colchicine
Anakinra
Tocilizumab, IV or SC
Sirolimus
Secukinumab
Antibiotic prophylaxis
IVIg or SCIg

5-aminosalicylic acid mesa-
lamine

Budesonide
Azathioprine

*  ARDS denotes acute respiratory distress syndrome, BCG bacille Calmette–Guérin, BCGitis BCG vaccine–related lymphadenitis and skin 
ulcer at injection site, cDNA complementary DNA, FTT failure to thrive, HGVS Human Genome Variation Society, IV intravenous, IVIg intra-
venous immune globulin, SC subcutaneous, SCIg subcutaneous immune globulin, and SIRS systemic inflammatory response syndrome.

†  Patient 1 died at 6 years of age after undergoing splenectomy. Patient 2 died at 2 years 10 months of age and Patient 3 at 6 years 1 month 
of age, both due to multiorgan failure related to sepsis or SIRS.
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for murine erythropoiesis,26,27 we speculated that 
a reduction in Gata1a+ cells in dock11-knockout 
zebrafish embryos results from defective Cdc42 
activity. The cdc42-knockdown embryos showed a 
reduction in the number of erythrocytes that 
was similar to the reduction in the dock11-knock-
out embryos (Fig. 4C).

To test our hypothesis that impaired activation 
of Cdc42 by Dock11 causes the anemia pheno-
type, we expressed a constitutively active form of 
human CDC42 (CDC42Q61L) in dock11-knockout 
zebrafish embryos. Expression of CDC42Q61L led 
to restoration of the numbers of Gata1a+ cells 
(Fig. 4D). The percentages of apoptotic and mi-
totic red cells in dock11-knockout embryos were 
unaltered (Fig. S25D and S25E), although the mor-
phologic features of the red cells were abnormal 
(Fig. S26). Moreover, the altered nuclear–cytoplas-
mic ratio, a measure for terminal differentiation, 
suggested hampered erythroid maturation.

To explore whether DOCK11 plays a similar 
role in human erythropoiesis, we investigated its 
role in CD34+ cord blood cells. DOCK11 was 
expressed at different stages during erythroid 
differentiation of CD34+ cells (Fig. S27A). On 
DOCK11 knockdown, cell expansion during dif-
ferentiation was reduced, concomitant with in-
creased cell death, but no difference in the per-
centage of apoptotic cells was detected (Fig. 4E 
and Fig. S27B). A relative paucity of CD117+CD36+ 
and CD71+CD235+ erythroid cells was identi-
fied, a finding that is consistent with early de-
velopmental delay (Fig. 4F and Fig. S27C). Col-
lectively, these experiments highlight the pivotal 

function of the DOCK11–CDC42 axis in regulat-
ing erythropoiesis across species.

Discussion

We identified rare hemizygous loss-of-function 
mutations in DOCK11 that led to impaired CDC42 
activation as the cause of a novel immune dys-

Figure 2. DOCK11 Protein Expression and CDC42 

Activation in Lymphocytes.

Panel A shows absent DOCK11 expression in T cells 
from Patients 1 and 2 and retained DOCK11 expres-
sion in T cells from Patients 3 and 4 in representative 
immunoblots. Antibodies against heat shock protein 
90 (HSP90) were used as a loading control. Panel B 
shows representative immunoblots and quantification 
of guanosine triphosphate (GTP)–bound (active) cell 
division cycle 42 (CDC42) and total CDC42. CDC42 
activation on C-C motif chemokine ligand 19 (CCL19) 
stimulation was lower in B-lymphoblastoid cells from 
the patients than in the cells from healthy donors. The 
graph shows the ratio of GTP-bound CDC42 to total 
CDC42. Biologic replicates and quantification of the 
immunoblots displayed in Panels A and B are shown 
in Figures S9B and S12, respectively, in the Supple-
mentary Appendix.
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regulation disorder. Clinically, DOCK11 deficien-
cy includes phenotypes associated with CDC42 
mutations, such as recurrent infections, immune 
dysregulation, anemia, platelet anomalies, and 
neurodevelopmental abnormalities. Unlike pa-
tients carrying CDC42 mutations,28-31 patients 
with DOCK11 deficiency had no detectable facial 
abnormalities, neutropenia, monocytopenia, or 
hemophagocytic lymphohistiocytosis.

Despite the systemic inflammatory phenotype 
in DOCK11 deficiency, we did not detect autoanti-
bodies, alterations in regulatory T-cell numbers, 
or overt defects in immune synapse assembly, 
features that are seen in other genetic disorders 
involving aberrant actin assembly.17,19,32,33 It is 
notable that patients with DOCK11 deficiency 
showed increased frequencies of CD21low B cells 
and double-negative T cells, which indicate a pro-
pensity toward immune dysregulation.34 Identifi-
cation of additional patients with DOCK11 muta-
tions would permit delineation of a broader 
phenotypic spectrum of the disease.

DOCK11-deficient T cells showed reduced 
transendothelial migration in vitro, yet also in-
creased migration speed under confinement in 
vitro and in vivo, which suggests that DOCK11 
is involved in leukocyte diapedesis and interstitial 
migration. Together with the impaired capacity to 
form filopodia, this may translate into aberrant 
target recognition and tissue positioning. Such 
homing and migration alterations in T-cell sub-
sets could contribute to infection susceptibility 
and severity.

Autoinflammation, which has been observed in 
several actin-related deficiencies, has been linked 
to increased inflammasome-mediated secretion of 
interleukin-1β and interleukin-18.28,31,35-37 However, 
we did not find evidence of this mechanism in 
DOCK11-deficient monocytes. Instead, we ob-
served altered levels of proinflammatory cyto-
kines and an increased degree of nuclear trans-
location of NFATc1 in T cells from two patients. 
Similarly, T cells from the Dock11-knockout mice 
showed aberrant JNK phosphorylation, nuclear 
translocation of NFATc1, and altered cytokine pro-
duction. These data, in combination with data 
from studies involving mice showing that CDC42 
negatively regulates effector and memory T-cell 
activation,14,15 implicate the DOCK11–CDC42 axis 
in T-cell proliferation, activation, and cytokine 
production.

Figure 3 (facing page). DOCK11 Deficiency and Mor-

phologic and Functional Defects in Lymphocytes.

