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POPULAR SCIENCE SUMMARY OF THE THESIS  
 

Our DNA, the genetic material that contains the coded information for shaping us, is a molecule 

composed of two strings that coil around each other to form a double helix. The differential DNA 

subunits are the nucleobases, which interact with each other in a way that adenosine (A) binds to 

thymine (T), and cytosine (C) binds to guanine (G). A thread of them, within a specific context, makes 

up a gene. And a gene contains the information to create proteins, the ones that carry out the cellular 

functions. Alterations in the DNA sequence can occur, either during the maintenance or during the 

replication period, before a cell divides into two daughter cells. These mistakes, called mutations, are 

the source for individual variation and for Darwinian evolution of all organisms. We can all notice the 

dichotomy between steadiness and change: from mothers to daughters that resemble, to siblings with 

different eye colors. Interestingly, this variability at the gene level also plays a crucial role in our 

protection. When foreign organisms, pathogens, want to infect us we are armed with an immune system 

made up of cells and chemical molecules that safeguard us. 

 

 

 
Simplified summary. (A) DNA double strand, (B) structure of a gene with basic elements and (C) variability in the human 

genome, where small changes in the DNA can predispose to illness (red). 

 

 

In fact, the robustness of the immune system and the way it responds to pathogens is also customized 

to a certain extend by our genome (all the genes inside our cells). In this thesis, we have studied how 

mutations in genes alter the person’s immune system capability to fight off pathogens as well as how 

mutations in genes can lead to a self-damaging, uncontrolled immune response. In our research, we 

have identified different new mutations that caused patients to experience local and whole-body 

inflammation. Thanks to all the tools we have used, we have obtained invaluable information, thus 

increasing the knowledge about how the human immune system functions. Eventually, this expertise 

can be translated into plenty of therapeutical options for patients. 

 



RESUMEN DE DIVULGACIÓN CIENTÍFICA EN CASTELLANO 
 

Nuestro ADN, el material genético que contiene la información codificada para darnos forma, es una 

molécula compuesta por dos hebras que se enrollan entre sí para formar una doble hélice. Las 

subunidades diferenciales del ADN son las nucleobases, que interactúan entre sí de manera que la 

adenosina (A) se une a la timina (T) y la citosina (C) se une a la guanina (G). Una cadena de ellos, 

dentro de un contexto específico, constituye un gen. Y un gen contiene la información para crear 

proteínas, las que llevan a cabo las funciones celulares. La secuencia del ADN puede sufrir alteraciones, 

ya sea durante el mantenimiento o durante el período de replicación justo antes de que una célula se 

divida en dos células hijas. Estos errores, llamados mutaciones, son la fuente de la variación individual 

y la fuente de la evolución darwiniana de todos los organismos. Todos podemos notar la dicotomía entre 

estabilidad y cambio: desde madres e hijas que se parecen, hasta hermanos con ojos de colores 

diferentes. Curiosamente, esta variabilidad a nivel genético también juega un papel crucial en nuestra 

protección. Cuando organismos extraños, patógenos, quieren infectarnos, estamos armados con un 

sistema inmunológico formado por células y moléculas químicas que nos protegen. 

 

 
Resumen simplificado. (A) Doble hélice del ADN, (B) estructura de un gen con elementos básicos y (C) variabilidad en el 

genoma humano, donde pequeños cambios en el ADN pueden predisponer a enfermedades (rojo). 

 

De hecho, la solidez del sistema inmunológico y la forma en que responde a los patógenos también está 

personalizada en cierta medida por nuestro genoma (todos los genes dentro de nuestras células). En esta 

tesis, hemos estudiado cómo las mutaciones en los genes alteran la capacidad del sistema inmunológico 

de la persona para luchar contra los patógenos, así como por qué otras mutaciones pueden conducir a 

una respuesta inmune descontrolada y autodestructiva. A lo largo de nuestra investigación, hemos 

identificado nuevas mutaciones diferentes que provocan que los pacientes experimenten inflamación 

tanto local como en todo el cuerpo. Gracias a todas las herramientas que hemos utilizado, hemos 

obtenido una información muy valiosa, aumentando así el conocimiento sobre cómo funciona el sistema 

inmunológico humano. Finalmente, este conocimiento se puede traducir en muchas opciones 

terapéuticas para los pacientes. 
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ABSTRACT 

 
Our genome contains all the instructions to control the synthesis of proteins, the development of cells 

and the interaction between body systems. We are armed with an immune system, made up of cells, 

chemical compounds and physical barriers, that protects us from invading pathogens. The fields of 

human genetics and human immunology noticeably intertwin with each other when faults in one 

system are phenotypically manifested as diseases in the other one. Primary immunodeficiencies 

represent a diverse group of genetically determined disorders characterized by functional defects in 

the immune system that display a wide range of clinical and immunological phenotypes. Among these 

phenotypes, hemophagocytic lymphohistiocytosis (HLH) involves a group of hyperinflammatory 

illnesses characterized by life-threatening, toxic activation of the immune system caused by mutations 

in diverse genes that impact the killing capacity of cytotoxic lymphocytes. 

 

In this thesis, we have investigated and characterized novel gene variants associated with HLH or 

hyperinflammatory phenotypes in case reports (Papers I, II, IV, V and VI) and as well as in one 

comparative study (III). In Paper I, we identified a novel hemizygous SH2D1A variant in a 21-year-

old man that succumbed to Epstein-Barr virus (EBV)-HLH/lymphoma diagnosis. Interestingly, the 

patient had three healthy siblings carrying that variant, suggesting incomplete penetrance for this 

variant in X-linked lymphoproliferative disease type-1. In Paper II, a patient with a disease-causing 

SH2D1A variant displayed central nervous system damage without ongoing EBV infection, 

supporting the notion that EBV might be dispensable for the observed central nervous vasculitis. In 

Paper III, we compared two UNC13D isoforms with distinct transcription start sites that presented 

different N-terminal domains and we confirmed that although their expression was differentially 

regulated, they were equally recruited to the immune synapse and similarly contributed to 

cytotoxicity. In Paper IV, we uncovered a novel homozygous RAB27A variant identified in a patient 

with adult-onset HLH. Interestingly, this study presents the first RAB27A variant with enhanced 

binding to Munc13-4, a key player of cytotoxicity. In Paper V, we identified two novel MVK variants 

in a newborn manifesting systemic inflammation and exaggerated mevalonate accumulation. In this 

case, we established an association between severe MVK deficiency and HLH phenotype. In Paper 

VI, we reported a novel homozygous ISG15 variant in a patient with viral susceptibility phenotype. 

Remarkably, ISG15 deficiency has been previously associated with mycobacterial susceptibility and 

excessive type I interferon responses, but not with viral immunity. Thus, our study underscores the 

role of ISGylation for viral protection in the human setting. 

 

Overall, these studies expand our understanding of HLH and related hyperinflammatory disorders at 

the genetic level, since new gene variants and new associations were identified; at the protein and 

pathway interaction level, due to novel protein properties described, and at the phenotypic level since 

both uncommon and new manifestations were reported.  
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PREFACE 
This thesis and its public defence constitute the final requirements to obtain my 

doctoral degree from the Karolinska Institutet. The scope of this thesis comprises the study 

of how mutations in genes that participate in the immune response predispose to impairment, 

or malfunction, of the immune response and cause inflammation. The studies presented here 

are about understanding the molecular deficiencies existing in a group of life-threatening 

immunodeficiencies with the ultimately goal of generating knowledge that can improve 

patient treatment and outcome. In simple terms, by studying what is not working in patients 

we can also gain insights on how the entire system actually operates. To that end, basic 

concepts in human genetics and human immunology will be covered first, followed later by 

a special focus on certain cell subsets and disorders. To the beloved reader: I do hope you 

enjoy reading this thesis as much as I enjoyed my PhD journey! 

Given the present-day circumstances, scientific work is of special relevance. 