Panel A shows representative images of T-cell mor-
phologic changes on interaction with fibronectin (left 
side of panel) in Healthy Donor (HD) 1 and Patient (P) 1 
and the quantification scheme used (right side of pan-
el). Magnified images correlate with those in Figure 
S14A. The form factor equals 1 when the object is per-
fectly circular. DAPI denotes nuclear marker 4′,6-diam-
idino-2-phenylindole. Panel B shows that the percent-
age of T cells with filopodia was lower in the patients 
than in the HDs. Cell circularity was higher in the  
T cells from the patients than in those from the HDs. 
Panel C shows the quantification of confocal images. 
The number of cells with filopodia was lower and cell 
circularity (form factor) was greater in DOCK11 knock-
in T cells (DOCK11 c.75dup and c.1718+5G→A) than 
in wild-type cells. Panel D shows that the transmigra-
tion capacity of T cells was lower in the patients than 
in the HDs. Panel E shows that the mean migration 
speed of the CD8+ T cells under agarose was higher in 
the patients than in the HDs. Panel F shows that the 
intracellular cytokine levels on anti-CD3 and anti-
CD28 (anti-CD3/CD28) stimulation (plus sign), as as-
sessed by flow cytometry, was higher in the T cells 
from P1 than in those from the HDs. The minus sign 
denotes no stimulation and TNF-α tumor necrosis 
factor α. Panels G and H show that the cytokine levels 
in CD8+ (Panel G) and CD4+ (Panel H) T cells from 
Dock11-knockout (KO) mice were altered on anti-CD3/
CD28 stimulation, as compared with wild-type cells. 
Panel I shows two representative images per condi-
tion (No. 1 and No. 2, left side of panel) and quantifi-
cation of nuclear factor of activated T cell 1 (NFATc1) 
nuclear–cytoplasmic ratio from one representative ex-
periment (right side of panel). The degree of nuclear 
translocation on anti-CD3/CD28 stimulation was high-
er in the T cells from the patients than in those from 
the HDs. In Panels B and C and E through H, the re-
sults are given as mean values, with standard devia-
tions (I bars), derived from multiple measurements. 
In Panel D, the results are given as mean values, with 
the standard deviations (I bars), derived from five im-
aging fields in each of three measurements. In Panel 
I, the results are given as mean values of multiple 
measurements, with standard errors (I bars). Solid tri-
angles indicate T cells from the patients (Panels B, D 
through F, and I), DOCK11 knock-in T cells (DOCK11 
c.75dup and c.1718+5G→A) (Panel C), or T cells from 
Dock11-knockout mice (Panels G and H). Solid circles 
indicate the respective controls including HDs (Panels 
B, D through F, and I), unedited HD-derived wild-type 
T cells (Panel C), and wild-type mice (Panels G and 
H). In Panels B through E, statistical analysis was per-
formed with the use of a Mann–Whitney test; in Pan-
els F through H, with the use of a two-way analysis of 
variance with a Šidák correction test for multiple com-
parison; and in Panel I, with the use of an unpaired 
Student’s t-test. Details are provided in the Supple-
mentary Appendix.
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Defects in DOCK8, another CDC42-activating 
GEF, cause type 2 cytokine skewing and reduced 
proliferation.5,16 Given the developmental stage–
specific role of CDC42 in regulating T-cell acti-
vation15 and the link between specific spatiotem-
poral patterns of CDC42 with T-cell functions,38

we speculate that GEFs, including DOCK8 and 

DOCK11, regulate CDC42-dependent processes 
in a manner dependent on cell type, localization, 
and stimulus. The distinct clinical presentation 
of patients with DOCK11 deficiency as opposed 
to DOCK2 and DOCK8 deficiencies further sup-
ports the notion that DOCK family proteins 
promote nonredundant Rho GTPase activation.4,5

100 µm 32 hpf
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Data from the patients and the zebrafish 
model indicate that the anemia was not autoim-
mune-related. The erythroid hypoplasia in Pa-
tient 1 is consistent with a bone marrow defect 
and the observed erythroid-differentiation defect 
in DOCK11-knockdown CD34+ cord blood cells. 
The erythrocyte morphologic features in the zebra-
fish model were reminiscent of the anisopoikilo-
cytosis that was observed in the patients with 
DOCK11 deficiency. The contribution of aber-
rant assembly of the red-cell membrane skeleton 

(in which actin is a component) to the anemia is 
probably less important; we did not observe in-
creased red-cell hemolysis, which is characteris-
tic of erythrocyte membranopathies.8

Clinical management of complex immune 
dysregulation disorders remains challenging be-
cause of the need for immunosuppressive agents, 
the use of which further increases the risk of 
severe and life-threatening infections. The high 
mortality among the patients with DOCK11 de-
ficiency that we observed in this study (Patients 
1, 2, and 3 had died during the evaluation [Ta-
ble 1]) underlines the importance of developing 
more specific treatment strategies. In a finding 
that was consistent with the unaltered levels of 
interleukin-1β in a DOCK11-knockout monocyte-
like cell line, the interleukin-1–receptor antago-
nist anakinra, used in other autoinflammatory 
conditions,28 had no sustained effect in Patient 3. 
It was intriguing that targeting interferon-γ by 
emapalumab was successful in one patient with 
a missense variant in CDC42.28 Emapalumab or 
other drugs targeting specific cytokines with 
increased levels in DOCK11-deficient T cells may 
be thus beneficial, yet finding the right balance 
between efficiency and potential side effects is 
challenging. Allogenic hematopoietic stem-cell 
transplantation had been considered for the three 
patients who died during the evaluation. The clini-
cal condition of the remaining patient is cur-
rently stable, but in case of deterioration, the 
risk–benefit for hematopoietic stem-cell trans-
plantation will be reassessed. Future studies may 
also assess whether gene therapy may offer an 
alternative curative treatment strategy.
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Figure 4 (facing page). DOCK11 Deficiency and  

Anemia and Aberrant Red-Cell Morphologic Forms 

across Species.

Panel A shows representative confocal images of the 
accumulation of intravascular blood (yellow arrows) in 
dock11- KO and cdc42 morpholino (MO)–mediated 
knockdown f li1:GFP;gata1a:dsRed transgenic zebrafish 
embryos as compared with their respective controls. 
Single color images are shown in Figure S25A. The ab-
breviation hpf denotes hours postfertilization. Panels 
B and C show that the Gata1a+ erythroid cell number, 
assessed by flow cytometry, is lower in dock11 KO and 
dock11 MO-mediated (Panel B) or cdc42 MO-mediated 
(Panel C) knockdown zebrafish embryos than in their 
respective controls. Panel D shows rescue of Gata1a+ 
erythroid cell numbers in dock11 KO embryos injected 
with CDC42Q61L messenger RNA for expression of con-
stitutively active CDC42. Panels E and F show human 
CD34+ cells during erythroid differentiation, which are 
transduced with empty, scramble, or DOCK11 short 
hairpin RNA (shRNA)–containing pLKO.1-CMV-tGFP 
vectors at day 2 and sorted for green fluorescent pro-
tein (GFP)–positive cells at day 5. Panel E shows that 
the cell counts were lower (upper graph) and mortality 
was higher (lower graph) at different stages of differ-
entiation (days 5 through 12) in DOCK11-silenced cells 
than in control cells. Panel F shows a delay in erythroid 
differentiation in DOCK11-silenced cells in representa-
tive flow-cytometry plots of GFP-positive cells stained 
with CD71 and CD235 (glycophorin A) after 10 days in 
erythroid culture. In Panels B, C, and E, the results are 
given as the mean values of multiple measurements, 
with standard deviations (I bars or T bars [lower graph 
in Panel E]). In Panel D, the results are given as the 
mean values of multiple measurements, with standard 
errors (I bars). Solid triangles indicate Gata1a+ cells 
from dock11-knockout, dock11-knockdown or cdc42-
knockdown zebrafish embryos (Panels B through D), 
or DOCK11-silenced CD34+ cells (Panels E and F). Solid 
circles indicate the respective control zebrafish embryos 
(Panels B through D) and control CD34+ cells (Panels E 
and F). In Panels B and C, statistical analysis was per-
formed with the use of a paired Student’s t-test, and in 
Panel D, with the use of a Mann–Whitney test. Details 
are provided in the Supplementary Appendix.
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Supplementary Appendix

Supplement to: Block J, Rashkova C, Castanon I, et al. Systemic inflammation and normocytic anemia in DOCK11 

deficiency. N Engl J Med. DOI: 10.1056/NEJMoa2210054

This appendix has been provided by the authors to give readers additional information about the work.
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3. DISCUSSION 

3.1 General Discussion 

3.1.1 Study of IEIs to dissect the role of actin regulators in immune cells 

Defects in actin-regulatory proteins, underlying distinct inborn errors of immunity, have 

highlighted the role of actin dynamics in immune-cell function. Actin-related IEIs comprise a 

group of clinically heterogenous disorders that on a cellular level result in varying abnormalities 

of cell shape and cell function. The distinct molecular pathomechanisms underlying these 

so-called actinopathies may be explained by differences in subcellular localization, interaction 

partners, as well as cell type-specific expression (Dupré & Prunier, 2023; Moulding et al., 

2013; Sprenkeler et al., 2021; Tangye et al., 2019). 

RHO GTPases are key upstream regulators that orchestrate a plethora of effector molecules 

involved in remodeling the actin cytoskeleton. Moreover, numerous GEF, GAP and GDI 

proteins exist, which regulate the activity of these RHO GTPases in a cell type- and stimulus-

dependent manner (Cherfils & Zeghouf, 2013; DerMardirossian & Bokoch, 2005; Etienne-

Manneville & Hall, 2002; Gray et al., 2020). 

Defects in the RHO GTPases RHOH, RAC2 and CDC42 have been shown to underly distinct 

immunodeficiencies with manifestations such as increased infection susceptibility, immune 

dysfunction and in the case of CDC42 also systemic features, including intellectual delay, 

growth retardation and facial dysmorphism (Crequer et al., 2012; Gernez et al., 2019; He et 

al., 2020; Hsu et al., 2019; Lam et al., 2019; Lougaris et al., 2019; Martinelli et al., 2018; 

Sharapova et al., 2019; Su & Orange, 2020; Szczawinska-Poplonyk et al., 2020; Takenouchi 

et al., 2015). 

 

Additionally, prior to this publication, pathogenic mutations in the guanine nucleotide exchange 

factors ARHGEF1 (encoding for RhoGEF1), DEF6, and in the two DOCK family members 

DOCK2 and DOCK8, have been reported in patents with IEIs (Alizadeh et al., 2018; Alroqi et 

al., 2017; Aydin et al., 2015; Biggs et al., 2017; Bouafia et al., 2019; Dobbs et al., 2015; 

Engelhardt et al., 2015; Serwas et al., 2019; Su, 2010; Zhang et al., 2009). Human DOCK2 

and DEF6 deficiencies were first described by the Boztug group together with collaboration 

partners (Dobbs et al., 2015; Serwas et al., 2019). These guanine nucleotide exchange factors 

preferentially activate the small RHO GTPases RHOA (RhoGEF1), RAC1 (DOCK2 and DEF6) 

and CDC42 (DOCK8 and DEF6) (Bécart et al., 2008; Glaven et al., 1996; Gupta et al., 2003; 

Harada et al., 2012; Jaiswal et al., 2011; Mavrakis et al., 2004). 
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In addition to DOCK2 and DOCK8, other DOCK family members, for instance DOCK5, 

DOCK10 and DOCK11 are expressed in immune cells (Figure 7) and may have potential roles 

in immune-cell function. For instance, murine studies suggested a role for DOCK11 in 

immune-cell function. While these studies focused mainly on the role of DOCK11 in B-cell 

development and function (Matsuda et al., 2015; Sakamoto & Maruyama, 2020), its 

expression patterns suggested potential roles in additional immune cells (Abraham et al., 

2015; Parrado, 2020). Prior to our study and a report by another group, which was published 

at the same time (Boussard et al., 2023), patients with pathogenic mutations in DOCK11 had 

not yet been described and the role of DOCK11 for human disease had remained elusive. 

 

Despite the growing number of immune defects due to mutations in actin-related proteins, 

these disorders are still rare. However, with the discovery of novel actinopathies and in-depth 

dissection of the underlying pathomechanisms, we progressively enhance our understanding 

of the role of actin remodeling in basic cellular processes and specific immune-cell functions. 