Today, amid a global pandemic caused by a viral pathogen that has heavily impacted human 

lives, world-wide healthcare and global economy, immunologist and other scientists have 

translated all the gained knowledge over the last two centuries into tools that are successfully 

combating the disease. Today, in 2021, is a great time to be an immunologist. 

                                                           
    Stockholm, October 1st, 2021.  

 





 

  1 

CONTENTS 
1. INTRODUCTION………………………………………………...…………… 1 

1.1 Basics on Genetics………………………………………...………… 2 
1.2  Features of Human Genetics………………………………………… 2 
1.3 Basics on Human Immunology………………………………...……. 4 
 1.3.1 Monocytes………………………………………………...…… 5 
 1.3.2 NK cells …………………………………………………...….. 7 
 1.3.3 T cells…………………………………………………………. 9 
 1.3.4 The cytotoxic pathway………………………………………… 11 
1.4  Primary immunodeficiencies………………………………………... 13 
 1.4.1 Inflammation and autoinflammation…………………………... 16 
 1.4.2 Hemophagocytic lymphohistiocytosis………………………… 17 
 1.4.3 X-linked lymphoproliferative disease type-1………………….. 20 
 1.4.4 Viral susceptibility…………………………………………….. 23 
1.5  The importance of clinical reports…………………………………... 24 

 
2. AIM OF THE THESIS………………………………………………………... 27 
 
3. METHODS……………………………………………………………………... 29 
             3.1      PBMCs separation………………………………………………….. 30 
             3.2      Cell isolation……………………………………………………….. 30 
             3.3      Immunophenotyping……………………………………………….. 30 
             3.4      Assessment of cytotoxic lymphocyte degranulation…………........... 30 
             3.5      DNA sequencing…………………………………………………… 31 
             3.6      Recombinant DNA technology………………………………........... 31 
             3.7      Cell transfection and transduction…………………………….......... 31 
             3.8      Western blot………………………………………………………... 31 
             3.9      Immunoprecipitation……………………………………………….. 31 
             3.10    PCR………………………………………………………………… 31 
 
4. RESULTS AND DISCUSSION……………………………………………….. 33 
             4.1      Paper I……………………………………………………………… 33 
             4.2      Discussion paper I………………………………………………….. 36 
             4.3      Paper II…………………………………………………………....... 39 
             4.4      Discussion paper II…………………………………………………. 41 
             4.5      Paper III……………………………………………………………. 42 
             4.6      Discussion paper III……………………………………………........ 47 
             4.7      Paper IV……………………………………………………………. 48 
             4.8      Discussion paper IV………………………………………………... 52 
             4.9      Paper V……………………………………………………………... 54 
             4.10    Discussion paper V…………………………………………………. 58 
             4.11    Paper VI……………………………………………………………. 61 
             4.12    Discussion paper VI………………………………………………... 65 
 
5. CONCLUDING REMARKS………………………………………………….. 69 
 
6. ACKNOWLEDGEMENTS…………………………………………………… 71 
 
7. REFERENCES………………………………………………………………… 74 





   1 

1 INTRODUCTION 
 
Every day, every hour, we are bombarded by microscopic entities that aim to invade our body 

and exploit our resources. From eating our favorite dish, to discussing the plot of a series with 

a friend face-to-face, to kissing our loved one, all these situations expose us to outside 

pathogens. Still, we rarely fall sick because our body is prepared with an invisible army and 

barriers that work around the clock to fight back and safeguard us. Similar to the way we only 

notice how essential Internet has become in our daily routine when the network is down, we 

seem to only reflect on our immune system when we are ill, coughing and with fever, on the 

sofa.  

Host responses against invading pathogens are basic physiological reactions of 

living organisms, including unicellular organisms. Nowadays, scientific research has shown 

that single-celled organisms must have started with an immune response by harnessing toxic 

peptides and gene-disabling molecules that frustrate invading microbes.1 An example of this 

are the popular clustered regularly interspaced palindromic repeats (CRISPRs). Later, when 

multicellular organisms developed, they could assign specialized cells to duties such as 

secreting defensive compounds as well as engulfing viruses or bacteria. Exquisite experiments 

grafting parts of multicellular organisms,2-4 led to the consideration that a crucial feature of any 

immune system is the ability to discriminate between self and non-self. This discrimination is 

also essential for sexual functions securing genetic variation by exchange of genes between 

members of the same species. While this discrimination may have arisen several times during 

evolution, genetic evidence points to a conservation of several genes encoding molecules active 

in cell to cell interaction.5 An immune system, in this case defined as a defensive system 

capable of repelling invading pathogens, have been found on most phyla. Higher Eukarya 

organisms, such as vertebrates possess the most advanced immune system. Interestingly, it 

seems that good inventions during evolution are long lasting, which is the reason why 

immunoglobulin (Ig)-like domains have been exploited in so many modes6 and also the 

fundamentals by which certain elements of the invertebrate immune system can be found with 

similar functions in vertebrates. Consequently, it is unsurprising that immunologists, devoted 

to a science emerged in the late 19th century as a science of host defense, were heavily 

influenced by Charles Darwin’s elaborated postulates and realized that humans and pathogens 

are locked in their own survival-of-the-fittest battle.7  
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1.1 Basics on Genetics 

Every living organism on this planet is made up of a protective surface, like a 

lipidic cover, and genetic material. As genetic material, living organisms rely on 

deoxyribonucleic acid, or popularly shortened as DNA. The structure of the DNA was 

described by Watson and Crick in 19538 with the invaluable (but unappreciated) help of 

Franklin (lecture notes dated November 1951)9. This event represents a milestone in the history 

of science and gave rise to modern molecular biology. The DNA contains genetic information 

that can be passed onto the next generation. The DNA molecule can be propagated, a process 

termed replication, can be converted to RNA too, a process termed transcription, and this can 

be further converted into a string of amino acids or proteins, a process termed translation. In a 

simplified manner, DNA bears information and the proteins carry out the cellular functions. 

All replication, transcription and translation processes are tightly regulated. Epigenetics, a 

crucial regulatory mechanism that opens or condenses the DNA, also controls access to the 

DNA and its information.10 

When a cell is about to divide into two daughter cells, it must duplicate its DNA 

and segregate equals amounts of genetic material among the offspring. During the duplication 

process, mistakes can occur (albeit at very low rates) and be spread. Interestingly, Eubacteria 

present lower error rates, around 1.0 x 10-2 base substitution per generation, compared to 

multicellular eukaryotes, with error rates as high as 1.0 per generation.11 Viruses, as the fast-

evolving entities they are, present high mutation rates. These mistakes, called mutations during 

the replication, are the source for individual variation and the basis for Darwinian evolution of 

all organisms. 

 

1.2 Features of Human Genetics 

As a result of the changes in the DNA, mainly through mutations that are passed onto the next 

generation, individuals of the same species differ phenotypically, and species evolve. Genetic 

polymorphism is a difference in DNA sequence among individuals, groups, or populations.12 

It is academically defined as the occurrence of multiple alleles (or gene sequences) at a locus 

(or gene physical location), where at least two alleles occur with a frequency greater than 1%. 

Polymorphisms arise through mutations and depending on the size that is affected it is divided 

into different groups. The mutation may be due to a change from one type of nucleotide to 

another, an insertion or deletion, or a rearrangement of nucleotides. Once formed, a 

polymorphism can be inherited like any other DNA sequence, allowing its inheritance to be 

tracked from parent to child. This fact allows for studies on diseases, forensics as well as for 

paternity tests. In our case, as Homo sapiens, we have 3 billion nucleotides packed into 23 
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chromosomes. Single-nucleotide polymorphisms (SNPs) account for more than 90% of 

genomic variants and are the major form of genetic polymorphisms.13 Genetic polymorphisms 

may contribute to the differences in disease risks and drug responses amongst different 

individuals. Different forms of genetic variants are found in the human genome. Most 

importantly, polymorphisms in the coding region of the genes can affect phenotype. Therefore, 

we will focus on human SNPs, especially the ones located in coding regions, since the projects 

described in the thesis are linked to them. 