 

We here identified hemizygous DOCK11 mutations in four unrelated patients, presenting with 

immune dysregulation and anemia of unknown origin. In two patients, the mutations resulted 

in complete loss of DOCK11 protein expression. In line with the known role of DOCK11 as a 

CDC42 GEF (Lin et al., 2006), we observed impaired activation of CDC42 in B lymphoblastoid 

cells (BLCLs) from all patients. In parallel, Boussard et al, who reported 8 additional patients 

with immune dysregulation and early onset autoimmunity, harboring 7 distinct hemizygous 

mutations in DOCK11, showed reduced CDC42 activation in DOCK11-deficient platelets 

(Boussard et al., 2023).  

 

3.1.2 DOCK11 deficiency - similarities and differences to the clinical phenotypes 

observed in patients with mutations in CDC42, DOCK2 or DOCK8 

Interestingly, several of the manifestations reported here and in the study from Boussard et 

al. for patients carrying hemizygous DOCK11 mutations are reminiscent of certain clinical 

features associated with mutations in CDC42, such as immune dysregulation, platelet defects 

and neuro-developmental abnormalities. In contrast, other manifestations seen in patients with 

CDC42 mutations, such as facial abnormalities, 162eutron- and monocytopenia or 

hemophagocytic lymphohistiocytosis have not been observed in DOCK11-deficient patients 

(Gernez et al., 2019; Lam et al., 2019; Martinelli et al., 2018; Takenouchi et al., 2015). While 

two of the here described hemizygous mutations in DOCK11 lead to loss of protein expression, 

complete loss-of-function of CDC42 is embryonically lethal (Chen et al., 2000), suggesting 

that DOCK11-mediated CDC42 activation is restricted to specific cell types or to a defined 
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subset of CDC42 functions. The distinct nature of hemizygous DOCK11 mutations and 

heterozygous mutations in CDC42, some of which have been linked to aberrant localization 

or altered binding of regulators and downstream effectors, may further explain differences in 

the clinical phenotypes of these genetic defects (Bekhouche et al., 2020; El Masri & Delon, 

2021; Martinelli et al., 2018; Nishitani-Isa et al., 2022; Su & Orange, 2020). 

 

When comparing DOCK11 deficiency to the previously described defects in DOCK2 and 

DOCK8, there are both overlapping as well as divergent clinical and cellular features. 

Pathogenic mutations in DOCK2 and DOCK8 cause distinct combined immunodeficiency 

disorders with bacterial and viral recurrent infections and T-cell lymphopenia (Alizadeh et al., 

2018; Dobbs et al., 2015; Engelhardt et al., 2015; Moens et al., 2019; Su, 2010; Zhang et al., 

2009). While recurrent infections, although less severe, are also present in patients with 

pathogenic DOCK11 mutations, we did not observe T-cell lymphopenia. 

 

As an additional clinical feature, autoimmunity is commonly observed in DOCK8-deficient 

patients, but not in DOCK2 deficiency (Dobbs et al., 2015; Engelhardt et al., 2015; Su, 2010; 

Zhang et al., 2009). The DOCK11-deficient patients reported in this study showed no clinical 

autoimmune features nor the presence of autoantibodies, despite testing for a large panel of 

autoantibodies. However, the study by Boussard and Delage et al. (Boussard et al., 2023) 

found autoantibodies in all 8 patients and linked hemizygous mutations in DOCK11 to various 

autoimmune manifestations, including autoimmune cytopenia and systemic lupus 

erythematosus. Comparison of the two cohorts showed that the median age of onset in the 

patients presenting with autoimmunity was 5 years, while patients in our cohort all showed an 

early-onset disease manifestation before the age of 2 years. Additionally, three out of four 

patients in our cohort died during childhood, whereas the patients from the study of Boussard 

et al. have a current median age of 17 (Boussard et al., 2023). Hence, we speculate that some 

DOCK11-deficient patients may develop signs of autoimmunity later in life. Interestingly, an 

increase in CD21low B cells, which has previously been associated with autoimmune 

diseases, was observed in patients from both cohorts (Boussard et al., 2023). Larger cohort 

studies will be necessary to define the prevalence of autoimmunity in DOCK11 deficiency. 

Collectively, these data imply that regular monitoring of autoantibodies or other signs of 

autoimmunity should be performed in patients with pathogenic DOCK11 mutations, to be able 

to respond timely and adjust the treatment strategy if needed. 

 

Overall, the DOCK11-deficient patients in our study presented with a more immune 

dysregulation and autoinflammatory/autoimmune phenotype rather than a classical 

immunodeficiency. This has an impact on the treatment strategies, as clinicians need to finely 
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balance the administration of immunosuppressants to counteract hyperinflammation, while at 

the same time this may increase the patient’s susceptibility to infections. Based on our study 

and the additional patients described by Boussard et al., there is a broad clinical spectrum 

with many organ-specific manifestations in DOCK11 deficiency, implicating the need for 

distinct therapeutic options for individual patients. Moreover, early diagnosis, purely based on 

clinical manifestations, seems difficult. Instead, a combination of both genetic assessment as 

well as functional assessment of a potential DOCK11 defect may be required. As a first step, 

one could predict the pathogenicity of a variant identified by whole exome, whole genome or 

Sanger sequencing based on several parameters. Criteria for variant assessment include the 

minor allele frequency in population databases, such as the Genome Aggregation Database 

(gnomAD), the type of mutation (nonsense, frameshift, splice-site or missense; exonic or 

intronic), and whether the variant is located in a functional domain (Casanova et al., 2014; 

Gudmundsson et al., 2022; Karczewski et al., 2020; Kircher et al., 2014; Richards et al., 2015; 

Vorsteveld et al., 2021). Conservation of the altered residue, as well as information regarding 

epigenetic or post-translational modification should also be considered. Several bioinformatic 

tools, such as CADD, PolyPhen and SIFT, are taking such criteria into consideration in order 

to score the deleteriousness of a given mutation, thereby aiding variant prioritization (Adzhubei 

et al., 2010; Kircher et al., 2014; Ng & Henikoff, 2003). In a second step, we suggest 

investigating the effect of a given variant on DOCK11 expression as well as function, for 

instance through assessment of CDC42 activation. 

 

3.1.3 DOCK proteins fine-tune lymphocyte morphology and migration - novel 

insights from DOCK11 deficiency 

On a cellular level, DOCK2 and DOCK8 deficiencies have been linked to defects in B- and 

T-cell synapse assembly and T- and NK-cell cytotoxicity (Dobbs et al., 2015; Le Floc'h et al., 

2013; Randall et al., 2011; Sakai et al., 2013; Sanui et al., 2003; Ushijima et al., 2018; Wang 

et al., 2017). The findings from this study do not indicate a clear role for DOCK11 in B- and 

T-cell synapse assembly, or in T- and NK-cell cytotoxicity. However, given the fine-tuned 

regulation of RHO GTPase signaling, other experimental conditions, for instance different time 

points or stimuli, may still reveal a role of DOCK11 in these cellular processes. 

 

Interestingly, lymphocyte migration is affected by defects in all three DOCK family members; 

however, the type of migration shown to be impaired differs. While DOCK8 deficiency induces 

cell shattering during T- and NK-cell migration in a confined environment, a cell death process 

termed cytothripsis (Zhang et al., 2014), lack of DOCK2 impaired lamellipodia formation and 

lateral migration over endothelial cells, lymphocyte chemotaxis as well as migration in 
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peripheral lymph nodes (Fukui et al., 2001; Nishikimi et al., 2013; Nombela-Arrieta et al., 2004; 

Nombela-Arrieta et al., 2007; Shulman et al., 2006). While we did not observe defects in 

lamellipodia formation, T cells from DOCK11-deficient patients showed impaired filopodia 

formation. In line with a described role for filopodia in transendothelial migration (Ridley, 2011; 

Shulman et al., 2009), we observed a reduced capacity of effector T cells from patients to 

migrate over TNF- human umbilical vein endothelial cells (HUVEC) cells. 

 

Migration in a confined environment, as assessed in an under-agarose migration assay, did 

not affect cell integrity, but revealed that lack of DOCK11 function leads to increased T-cell 

velocity. This defect was also recapitulated in a zebrafish dock11-knockout model, confirming 

a critical role of DOCK11 in T-cell migration in vivo. Using a different type of migration assay, 

Boussard et al. also observed increased T-cell migration speed in confined channels 

(Boussard et al., 2023). Filopodia have been suggested to play a role in sensing extracellular 

matrix topography and stiffness (Chan & Odde, 2008; Jacquemet et al., 2015; D. Lee et al., 

2012). Whether the increased migration speed is linked to impaired filopodia formation and 

hence reduced interaction with the extracellular matrix or surrounding cells, remains to be 

determined. As a consequence of these two types of migration defects, DOCK11-deficient 

T lymphocytes may show reduced entry of inflamed tissue. Moreover, in combination with 

impaired target recognition this could result on one hand in reduced capacity to fight infection, 

while on the other hand hyperactive T cells may release cytokines in an unrestricted fashion, 

thereby contributing to systemic inflammation and tissue destruction. 

 

3.1.4 Distinct roles of CDC42 GEFs in T-cell cytokine production 

Although both DOCK8 and DOCK11 are known to regulate CDC42 activity, defects in these 

two proteins cause distinct defects in lymphocyte migration. In addition, our data point towards 

variant roles of DOCK8 and DOCK11 in regulating T-cell activation and cytokine production. 

While defects in DOCK8 have been linked to reduced T-cell proliferation and a bias towards 

Th2 cytokines (Tangye et al., 2017; Zhang et al., 2009), lack of DOCK11 resulted in increased 

T-cell proliferation and increased production of the Th1 cytokines, IL-2 and IFN- , while levels 

of the Th2 cytokine Il-4 were slightly reduced. These findings suggest that DOCK8 and 

DOCK11 execute their guanine nucleotide exchange factor function towards CDC42 in a non-

redundant fashion. 

 

Indeed RHO GTPases, including CDC42, are known to mediate a multiplicity of functions that 

are orchestrated by a vast set of regulators with distinct recruitment and activation properties 

(Jaffe & Hall, 2005). For CDC42, nearly 25 GEFs have been described in mammalian cells 
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(Pichaud et al., 2019; Thompson et al., 2021). These different GEFs may modulate specific 

aspects of CDC42 function in a non-redundant manner through specific activation of CDC42 

in a cell type-, stimuli- and localization-dependent manner. For instance, different GEFs have 

distinct protein domains that allow binding to specific lipids or other proteins and can thereby 

differentially regulate the spatiotemporal activation of CDC42 and its downstream effectors 

(Jaffe & Hall, 2005). The pleckstrin homology domain, which enables binding to specific 

phosphatidylinositol lipids present on intracellular membranes, is present in DOCK11 but not 

DOCK8, which could account for a distinct pattern of CDC42 activation. Beyond the intrinsic 

differences in the ability of DOCK8 and DOCK11 to regulate CDC42 activity, these two GEFs 

may harbor distinct specificities towards additional RHO GTPases. 

 

Interestingly, our hypothesis that DOCK11 regulates T-cell proliferation and cytokine 

production following TCR stimulation through its CDC42 GEF function, is supported by 

previous data showing that CDC42 negatively regulates effector T-cell proliferation and Il-2 

and IFN- + T cells (Guo et al., 2010; Guo et al., 2011). However, the role 

of CDC42 in T-cell signaling seems to be different between thymocytes and effector cells. For 

instance, it has been shown that CDC42 is essential for the positive selection of CD4+CD8+ 

double-positive cells, as well as proliferation and MAPK signaling during thymopoiesis (Guo 

et al., 2010; Guo et al., 2011). Whether these variant roles of CDC42 in different T-cell subsets 

can be explained for instance by varying expression or function of DOCK11 and other GEFs, 

like DOCK8, remains to be determined. 

 

The remarkable differences in T-cell cytokine production in DOCK8 and DOCK11 deficiencies 

highlight the complexity of RHO GTPase regulation. Differences in experimental settings may 

be overcome by high-throughput techniques allowing side-by-side comparison of T cells 

derived from patients with various defects. 

 

3.1.5 DOCK11 as a novel negative regulator of TCR signaling 

TCR signaling strength has been suggested to influence cytokine production and Th subset 

differentiation (Bhattacharyya & Feng, 2020; Constant et al., 1995; Tubo & Jenkins, 2014; 

Yamane & Paul, 2013). In the context of actin regulators, altered TCR signaling strength is 

often considered to be a consequence of changes in T-cell synapse formation, a process 

heavily dependent on actin dynamics (reviewed in (Dupré et al., 2021; Dustin & Cooper, 2000). 