All the current proficiency on human genetics and SNPs did not happen 

overnight. It comprises the expertise that was generated after the exciting race towards the 

publication of the human genome in 2001.14,15 Sequencing methods, such as the one 

discovered by Sanger,16 and the technology of the recombinant DNA that lead to the cloning 

of DNA fragments,17 together with the available sequenced genomes,18,19 supported that 

knowledge explosion. The development of the next generation sequencing platforms,20 

including targeted sequencing, whole-exome sequencing (WES) and whole-genome 

sequencing (WGS) have benefit the research immensely. However, the differences between 

amount of sequences available and the lack of their analyses, has left a gap in the ability to 

functionally validate genetic variants. 

In association with diseases, discerning a pathogenic variant from a benign 

variant is of essence. For almost all human diseases, individual susceptibility is, to some 

degree, influenced by genetic variation. Consequently, characterizing the relationship 

between sequence variation and disease predisposition21 provides a powerful tool for 

identifying processes fundamental to disease pathogenesis and highlighting novel strategies 

for prevention and treatment. To that end, databases for comparing allele frequencies are of 

essence, since the presence of pathogenic variants must be very rare in the population. In 

consequence, the field of human disease genetics has benefit from the development of 

collaborative networks, such as Matchmaker Exhange,22 as well as from curated public 

databases, such as Genome Aggregation Database23,24 (gnomAD; 

https://gnomad.broadinstitute.org), the successor to the Exome Aggregation Consortium 

(ExAC). In addition, studies in populations with high rates of consanguinity made it possible 

to identify individuals homozygous for otherwise rare loss-of-function alleles, the basis for a 

‘human knockout’ project to systematically investigate the phenotypic consequences of gene 

disruption in humans.25 Once a causal gene variant has been identified and validated, returns 

in the form of pathway understanding and therapy can come next. For example, the 

probability of therapeutic success for a drug target is double as effective when there is 

supportive evidence from human genetics.26 
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1.3 Basics on Human Immunology 

The human immune system is a complex system made up of physical barriers, organs, tissues, 

cells, soluble components and fluids that protect us from pathogens that want to invade us. In 

addition, our immune system is also responsible for sensing and eradicating malignancies.27 

For pedagogic purposes, the human immune system is sometimes depicted as a layered system, 

in which each of the layers independently provides protection against harmful microbes. Our 

body possesses physical barriers, like the skin, as well as chemical barriers, such as lysozymes 

and defensins. A major component of the immune system, and an essential source for scientist, 

is the blood: a body fluid that performs vital functions, such as transporting oxygen, nutrients 

like amino acids, sugars and fatty acids, circulating immune cells for defense, coagulation as 

well as regulating body temperature.28  

                   Traditionally, the immune response has been divided into two arms with unique 

features and specific functions. These include the innate immune response and the adaptive 

immune response. As a simplified and brief summary: while the vast majority of pathogens are 

immediately eradicated by the innate immune system, if the pathogen is able to escape this 

confrontation then the more specific and potent adaptive immune system jumps in. The innate 

immune response represents the first line of defense, which means innate immune cells are 

design for a quick and broad response.29 Neutrophils, basophils, eosinophils, innate 

lymphocytes, macrophages and dendritic cells, are the cellular component of the innate 

immune response. Of note, the receptors used by innate immune cells are germ-line encoded, 

do not undergo recombination, and excel at differentiating self from non-self as well as in 

pathogen recognition. An example of such receptors are the pathogen recognition receptors 

(PRRs)30, which detect pathogen associated molecular patterns (PAMPs). Detection of a 

pathogen leads to distinct responses that include: phagocytosis, chemotaxis and intracellular 

signaling.31 The latter one allows for secretion of cytokines with antiviral (interferons, IFNs) 

and inflammatory (tumor necrosis factor, TNF and IFN-g) functions, which also activates the 

responses of the cells belonging to the adaptive immune system. The adaptive immune 

response represents the second line of defense, which means these immune cells provide a late 

but more specific response due to the fact their receptors have undergone recombination in 

order to boost diversity. This diversity is essential to detect new changes in pathogens.32 T and 

B cells represent the backbone of the adaptive immune response. B cells produce antibodies33,34 

that bind infected cells to facilitate removal by the immune system, as well as directly 

neutralising pathogens to prevent them from infecting more cells. T cells, divided into two 

main groups, CD8+ and CD4+ T cells can directly kill target cells or support the immune 

system, respectively. An important component of the immune system, especially for the 
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adaptive immune response, is the expression of major histocompatibility complexes (MHC). 

MHC class I is expressed in all nucleated cells, and they present processed proteins from within 

the cell boundaries. MHC class II is expressed by an exclusive group of cells, and they present 

engulfed proteins from the extracellular environment. In humans, MHCs are termed human 

leukocyte antigen (HLA). While there is no doubt that research using mouse models has 

considerably increased our fundamental knowledge, the differences between murine and 

human immunology are significant, so conclusions from the murine system cannot be fully 

translated to humans.35,36 

Despite the fact that the classical classification of the immune system is still used, 

research in the last decades has challenged the previously established dogma and therefore 

thinner the boundaries between the two arms,37 i.e. special properties of the adaptive immune 

system are no longer exclusive. In recent years, innate immune cells such as macrophages and 

natural killer (NK) cells have been shown to present memory-like features, like stronger 

responses after a secondary encounter.37 For macrophages, studies have seen that they possess 

trained immunity, which enables them to respond quicker upon second challenge.38 In the case 

of the NK cells, a type of innate lymphoid cell, they have shown to display immunological 

memory to certain viruses.39 

The future of the field, sustained by the previous knowledge, includes 

immunotherapy for cancer.40 This means harnessing the power of the immune system, the same 

way understanding a natural system has allowed humans its efficient exploitation, like 

fermentation and beer, like radiation and nuclear plants. 

 We will now explore in detail three important immune subsets for understanding 

their specific roles during pathogen invasion, their receptors and signaling pathways, as well 

as their contribution to pathogenesis when genetic defects arise [Figure 1].  

 

1.3.1 Monocytes 

Monocytes are mononuclear phagocytes that circulate the bloodstream and represent a crucial 

cell type during both inflammation and pathogen challenge. They belong to the innate 

immune branch and derive from a common myeloid progenitor (CMP) in primary lymphoid 

organs. After birth, they are produced in the bone marrow and enter the blood circulation, 

from which they are recruited into tissues throughout the body. Monocyte development is 

highly dependent on macrophage colony-stimulating factor (M-CSF) and granulocyte-

macrophage colony-stimulating factor (GM-CSF cytokines).41 In human blood, monocytes 

represent approximately 10% of all nucleated cells, with considerable marginal pools in the 

spleen and lungs that can be mobilized on demand.42 The human monocyte pool comprises 
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three subsets with different functional capabilities that can be distinguished based on CD14 

(a co-receptor for bacterial lipopolysaccharide, LPS) and CD16 (the low affinity 

immunoglobulin gamma Fc region receptor III-A) expression. These include the classical 

(CD14+CD16-) and intermediate (CD14+CD16+) monocytes, with rapid extravasation 

capacity at the sites of injury and the ability to replenish peripheral dendritic cells (DCs) and 

macrophages; and the non-classical (CD14lowCD16+) monocytes, with functions dedicated to 

the surveillance of endothelial integrity.43 Apart from the aforementioned markers, 

monocytes can be distinguished from NK, T and B cells since they do not express NKp46, 

CD3 or CD19.44  

Upon systemic inflammation, almost all circulating classical monocytes 

differentiate to intermediate and later to non-classical monocytes in less than 24 hours,45 

forcing the bone marrow to release more classical monocytes to replenish the previously 

described pools. Macrophages are also tissue-resident mononuclear phagocytes with 

important functions in development, tissue homeostasis and the resolution of inflammation. 