Surprisingly, we did not observe overt changes in immune synapse formation in DOCK11-

deficient T cells. Hence, our data suggest that DOCK11 regulates actin remodeling in the 

context of filopodia formation, but not T-cell synapse formation. Therefore, we speculated that 
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DOCK11 might regulate cytokine production not through an actin-dependent mechanism at 

the T-cell synapse interface, but perhaps by modulating TCR-induced signaling pathways and 

the resulting transcriptional activity. Indeed, we found that both murine and human T cells 

lacking DOCK11 show increased nuclear translocation of the transcription factor NFATc1, 

known to regulate the production of various cytokines, including IL-2, IFN-  and IL-4, following 

TCR ligation (Hermann-Kleiter & Baier, 2010; Macian, 2005; Vaeth & Feske, 2018). While 

DOCK11 had not been previously linked to NFATc1 activity, studies in non-immune cells have 

suggested a potential link between CDC42 and NFAT proteins. For instance, in human 

mammary epithelial cells Wnt-5a/Yes/Cdc42 signaling has been suggested to negatively 

regulate Wnt-5a/Ca2+-induced NFATc2 activity (Dejmek et al., 2006). In line with an inhibitory 

role of CDC42 for NFAT translocation, CDC42 has been proposed to antagonize calcineurin-

mediated NFAT activation through JNK signaling thereby reducing hypertrophy and hence the 

risk for heart failure (Maillet et al., 2009). In contrast, defects in the CDC42 GEF DEF6, also 

known as SWAP-70-like adapter of T cells (SLAT), have been linked to reduced NFATc2 

nuclear translocation and IL-2 production amenable to rescue with constitutively active CDC42 

(Feau et al., 2013), indicating a positive role of CDC42 in NFATc2 activity. These studies 

suggested that CDC42 may have opposing roles in different cell types and variant impact on 

distinct NFAT isoforms. 

 

Given that JNK, a known downstream effector of CDC42 (Bagrodia et al., 1995; Coso et al., 

1995), was shown to specifically inhibit calcineurin-mediated phosphorylation of NFATc1 in 

T cells (Chow et al., 2000), we hypothesized that DOCK11 might inhibit NFATc1 through 

CDC42-induced activation of JNK (Figure 8). Indeed, in line with the impaired CDC42 

activation, DOCK11 deficiency led to impaired JNK phosphorylation. 

 

There is contradictory data regarding CDC42-mediated regulation of JNK phosphorylation in 

mature T and T progenitor cells. While in CDC42-deficient thymocytes increased JNK as well 

as ERK phosphorylation has been observed, another study showed reduced JNK 

phosphorylation in CDC42-deficient T cells displaying a hyperactivated phenotype (Guo et al., 

2010; Guo et al., 2011). However, while the aberrant activation in the latter study was 

suggested to be caused by increased ERK phosphorylation, potentially due to impaired 

CDC42/JNK-mediated ERK inhibition (Guo et al., 2010), we did not find alteration in ERK 

phosphorylation in DOCK11-deficient effector T cells. Alternatively, Guo et al. also speculated 

that CDC42 might negatively regulate ERK activity in a JNK-independent manner. Based on 

this hypothesis and the findings from our study, DOCK11 might regulate the CDC42/JNK axis 

specifically, without affecting CDC42-mediated regulation of ERK. The observed differences 

in ERK activation could also be connected to the differentiation status of the T cells used 
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(naive vs effector T cell) and distinct roles of DOCK11 in these T-cell subsets. While lack of 

CDC42 leads to reduced naïve T cells and increased effector and effector memory T cells, we 

did not observe major alteration in T-cell  subsets in both DOCK11-deficient humans and mice. 

These data further support the hypothesis that DOCK11 may be less important for CDC42 

function during development, while being critical during the T-cell effector response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Model of DOCK11-mediated regulation of cytokine production 

Schematic illustration of DOCK11-mediated regulation of cytokine production based on 

our current findings. Upon TCR-ligation DOCK11 induces CDC42 activation resulting in 

JNK phosphorylation. Activated JNK inhibits NFAT translocation and thus NFAT-mediated 

transcriptional control of T-cell cytokines, including IL-2 and IFN-  Figure adapted from 

(Bhattacharyya & Feng, 2020; Gaud et al., 2018). 
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In conclusion, while we could show that DOCK11 is critical for lymphocyte morphology and 

migration, we unexpectedly identified DOCK11 as a novel negative regulator of TCR-induced 

signaling. 

 

3.1.6 Dissecting the origin of anemia in DOCK11 deficiency 

Given the predominant expression of DOCK11 in immune cells, a role of human DOCK11 in 

immune cells, as reported in this paper, had never been previously shown, but was suspected. 

More surprisingly, we also found a DOCK11-intrinsic role in erythroid morphology and 

differentiation. 

 

There are different causes of anemia in pediatric diseases (reviewed in (Gallagher, 2022)). 

The mean corpuscular volume can give a hint towards the underlying cause. For instance, 

iron deficiency and thalassemia usually cause microcytic anemia (Gallagher, 2022; Massey, 

1992). In contrast, an increased mean corpuscular volume (macrocytic anemia) may be an 

indication for megaloblastic anemia, caused by lack of vitamin B12 or folic acid, a bone marrow 

failure syndrome or hypothyroidism (Fiesco-Roa et al., 2019; Gallagher, 2022; Myers et al., 

2020; Socha et al., 2020; Ulirsch et al., 2018). Normocytic anemia, which we observed in 

patients with DOCK11 deficiency in our study, is commonly associated with anemia of chronic 

disease, acute inflammation, or conditions that lead to hemolysis of red blood cells, such as  

autoimmune hemolytic anemia (AIHA) or inherited erythrocyte membrane defects (Berentsen 

& Barcellini, 2021; Gallagher, 2022; Go et al., 2017; Phillips & Henderson, 2018) . Another 

important parameter for clinical diagnosis is the reticulocyte count that indicates whether the 

body responses to blood loss or hemolysis with increased erythropoiesis. 

 

In the context of IEIs, anemia is most commonly associated with an overt immune reaction 

against self, leading to autoimmune hemolytic anemia (Cunningham-Rundles, 2002; Seidel, 

2014). The best evidence for AIHA is the presence of autoantibodies directed against red 

blood cells (Berentsen & Barcellini, 2021; Go et al., 2017). However, while anemia and 

anisocytosis of unknow origin was reported in all DOCK11-deficient patients, at least in our 

cohort we did not find evidence for autoimmune-mediated destruction of red blood cells. 