Compared to other myeloid cells that present extensive proliferative capacity, like DCs, 

macrophages have been classified as more long-lived, quiescent and terminally differentiated 

cells with almost none proliferation.46 Although macrophages were considered to be 

exclusively generated by infiltrating monocytes, recent data has shown that most of the 

macrophages are monocytic independent.44 Consequently, it seems that the shift from 

monocytes to tissue macrophages is mostly restricted to inflammatory settings, such as 

infection or in association with tumours, as well as during development and tissue 

remodelling.47 Inflammatory macrophages have the capability to engulf bacteria and infected 

cells. In addition, they excel at PRRs signaling and production of pro-inflammatory 

cytokines, as well as at synthesis of toxic chemicals including highly reactive oxygen and 

nitrogen species (ROS and RNS, respectively) and various proteinases.48 Remarkably, 

mutations in genes that encode PRRs, NF-κB signaling or inflammasome components 

profoundly affect innate immune cells, especially monocytes, leading in some cases to the 

development of autoinflammation49.  
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Figure 1. Simplified representation of human monocytes, NK cells, and CD8+ T cells highlighting their most 

characteristic signaling receptors. 

 

1.3.2 NK cells 

Natural killer (NK) cells were originally described by two independent groups at the 

Karolinska Institutet in Sweden and at the National Institutes of Health in the USA as 

lymphocytes with the capacity of killing allogeneic tumor cells without prior interaction.50,51 

The fact that NK cells from mice could kill a lymphoma cell line that had lost major MHC-I 

without prior sensitization led to the formulation of the “missing-self” hypothesis by Kärre 

and Ljunggren in the late 80s.52,53 Today, NK cells are considered lymphocytes that perform 

immunosurveillance, i.e. recognition and eradication of infected or transformed cells; and 

immunoregulatory functions, i.e. recognition and killing of other activated immune cells once 

the immune response needs to be turned off. These actions ultimately ensure the defense 

against invading pathogens, elimination of the cancerous cells, and control of the 

inflammatory response. Unlike the adaptive B and T lymphocytes that possess a more 

diverse, clonally distributed antigen receptor due to mutational processes, a hallmark of NK 

cells is that they rely on a set of more restricted, germ-line encoded receptors that allow them 

to recognize and kill stressed, infected or transformed cells.54  

NK cells are currently classified as innate lymphoid cells (ILC),55 deriving from 

the common lymphoid progenitor (CLP).56 The ontogeny of NK cells comprises the 

development in the bone marrow once fate-selected from CLP, followed by maturation in the 

peripheral lymphoid organs and blood and activation/differentiation upon target interaction. 

During development, NK cells rely on several transcription factors, including EOMES and 

T-BET that are required for the production of the cytotoxic machinery.57,58 In peripheral 

blood, NK cells represent between 5-15% of total lymphocyte numbers. The principal 

markers for phenotypically defining NK cells include expression of CD56 (neural cell 

adhesion molecule, NCAM, a surface molecule) and CD16 (same as in monocytes, for 

detecting Fc portions from immunoglobulins), and lack of CD3 (TCR chain, a lineage marker 
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for T cells) expression. Broadly, CD3-CD16-CD56bright NK cells are considered more 

cytokine-responsive cells compared to the more mature CD3-CD16+CD56dim NK cells, 

rendered as a more degranulating subset. Thanks to CD16 expression, NK cells can perform 

antibody-dependent cellular cytotoxicity (ADCC), which allows them to kill a target cell 

coated with antibodies. In addition, compelling data based on telomere size,59 reconstitution 

after HSCT60 and in vitro experiments,61,62 suggest CD56bright NK cells are the precursors of 

the CD56dim NK cell subset. Besides peripheral blood and secondary lymphoid organs, NK 

cells are also found in a variety of organs, including female genitalia and liver,63,64 where 

they display different surface markers. It is worth noting that NK cells may share some 

features, including surface receptors and function, with ILCs. 

NK cells express a series of surface receptors that allow them to recognize the 

state of the interacting cell and mount a response if necessary. Functionally, the active state 

of NK cells is tightly regulated by a balance between activating and inhibitory receptors, 

which have been selected to efficiently sense the stress level of a given cell by their surface 

phenotype.54 Broadly, activating receptors expressed on the NK cell surface detect stress 

molecules,  as ligands on the target cells, while inhibitory receptors detect MHC-I in the 

target cells. For example, an infected cell expressing high levels of an stress ligand at the 

same time as reducing the levels of expression of MHC-I on the surface due to the influence 

of a virus, is suggestive of infection and therefore can be annihilated. This annihilation can 

be mediated by Fas ligands or by the secretion of cytotoxic granules with specific proteins, 

triggering apoptosis in target cells.65 Thanks to this system, NK cells are remarkably good at 

controlling infected and transformed cells66-68 and have recently become an important and 

promising subject of study for immunotherapy.69 Of note, NK cells also undergo a process 

termed “licensing” or “education”, where signal transduction through inhibitory receptors is 

require to shape NK cell functional responses through receptors.70-72 Failing to undergo 

education leads to anergy. In humans, NK-cell activating receptors can recognize ligands that 

are overexpressed or expressed de novo upon cell stress, viral infection or tumor 

transformation. These include: natural cytotoxicity receptors (NCRs: NKp30, NKp44 and 

NKp46), NKG2D, DNAM-1, SLAMFR (which will be studied later in detail) and CD16. 

NKp30, NKp46 and CD16 signaling through immunotyrosine-based activation motifs 

(ITAM) and facilitate recruitment of kinases. On the contrary, NK-cell inhibitory receptors 

can recognize MHC Class I in a non-peptide bound manner on target surface and signal 

through immunotyrosine-based inhibitory motifs (ITIMs) and facilitate recruitment of 

phosphatases. Killer cell immunoglobulin-like receptors (KIRs) and CD94/NKG2A are the 

most prominent inhibitory receptors.73 Taken together, the expression of inhibitory and 
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activating receptors in NK cells and their ligands on target cells reveals that NK cell 

activation/inhibition is controlled by different checkpoints [Table 1]. Remarkably, triggering 

certain combination of activating receptors leads to increased responses through synergy.74-

76 

                    
Table 1. Example of NK-cell surface receptors, their ligands and their role. 

NK-cell receptor Ligand Signal 
KIR2DL1 HLA-C Inhibitory/ITIM 

CD94/NKG2A HLA-E Inhibitory/ITIM 

CD16 IgG (Fc) Activating/ITAM 

NKp30 Viral proteins Activating/ITAM 

SLAMFR Homotypic Activating/ITSM 

CD94/NKG2D Stress ligands Activating/DAP10 
 

Different NK cell subsets are specialized into performing distinct tasks. 

CD56bright NK cells, expressing low levels of perforin and highly responsive to cytokine cues, 

are considered a cytokine producing subset. CD56dim NK cells, expressing high levels of 

perforin but less responsive to cytokines, are considered a more cytotoxic subset. The 

adaptive CD56dim NK cells that are expanded in response to human cytomegalovirus (CMV) 

infection, expressing high levels of perforin, PLZF- and NKG2C+/KIR+ but with low 

immunoregulatory activity, are considered a differentiated, antiviral subset.77 CD56bright, 

unlike CD56dims NK cells, also express CCR7, a marker for homing cells to secondary 

lymphoid organs.78  

Studies in mice have shown that NK cells are essential for keeping viral 

infections under control, and these findings have been confirmed in the human setting.79 

Several human genetic deficiencies, as well as pharmacological treatments impair NK cell 

development and function. Human NK cell deficiencies, either impacting NK cell 

development or function, such as GATA2 deficiency (OMIM #614172), MCM4 deficiency 

(#609981), IRF8 deficiency (#226990), RTEL1 deficiency, MCM10 deficiency, GINS1 

deficiency, FCGR3A deficiency (#615707) have provided novel insight into the NK cell 

biology.80,81,82,83 Notably, a common theme in these immunodeficiencies was the highly 

susceptibility of the host to severe viral infections, particularly from herpesviruses and 

papillomaviruses, underscoring the role of NK cells in the control of viral infection.84 

 
1.3.3 T cells 

T cells are derived from the CLP and belong to the adaptive arm of the immune system. T 

cells possess the capacity of somatic RAG-dependent recombination85 to generate a highly 
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diverse receptor toolset as well as the ability to generate memory, similar to B cells. The 

principal receptor of T cells, the T-cell receptor (TCR), detects antigens via binding to the 

peptide:MHC complexes. The TCR signals through ITAM modules, including CD3z and 

other components,85,86 leading to powerful responses like secretion of cytokines and target 

cell killing. Besides TCR and peptide:MHC interaction, the presence of other co-stimulatory 

molecules, such as CD28 and cytokines, ensures a more potent stimulation through synergy.87 

Human T cells are produced in the bone marrow and migrate to the thymus for 

maturation. Key checkpoints during these stages comprise the recombination of TCR genes 

and selection of T cell clones on thymic epithelial cells.88 Thanks to the recombination of the 

combinatorial events linking one of the multiple variable (V), diversity (D) and joining (J) 

genes, the TCR receptor displays its almost unlimited diversity.89 In a subsequent step, T 

cells undergo both positive and negative selection in the thymus.88 These two processes 

ensure that there is a vast diversity of TCRs that can detect foreign antigens and that the 

interaction with the peptide:MHC is proportionated and successful. Failure in the selection 

process can lead to autoimmunity.90 After this maturation process, naïve T cells can enter the 

bloodstream and circulate while searching for an APC. 

T cells can express one of these two co-receptors, either co-receptor CD4 or 

CD8, that support TCR signaling through the recruitment of kinases and are also used to 

differentiate subsets with distinct functions. CD3+CD4+ T cells, also known as Helper T cells, 

interact with MHC class II and orchestrate and regulate the immune response by secreting 

cytokines.91 MHC class II is expressed on the surface of activated antigen-presenting cells 

(APC), which includes B cells, macrophages and dendritic cells. The most important antigen-

presenting cells are the highly specialized dendritic cells.92 On the other hand, CD3+CD8+ T 

cells, interact with MHC class I and therefore excel at killing pathogens that divide within 

the cytoplasm. Of note, CD8+ T cells, were originally described as thymus-derived T 

lymphocytes with clonally distributed receptors that were responsible for in vitro cell-

mediated lysis of target cells.93 CD8 is a heterodimer usually composed of one CD8α and 

one CD8β chain, and binds to a conserved portion (the α3 region) of MHC Class I during T 

cell/antigen presenting cell interactions. Specifically, cytotoxic T lymphocytes (CTLs) are 

CD8+ T lymphocytes that play an essential role in the eradication of viruses, intracellular 

bacteria, protozoan pathogens and are also potentially important in defense against 

malignancy.  In a similar fashion to NK cells, elimination of the stressed cell by CD8+ T cells 

allows for a controlled cell death that abrogates inflammation onset.  

Upon interaction with an APC, which takes place in the lymph node, naïve CD8+ T 

cells undergo a profound activation and proliferation, ultimately leading to the clonal 
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expansion of the killers. The CD8+ T cell response has been classically divided into four 

phases. In phase I (also known as activation phase), there is a tight interaction between naïve 

T cell and an antigen presenting cell, like a DCs. During phase II (also known as expansion 

phase), antigen-specific CD8+ T cells increase their numbers thousand-fold; and in phase III 

(also known as contraction phase) these effector cells are dramatically removed, leaving only 

a small percentage of the cells. Finally, during phase IV (memory phase), CD8+ T cells 

develop memory.94 Consequently, CD8+ T cells present distinct active and functional states 

that are classified based on certain surface markers and functions.95 

 

1.3.4 The cytotoxic pathway 

Human cytotoxic lymphocytes are able to rapidly kill target cells upon activation. The main 

subsets include the innate NK cells and the adaptive CTLs. Upon engagement with their target 

cell, which can be a transformed, infected cell or simply an activated immune cell, their killing 

machinery is triggered. As described in previous sections, although NK cells and CD8+ T cells 

are different type of immune cells with distinct developmental pathways they complement each 

other functionally.96,97 An illustrative example of this functional complementation lies on the 

capability of viruses to downregulate MHC class I expression on the surface of infected cells 

and hide their presence.97 While CTLs cell would not be able to interact with the peptide:MHC 

complex due to its absence, NK cell could potentially detect this loss and pull the trigger to kill 

the cells showing such abnormal expression pattern via the missing self recognition. Regardless 

of the detection mechanism, target cell killing by both NK cells and CD8+ T cells is mediated 

mainly by two mechanisms: the ligation of death receptors or by the secretion of vesicles.98 

The latter one is a very delicate process that implicates extracellular sensing, intracellular 

signaling together with microtubule and vesicle polarization, leading to both functional and 

morphological changes. 

The vesicles, termed cytotoxic granules (CG), contain proteins that deliver a 

controlled death via apoptosis. Specifically, perforin, a 61 kDa protein, binds to the target cell 

membrane, creates pores and therefore facilitates the entrance of granzyme proteins, whose 

function is to cleave a variety of proteins, including caspases, resulting in apoptosis.99 Although 

five granzyme genes have been identified in humans, two of them, granzyme A and granzyme 

B seem are the most expressed and most studied ones.100,101 Granzyme B seems to be the more 

potent granzyme.102  Interestingly, while naïve CD8+ T cells start to synthesize the components 

for degranulation after APC-dependent activation, NK cells express them baseline for a quicker 

response. The orderly killing of the target cell is required for avoiding excessive inflammation, 

and it can be done as quick as done in 20 minutes.103 The transmembrane protein lysosome-
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associated membrane protein 1 (LAMP-1 or CD107a) performs an essential function: it 

protects the plasma membrane of the cytotoxic cells from their own secretion. In addition, its 

shift from intracellular vesicles to the extracellular surface due to secretion of CGs allows for 

its routinary use in flow cytometry assays as a degranulation marker.104 

 

 
Figure 2. Simplified scheme with the events that lead to the secretion of CGs by cytotoxic lymphocytes. The 

process can be divided into four stages, involving sensing, docking, tethering and fusion of CGs with the plasma 

membrane. Eventually, abnormal cells are eradicated via apoptosis. 

 

The process of exocytosis of CGs mediated by CTLs can be divided into four stages [Figure 

2]. In stage I, there is target cell recognition, formation of the lytic immunological synapse (IS) 

and reorganization of the actin cytoskeleton. Essentially, cytotoxic cells sense the anomalous 

state of a target cell through surface receptors and that leads to intracellular signaling finishing 

with the formation of a tight contact cytotoxic cell:target cell. Then, this area is reorganized 

forming the peripheral supramolecular activation cluster (pSMAC), which is formed by 

adhesion and activation receptors. In stage II, the CGs converge to the polarized microtubule-

organizing centre (MTOC), and then the MTOC as well as the CGs move towards the synapse, 

which are transported along microtubules in a minus-end direction from the cell periphery to 

the MTOC.105 In stage III, there is docking of CGs to the plasma membrane. This process, 

which precedes the fusion of the two membranes, CGs and plasma membrane, is dependent on 
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Rab27a interaction with Munc13-4.106 Rab27a is a small GTPase present in late endosomes 

that interacts with several proteins at the IS and ensures the secretory lysosomes are in close 

proximity with the cell membrane. In stage IV, CGs fuse with the plasma membrane. Soluble 

N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) are responsible of 

the fusion between two cellular membranes in the exocytic and endocytic pathways. 