Neither autoantibodies directed against RBCs nor other autoantibodies were found in the 

patients studied. Instead, we observed erythroid hypoplasia in a bone marrow smear from 

patient 1 who displayed severe transfusion-dependent anemia. Our hypothesis that DOCK11 

deficiency leads to reduced formation of erythrocyte progenitors was further underlined by 

reduced cell growth and enhanced cell death upon short hairpin RNA (shRNA)-mediated 

knockdown of DOCK11 in CD34+ cells and subsequent erythrocyte differentiation in liquid 
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culture. Moreover, we found reduced Gata1+ erythroid cell numbers and altered erythrocyte 

morphology in a dock11-knockout zebrafish model. Given that it takes 3-4 weeks for fully 

mature T and B cells to arise in zebrafish (Lam et al., 2004; Trede et al., 2004), these data 

suggest that DOCK11 deficiency can cause anemia independent of the presence of mature 

lymphocytes, which could potentially drive an autoimmune reaction. 

 

The exact mechanism by which DOCK11 regulates erythropoiesis remains to be determined. 

Given that the anemia in dock11-knockout zebrafish was amenable to rescue with 

constitutively active CDC42, indicates that DOCK11 regulates erythropoiesis in a 

CDC42-dependent manner. Compellingly, previous studies have implicated CDC42 in various 

steps during erythrocyte development. For instance, inducible deletion of Cdc42 in mouse 

bone marrow led to myeloid hyperproliferation accompanied by reduced erythropoiesis (Yang 

et al., 2007). Mechanistically, the alterations in myelopoiesis and erythropoiesis were linked 

to changes in gene expression of myeloid- and erythroid-promoting genes including increased 

-1 and downregulation of GATA-2 (Yang et al., 2007). 

Interestingly, also increased CDC42 activity upon lack of Cdc42GAP resulted in anemia and 

reduction of HSPCs and erythroid progenitor cells, suggesting that CDC42 activity has to be 

finely balanced to ensure normal erythropoiesis (Wang et al., 2006). In addition to controlling 

the early steps of erythroid development, CDC42 has also been shown to regulate 

actomyosin-mediated contraction during enucleation of erythroblasts at the terminal 

differentiation stages (Ubukawa et al., 2020). Since in our in vitro experiment shRNA-mediated 

knockdown of DOCK11 in CD34+ cells led to a significant reduction in cell growth during 

erythroid differentiation, we did not obtain large enough numbers of DOCK11-deficient 

terminally differentiated erythroblasts to assess whether DOCK11 may also play a role in 

nuclear extrusion. It will be of future interest to determine whether DOCK11-mediated CDC42 

activation is restricted to specific stages of erythropoiesis. 

 

In addition to autoimmune-mediated destruction or reduced erythropoiesis, anemia can also 

be caused by enhanced eradication of red blood cells in the spleen (Da Costa et al., 2013; 

Motulsky et al., 1958). Splenomegaly, a potential indicator for enhanced destruction of red 

blood cells in the spleen, was reported in 2 out of 4 patients in our cohort. In patient 1, the 

extent of splenomegaly was so large that it impeded the walking capabilities of the patient. 

Consequently, a splenectomy was performed. As the patient deceased 2 days later, it remains 

unclear if the splenectomy would have improved the anemia. 

 

While our data suggest an erythroid intrinsic role for DOCK11 in regulating erythropoiesis and 

none of our patients showed clear signs of autoimmunity, autoantibodies directed against red 
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blood cells were detected in some of the patients in the study by Boussard et al. (Boussard et 

al., 2023). This divergence raises the question whether there are certain risk factors which 

enhance the probability for development of autoimmunity, for instance differences in Treg 

function. Interestingly, Boussard et al. show reduced STAT5B activation upon IL-2 stimulation 

of T cells, and defects in IL-2 receptor signaling have previously been implicated in 

autoimmune disease. We did not observe differences in Treg numbers in the DOCK11-

deficient patients, and due to limitations in patient material we did not explore Treg function. 

However, we did report increased levels of IL-2 in effector T cells upon TCR stimulation. If or 

to what extent an increased level of IL-2 production may influence the IL-2/STAT5 signaling 

defect in regulatory T cells remains to be determined. 

  

Overall, considering the findings from both studies, we propose a multifactorial cause of 

anemia in patients with DOCK11 deficiency, which may differ amongst individuals with 

germline DOCK11 defects. 

 

In addition to the here described role of DOCK11 in erythroid development, another DOCK 

family member, DOCK4 has also previously been linked to altered erythropoiesis and 

dysplastic erythrocyte morphology (Sundaravel et al., 2015; Sundaravel et al., 2019). In 

myelodysplastic syndromes, reduced DOCK4 expression due to chromosome 7 deletions was 

associated with erythroid dysplasia and anemia (Sundaravel et al., 2015). The study proposed 

that the observed dysplasia is a consequence of disrupted F-actin due to impaired RAC1 

activation. Furthermore, it has been suggested that DOCK4 acts as a negative regulator of 

LYN kinase, SHP1 and SHIP1 and that as a consequence of reduced DOCK4 expression, 

HSCs show enhanced migration at the expense of erythroid differentiation (Sundaravel et al., 

2019). In line with previous work showing that SHP1 phosphatase negatively regulates 

erythropoiesis (Bittorf et al., 1999; Sharlow et al., 1997; Wickrema et al., 1999), the study by 

Sundaravel et al, showed that pharmacological inhibition of SHP1 rescued the erythroid 

differentiation impairment caused by reduced DOCK4 expression (Sundaravel et al., 2019). 

Whether DOCK11 deficiency also disrupts F-actin dynamics in erythrocytes as a consequence 

of disturbed CDC42 activity and similar to DOCK4 acts as a negative regulator of certain 

kinases will be an interesting field for future research.  