Structurally, SNAREs proteins have a modular structure comprising of one or two SNARE 

domains, varying N-terminal regions and either a lipid tail or a trans-membrane domain that 

allows membrane anchoring. The moment four SNARE domains come together across two 

membranes, the SNARE complex with a four-helical bundle is formed, and they mediate the 

tight interaction of the membranes and drive their fusion. 107 Other proteins, such as Syntaxin11 

and related proteins most likely participate regulating the SNARE complex. 

Genetic defects or pharmacological drugs that impair the synthesis or the correct 

function of the proteins required for the aforementioned exocytic stages, lead to severe 

consequences. For example, drugs like cytochalasin D or mutations in proteins involved in 

actin remodeling, such as Wiskott–Aldrich syndrome protein (WASp), disrupt the pathway and 

cause inflammation.108 Given that some components of the secretory mechanism of vesicles or 

granules is shared among different types of exocytic cells, such as lymphocytes and 

melanocytes, defects in the pathway can lead to defective exocytosis in different cell types. 

This is the case for patients with dysfunctional Rab27a, which present albinism and cytotoxic 

impairment.109,110 In addition, mutations in other genes that participate in the pathway lead to 

hemophagocytic lymphohistiocytosis, a hyperinflammatory syndrome. These disorders will be 

described in detail in the following section. In most of the cases this inability to kill a pathogen 

has another negative side, which involves the overproduction of pro-inflammatory cytokines. 

 

1.4 Primary immunodeficiencies  

Primary immunodeficiencies (PIDs) represent a diverse group of genetically determined 

disorders characterized by functional defects in the immune system.111 Of note, PIDs display 

a wide range of clinical and immunological phenotypes and while individually infrequent, 

collectively, PIDs manifest in one children per every thousand born.112 Bianually, the 

International Union of Immunological Societies (IUIS) Inborn Errors of Immunity 

Committee publishes a report highlighting the advances in the field, dividing diseases based 

on the predominant phenotype.113 In the most recent classification, there are nine groups 

identified, with a tenth group containing disorders than phenocopy PIDs [Figure 3]. It is 

difficult to mark off the origin of the field since multiple case reports written by astute 

physicians describing patients likely experiencing defects in the immune system date back to 
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the mid-twentieth (1920s, 1930s and later).114-116 During the dawn of the field, a common 

workflow included the description of immunodeficiency-like phenotypes running in families 

reported by doctors. Then, several decades later thanks to the development of positional gene 

cloning and sequencing techniques, came the identification of the causal gene. Eventually, 

functional assays and mouse model contributed to a conclusive understanding of the 

genotype-phenotype relationship as well as the pathology. PIDs have provided an invaluable 

source of knowledge for hundreds of immune-related genes and pathways. For example, 

thanks to the identification of monogenic defects of the human immune system, unexpected 

roles for the encoded proteins have been revealed that go beyond what has been observed in 

model organisms. Furthermore, identifying genetic mechanisms of PIDs not only advances 

immunological knowledge but also benefits patients by indicating the most effective targeted 

therapies, which in some cases is hematopoietic stem cell transplantation (HSCT).117 

At the moment of writing this thesis, 454 disorders/gene defects have been 

described as leading to inborn errors of immunity, and this list continues to grow year after 

year (source list: https://iuis.org/committees/iei/). Genetic causes of PIDs include Mendelian 

inheritance of genetic variants as well as somatic mosaicism. While most PIDs are inherited 

in an autosomal recessive (AR) manner, autosomal dominant (AD) and X-linked recessive 

inheritance patterns are also common. In contrast, sporadic disorders, like the ones leading 

to mosaicism, or those with unknown genetic inheritance have lower frequency, yet are 

probably underestimated.118 This diversity in genetic mechanisms of PIDs highlights the 

complexity of the human immune response and the ways in which diseases arise and disrupt 

the normal immune response. While most AR PIDs are due to loss-of-function (LOF), AD 

diseases result from several remarkable and immunologically complex mechanisms 

including dominant-negative effects on the encoded protein, gain-of-function (GOF), or 

haploinsufficiency.119 Genetic changes causing PIDs include single-nucleotide variants and 

structural variants such as nucleotide insertions or deletions of varying sizes and copy number 

variants, the vast majority of which are rare in the population databases (<0.01% allele 

frequency). 
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Figure 3. (A) Representation as pie charts of the classification of reported PIDs according to functional defects 

and (B) classification according to corresponding inheritance model. Source: https://iuis.org/committees/iei/. 

 

Depending on the subset or the cellular pathway affected, certain 

immunodeficiencies can manifest with varying degree phenotypes but also heavily impact 

the patient’s quality of life. For example, the bubble boy disease. Several mutations affecting 

the normal development of T and B cells cause severe combined immunodeficiency (SCID), 

which has been acclaimed as the most severe primary immunodeficiency.120 Individuals born 

with SCID are abnormally susceptible to infections, and exposure to typically innocuous 

pathogens can be fatal.120 This phenotypic diversity of PIDs can also be illustrated by two 

other examples that are present in the papers accompanying this thesis. X-linked 

lymphoproliferative type-1 disorder is caused by mutations in SH2D1A that lead to life-

threatening systemic inflammation due to the inability to eradicate EBV-infected B cells. 

Another example is associated with autoinflammation, or sterile inflammation, due to 

autosomal recessive MVK mutation causing mevalonate kinase deficiency (MKD), where the 

loss-of-function of this protein leads to reduced levels of prenylation substrates and therefore 

to uncontrolled IL-1b secretion.  

Once a disease-causing genetic variant has been identified and validated, the 

next step comprises the molecular characterization for proposing the best approach to treat 

the patient or patients. Patients with a diagnosis benefit from diverse treatment options when 

available, such as targeted biologic therapies, HSCT, gene therapy, and personalized small 

molecules.121 However, this is not always the case. In a large study led by Stray-Pedersen 

using 278 families, approximately 40% of the patients suspected from having PID achieved 

a genetic diagnosis while the rest were well-described yet no causal genes were identified.122 

This phenomenon, not exclusive to the PID field,123 pinpoints the challenges the field still 

faces. Unfortunately, since many patients with suspected monogenic immune disorders 

remain undiagnosed, it is necessary to expand the number of methods in order to identify the 

genetic mechanisms of a given disorder. Unsurprisingly, the exponential development of 

genetic testing of patients with immune system disorders has left a gap in the capacity to 
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functionally and successfully validate genetic variants. Moreover, model systems are 

required to quickly and efficiently test the immunological consequences of novel genetic 

variants, in order to advance our understanding of the human immune response. 

Now, we will describe and provide background knowledge to the diseases that 

are associated with the papers’ sustaining the message of this thesis. Although they are 

intertwined due to the hyperinflammatory phenotype, they can be divided into: 

autoinflammatory diseases (Paper V), hemophagocytic lymphohistiocytosis (Papers I, III 

and IV), X-linked lymphoproliferative disease type-1 (Papers I and II), and viral 

susceptibility phenotype (Paper VI). 

 

1.4.1 Inflammation and autoinflammation 

Inflammation was classically described by Celsus (30 BC - 38 AD) as rubor (redness), calor 

(warmth), dolor (pain), tumor (swelling) and functio laesa (loss of function). These symptoms 

are characteristics of many illnesses. Inflammation is a physiological response to insults from 

invading pathogens or endogenous signals triggered by damaged cells that leads to the removal 

of pathogens and contributes to tissue protection and repair.124 In principle, inflammation is a 

self-limiting and self-regulated mechanism essential for proper healing and return to 

homeostasis. However, when dysregulated, inflammation is associated with development or 

exacerbation of numerous diseases. Thus, the molecular mechanisms that regulate 

inflammatory processes are of key immunological and pathophysiological interest.  Facilitating 

multifaceted regulation of immune defense and tissue repair, inflammatory mechanisms are 

different in distinct cell types and tissues. A variety of molecular pathways have been 

implicated in their regulation, such as cytokines. Cytokines represent central nodes of 

intercellular communication in a range of inflammatory processes, and their regulation is 

crucial for maintenance of immunological tolerance.  

Distinct inflammatory conditions are influenced by both the degree of intensity 

as well as the temporal dynamics of the reaction (i.e., how strong the inflammatory response is 

and for how long it is sustained). As a consequence, it may be short-term inflammation or 

developed chronically. For example, as a result of defects in negative feedback regulation, as 

several cytokines are produced in an unchecked manner, an overwhelming, systemic 

inflammatory state may ensue, which is commonly termed a “cytokine storm”.125,126 This is a 

case of hyperinflammation.  Common symptoms that follow hyperinflammation, include 

hyperferritinemia, splenomegaly and ultimately multi-organ failure and death. On the other 

hand, as a result of persistent infection or mutations leading to constitutive immune activation, 

chronic inflammation is associated with the development and progression of various human 
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diseases that in some cases reach pandemic levels. These include cancer,127 obesity128, 

rheumatoid arthritis, atherosclerosis,129 strokes, ischemic heart disease and even certain mental 

disorders.130 Such common diseases represent a heavy burden to public health care. Thus, 

understanding the mechanisms underlying the development of inflammatory disorders at the 

molecular, cellular and tissue level promises the discovery of new therapeutic approaches in a 

wide range of diseases. 

Autoinflammatory diseases are monogenic disorders characterized by affecting 

the innate immune responses, having a systemic area of effect and affecting individuals in 

early life.131 Indeed, this fascinating group of diseases within primary immunodeficiencies 

share a crucial feature: the self-tissue directed inflammation in the absence of a pathogenic 

trigger. Jos van der Meer, who published the first descriptive paper of a clinical case of 

autoinflammation in 1984,132 recently defined autoinflammatory disorders as diseases 

presenting the following characteristics: spontaneous inflammation, inflammation towards 

self, lack of autoreactive T- or B-cells and presence of a mutated protein. Of note, 

autoinflammatory and autoimmune diseases are frequently challenging to distinguish, since 

diseases from one group phenocopy diseases from the other group. Examples of 

autoinflammatory syndromes include: familial Mediterranean fever (FMF), caused by 

mutations in MEFV; TNF receptor-associated periodic syndrome (TRAPS), caused by 

mutations in TNFRSF1A, hyper-IgD syndrome (HIDS), caused by mutations in MVK; and 

the recent interferonopathies. 

 
1.4.2 Hemophagocytic lymphohistiocytosis 
 

Hemophagocytic lymphohistiocytosis (HLH) is a sepsis-like, life-threatening 

hyperinflammatory syndrome where patients suffer from an uncontrolled and harmful 

production of pro-inflammatory cytokines. The firsts descriptions of patients displaying HLH 

symptoms were reported in 1939133 and 1951,134 in the latter using the medical term 

“hemophagocytic reticulosis”. Clinically, patients often report the development of unremitting 

fever, skin rash, hepatosplenomegaly, and increased of biomarkers including soluble IL-2 

receptor (sCD25) as well as ferritin.135 HLH can be divided into two groups: primary or familial 

HLH and secondary or acquired HLH. Primary HLH is associated with inherited defects in 

cytolytic immune cells and is normally diagnosed during the first year of life, while secondary 

HLH results from immune activation incited by other factors such as autoimmunity, persistent 

infection or malignancy and can be diagnosed at any age.136,137 Unfortunately, this 

classification is not always straightforward considering the continuum spectrum of the 

disease.138 
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Table 2. Criteria for HLH diagnosis. 

 
 

Today, HLH is more considered as a phenotypic manifestation of 

hyperinflammatory illnesses characterized by toxic activation of the immune system caused by 

distinct underlying mechanism. Due to the high mortality, prompt diagnosis and treatment is 

of essence. For the diagnosis of HLH, most physicians use the HLH-2004 criteria established 

by the Histiocyte Society in its clinical trials.139 To that end, patients are considered as HLH 

patients if they fulfill five out of eight criteria, including: fever, splenomegaly, cytopenia, 

hypertriglyceridemia or hypofibrinogenemia, elevated ferritin, elevated soluble CD25, low or 

absent NK-cell cytotoxicity and hemophagocytosis [Table 2]. Although not included in the 

main criteria, damage in the central nervous system (CNS) is present in 30% to 73% of the 

patients.140 These symptoms underlie the extreme inflammation present in HLH. Of note, 

addition of age (less than a year) to the HLH-2004 criteria can lead to better separation of 

familial versus secondary cases, as several reports have proven.136,141 Adult-onset HLH 

presents a different etiology compared to familial HLH. In fact, there are some reports 

suggesting it is not driven by disruptive germline variants.142 A recent study identified that 

there was a common precipitating disease in most of the patients: malignancy, infection and 

autoimmune disease very highly represented.142 Noteworthy, as many as 17% of patients with 

proven genetic HLH defects may not fulfill the entire criteria, confirming the fact that 

sometimes clinicians are not overly strict with the criteria. Interestingly, the phenotype 

hemophagocytosis is not essential for the diagnosis of HLH. Other laboratory evaluations, such 

as HLA-DR in activated T cells can complement the above criteria for highlighting a state of 

hyperinflammation. Noteworthy, if HLH clinical symptoms manifest in a patient suffering 

from other rheumatic disorders or autoinflammation, then the term macrophage activation 

syndrome (MAS) is used.143 Therefore, secondary HLH and MAS overlap. 

In a large cohort study with 122 pediatric individuals fulfilling HLH-2004 

criteria,136 101 received genetic testing and of those a merely 46 (46%) obtained a molecular 
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diagnosis. Surprisingly, only 19% of them had biallelic mutations in familial HLH genes (or 

genes readily associated with HLH) [Table 3], suggesting the vast majority of patients actually 

present other underlying genetic causes. In addition, survival still remained low, with only 45% 

of survival among patients.136 Importantly, individuals genetically diagnosed with familial 

HLH were significatively more likely to receive HSCT than undiagnosed individuals, therefore 

affecting their outcome. 

 
Table 3. Genes associated with primary HLH. 

Gene Chr Protein Protein role Disease Inheritance OMIM 
PRF1 10 Perforin Creates pores in target cell FHL2 AR 603553 

UNC13D 17 Munc13-4 
Vesicle regulation at the 

immune synapse  FHL3 AR 608898 
STX11 6 Syntaxin 11 Fusion of secretory vesicles FLH4 AR 603552 

STXBP2 19 Munc18-2 Fusion of secretory vesicle FHL5 AR 613101 
RAB27A 15 Rab27a Docking of secretory vesicle GS2 AR 607624 

LYST 1 LYST Lysosomal trafficking CHS AR 214500 
SH2D1A X SAP Adaptor protein for SLAMFR XLP1 X-linked 308240 

XIAP X XIAP Inhibitor of apoptosis XLP2 X-linked 300635 
 

 
The pathogenesis of HLH is driven by hyperactivated cytotoxic lymphocytes, 

mainly CD8+ T cells, macrophages as well as histiocytes that secrete inflammatory 

components, leading to an unchecked feedback mechanism in what has been termed as 

cytokine storm.144,125 This unchecked positive feedback is caused by the fact that NK cells and 