 

3.2 Conclusion and Future Prospects 

In summary, we have identified distinct rare hemizygous mutations in DOCK11 in four patients 

from four unrelated families with early-onset immune dysregulation and anemia of unknown 

origin. Based on DOCK11 expression in hematopoietic cells and a previously identified role of 
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DOCK11 in B-cell development and function (Matsuda et al., 2015; Sakamoto & Maruyama, 

2020), we speculated that the predicted pathogenic DOCK11 variants are interesting 

candidates for further investigation. Using patient material, as well as CRISPR-edited cell lines 

we could show that the identified mutations in DOCK11 impair CDC42 activation and result in 

aberrant lymphocyte morphology, confirming their pathogenicity. Given that little was known 

about DOCK11 function in T lymphocytes, we further dissected the functional phenotype of 

DOCK11-deficient T cells. Interestingly, in line with the role of DOCK11 and its downstream 

effector CDC42 in actin remodeling, DOCK11 impairment reduced transendothelial migration 

of effector T cells, while enhancing migration speed in a confined environment. Unexpectedly, 

we did not find overt alterations in T-cell synapse formation. Instead, using  both patient T 

cells, as well as T cells derived from Dock11-knockout mice, we uncovered a previously 

unknown role of DOCK11 in negatively regulating TCR-induced signaling. Our mechanistic 

studies suggest a hitherto unknown DOCK11/CDC42/JNK signaling axis affecting NFATc1 

translocation and downstream cytokine production in T lymphocytes (Figure 8). Additionally, 

based on the anemia phenotype in patients with DOCK11 deficiency, we assessed the impact 

of DOCK11 defects on erythroid morphology and development. While anemia in IEIs has 

frequently been linked to autoimmune-driven destruction of erythrocytes, we could reveal an 

erythroid intrinsic role of DOCK11 critical for normal erythropoiesis. 

 

In summary, we uncovered novel roles for DOCK11 in various hematopoietic cells and showed 

its implication in human disease. Nevertheless, many questions remain, which may be 

addressed in the future to provide a more detailed picture of DOCK11 deficiency.  While our 

studied focused on dissecting the role of DOCK11 in T lymphocytes and erythroid cells, future 

studies may explore the role of DOCK11 in additional hematopoietic cells, including 

monocytes/macrophages, which show high expression of DOCK11 (Figure 7). While we did 

not observe changes in cytokine production in monocyte-like THP-1 cells lacking DOCK11, a 

study of murine bone marrow derived macrophages has suggested a role for DOCK11 in 

macrophage chemotaxis (Namekata et al., 2020). Moreover, similar to what has been shown 

recently in murine Dock11-KO B cells (Sakabe et al., 2012; Sugiyama et al., 2022), DOCK11 

may also play a role in toll-like-receptor signaling in myeloid cells. 

 

Moreover, we have not explored the potential causes of the delayed developmental delay 

present in patient 2. Although only reported for one out of four patients, this clinical phenotype 

may suggest a role for DOCK11 in cells of the nervous system, for instance inhibitory neurons, 

which also show high expression of DOCK11 (Figure 7). This hypothesis is further supported 

by the findings that many patients carrying CDC42 mutations display syndromic 

neurodevelopmental manifestations (Martinelli et al., 2018; Takenouchi et al., 2015) and that 
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CDC42 has previously been shown to play a role in neurite outgrow (Miyamoto et al., 2007; 

Sarner et al., 2000). Interestingly, most DOCK family members, apart from DOCK11, have 

been linked to neurological disease, and their function in cells of the nervous system has been 

studied to varying degrees. In case future studies will identify additional patients with 

neurodevelopmental manifestations that carry DOCK11 mutations, it will be of particular 

interest to investigate DOCK11 function in neuronal cells, for instance by using iPSC-derived 

neurons (Freel et al., 2020; Mariani et al., 2015). 

 

In general, while the findings from our as well as previous studies highlight the role of  DOCK11 

in activating CDC42 and downstream effectors, upstream regulators of DOCK11 activity 

remain poorly understood. Our data, showing impaired CDC42 activation in response to 

CCL19 stimulation in DOCK11-deficient BLCLs, suggests that DOCK11 is activated 

downstream of CCR7 receptor engagement. Moreover, DOCK11 has been suggested to be 

phosphorylated in response to TCR stimulation (Locard-Paulet et al., 2020; Tan et al., 2017) 

and we could show altered T-cell function in DOCK11-deficient T cells following TCR 

engagement. Similarly, DOCK2 has been shown to exert its RAC1-activating function in 

response to both CCR7 and TCR stimulation (Gollmer et al., 2009; Sanui et al., 2003). DOCK2 

requires engulfment and cell motility 1 (ELMO1) for its GEF function and it has been suggested 

that phosphorylation of DOCK2 and ELMO1 may induce the release of the DOCK2-ELMO1 

complex from its auto-inhibited state, and promoting an active confirmation required for RAC1 

activation (Chang et al., 2020). Whether DOCK11-mediated CDC42 activation also depends 

on prior phosphorylation events and which upstream kinases and other interacting proteins 

could be involved in this regulation, will be an interesting field for future studies. 

 

Eventually, the findings from this study may contribute to developing personalized treatment 

options. A next step could be to explore small molecule drugs, which target the above 

discussed signaling pathways. Emapalumab, an interferon gamma (IFN- –blocking antibody, 

which successfully improved the symptoms of one patient carrying a CDC42 missense variant 

(Lam et al., 2019), could be a candidate drug. Given the increased levels of the 

pro-inflammatory cytokine IFN- erived from one DOCK11-deficient 

patient or from the DOCK11-knockout mice in response to TCR stimulation, suggests that this 

drug may help to reduce the inflammatory symptoms of patients with DOCK11 deficiency.  

Moreover, given the underlying monogenic cause and the observed clear defect in 

hematopoietic cells, HSCT is a valuable option for DOCK11 deficiency. To date there are a 

only few rare diseases for which a gene therapy has been approved, including severe aromatic 

L-amino acid decarboxylase deficiency, spinal muscular atrophy, severe combined 

immunodeficiency and beta-thalassemia (Arabi et al., 2022; Glascock et al., 2017; Hoggatt, 
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2016; Hoy, 2019; Keam, 2022; Ma et al., 2020; Mahajan, 2019; Ottesen, 2017; Schimmer & 

Breazzano, 2016; Stirnadel-Farrant et al., 2018). However, the gene therapy field is rapidly 

developing and may provide another treatment option for DOCK11 deficiency in the future. 
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4. MATERIALS AND METHODS 

Corresponding materials and methods are described in detail within the published manuscript 

in Chapter 2.
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