CD8+ T cells are incapable of killing target cells, then the pathogens are not eradicated and the 

secretion of pro-inflammatory cytokines is constant over time. In fact, a continuous exposure 

of the CD8+ T cells to the antigen presenting cell results in the production of IFN-g, and this 

cannot be terminated due to the inefficient target cell killing.145 In fact, secretion of IFN-g is 

considered as the key pro-inflammatory cytokine in the disease. IFN-g can reduce 

hematopoiesis, leading to cytopenia, and overactive macrophages. Research using animal 

models supported these findings. Prf1-deficient mice exposed to lymphocytic choriomeningitis 

virus (LCMV) develop fatal HLH-like disease that can be rescued by antibody-mediated IFN-

g neutralization.146 Interestingly, NK cells and CD8+ T cells seem to have different roles in the 

pathogenesis, while CD8+ T cells actively participate in viral clearance, NK cells 

immunoregulate CD8+ T cells and macrophage expansion and function.147 In support of the 

continuous antigen exposure idea is the mouse model that led to a hyperinflammatory MAS-

like syndrome, due to repeated TLR9 stimulation, which was also IFN-g dependent. 
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Remarkably, in this case, mice did not require a previous infection for triggering the disease, 

as it is essential in other HLH mouse models.148 

 
1.4.3 X-linked lymphoproliferative syndrome type-1 
 
X-linked lymphoproliferative syndrome type-1 (XLP1, OMIM #308240) is a rare primary 

immunodeficiency with an estimated incidence of 1 case per 500.000 newborns.149 Patients 

clinically manifest with dysgammaglobulinemia, lymphoma and HLH.150,151 In exceptional 

cases, they can also develop aplastic anemia, vasculitis, chronic gastritis, and skin lesions.149,152 

XLP1 is caused by hemizygous mutation in SH2D1A, located at Xq25, which encodes the 

signaling lymphocyte activation molecule (SLAM)-associated protein (SAP).153 Originally, 

XLP1 was identified in a Duncan kindred, where 6 out of 18 young males died of a 

lymphoproliferative disorder caused by EBV infection.154  EBV infection is reported as a 

trigger for the disease, and it is therefore frequently detected in XLP1 patients. However, is 

worthy to mention that up to 35% of patients have no evidence of previous EBV infection.155  

XLP1 is a hyperinflammatory syndrome with high morbidity and mortality rates, as previous 

studies have supported.149 

 SAP is a very small cytoplasmic protein of approximately 14 kDa and 128 amino 

acids. It consists almost entirely of a single Src Homology 2 (SH2) domain, a conserved protein 

interaction module that binds to phospho-tyrosine (pY)-based motifs.156,157 The location of 

these phosphorylated tyrosines has a context:  the immunotyrosine-based switch motifs 

(ITSMs) located at the cytoplasmic tails of the SLAM-family of receptors (SLAMFR).158 

SLAMFR comprises a group of surface receptors that belong to the type I transmembrane 

receptors, CD2 family, that include the following:  SLAMF1 receptor (also reported as 

SLAM/CD150),159,160 SLAMF3 receptor (or LY9/CD229),161 SLAMF4 receptor (commonly 

known as 2B4/CD244),162,163 SLAMF5 receptor (or CD84),164 SLAMF6 receptor (NTB-

A/Ly108/CD352)165,166 and SLAMF7 (or CRACC/CD319).167,168 They contain different 

number of ITSMs withing their cytoplasmic tails [Table 4]. SLAM receptors exhibit a broad 

expression on hematopoietic cells; however, several members are most highly expressed on B 

cells,164 likely contributing to some of the B cell-specific phenotypes of XLP1.169 Notably, an 

interesting feature of SLAMFR is that they exhibit homotypic interactions, i.e. they bind to 

the same ligand on the target cell surface, except for 2B4 which detects CD48 on target cells. 

Consequently, SLAMFR can be activated in the context of homotypic or heterotypic cell–

cell interactions. The binding of SAP to these tyrosines activates downstream signaling. SAP 

binds to ITSM using a three-pronged mechanism that allows for a more specific detection of 

the target protein by recognizing residues at positions -2 and +3 from the pY.170 Therefore, 
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SAP plays an essential role for the signaling of the ITSM. Although SAP is mostly expressed 

in T and NK cells and is therefore most likely to affect SLAM family function in these cells,171 

some B cell expression has also been reported. Noteworthy, missense and nonsense mutations 

in SAP, mostly in males due to the chromosome X linkage, lead to a defective SAP and thus 

negatively impact signaling [Figure 4]. 

 
Table 4. Classification of SLAM family of receptors.  

Classification CD Ligand ITSMs(*) Ref. 
SLAMF1 CD150/SLAM Self-ligand 2 159, 160 

SLAMF3 CD229/Ly-9 Self-ligand 4 161 

SLAMF4 CD244/2B4 CD48 4 162, 163 
SLAMF5 CD84 Self-ligand 2 164 
SLAMF6 CD352/NTB-A Self-ligand 2 165, 166 
SLAMF7 CD319/CRACC Self-ligand 2 167, 168 

*Different ITSM-bearing isoforms have been identified. 

 

Interestingly, the term ”switch” of the ITSM refers to the fact that, depending on 

the protein that they are bound to, a positive or a negative signaling can occur, thus becoming 

either an ITAM or an ITIM module depending on the context, respectively. Accordingly, the 

very same tyrosines that SAP binds to, can also interact with phosphatases. When SAP is 

expressed, it can bind to activated ITSMs within SLAMFR and recruit FYN, eventually 

boosting signaling that includes more phosphorylation of SLAMFR and interaction with 

RasGAP and Dok1 in the case of SLAMF1;172 or Vav1 and c-Cbl in the case of 2B4.173,174 

However, in the context of SAP absence, there is binding of tyrosine phosphatases, such as Src 

homology region 2 domain-containing phosphatase-1 (SHP1) and SHP2, as well as lipid 

phosphatase Src homology region 2 domain-containing inositol 5′ phosphatases (SHIP).175 The 

outcome of the phosphatase binding is the blockade of certain aspects of T and NK cell 

activation, development and function when SLAM family members are engaged in the absence 

of SAP. Therefore, it can be concluded that there is evidence for SAP serving as a molecular 

switch allowing SLAM family members to act as either activating receptors in the presence of 

SAP or inhibitory receptors in the absence of SAP.175,176 
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Figure 4. Simplified representation of the impaired SAP-mediated signal transduction via 2B4 (SLAMF4) from 

EBV-infected B cells by NK cells. 

 

Insights from Sap-deficient mice have enriched our knowledge on SAP function 

as well as its contribution to pathogenesis. Sap-/- mice lack invariant NK and T cells (iNKT), a 

rare innate type of T lymphocyte that rapidly responds to infection and may be involved in 

tumor surveillance. iNKT cell development has been shown to depend on Sap expression.177 

Accordingly, XLP1 patients also lack iNKT cells. In addition, Sap-deficient mice displayed 

impaired germinal center (GC) formation, caused by impaired B:T cell interaction. This 

impaired interaction has devastating consequences as lack of B cell development eventually 

leads to dysgammaglobulinemia. Interestingly, EBV-infected B cells upregulate CD48 and 

other SLAMFR. Sap-deficient CD8+ T cells have reduced B cell killing capabilities, leading to 

uncontrolled B cell expansion and eventually lymphoma. Interestingly, SAP gene transfer to a 

murine Sap knockout model led to reconstitution of cellular and humoral immune function.178 

In consequence, it seems that the numerous phenotypes of SAP deficiency appear to be related 

to inhibitory signals generated by SLAMFR in the absence of SAP.  

Currently, XLP1 is first investigated using flow cytometric analyses of SAP 

expression179 followed by Sanger sequencing confirmation of the SH2D1A gene, which still 

remains as the gold standard. A diagnosed patient requires prompt and effective treatment. 

Treatment of XLP1 patients is tailored to particular clinical symptoms and supportive care. 

Broadly, treatment for XLP1 included a first-line steroid therapy with dexamethasone and 

etoposide. If patient is EBV+, then monitoring the virus and controlling the EBV-infected B 

cells with rituximab is crucial. In case lymphoma is present, it can be treated with standard 

chemotherapy. Of utmost importance is to manage the devastating HLH manifestation, which 

has the worst prognosis. Nowadays, and with the advance in diagnosis and treatment, the 
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situation has improved and the mortality rate has dropped from 75% to 29%.149,180 Regardless 

of this encouragement, patients diagnosed at birth through family history still risk significant 

mortality despite close monitoring, highlighting the severity of this PID. The only cure known 

for XLP1 is HSCT, which requires preceding patient conditioning.  

 
1.4.3 Viral susceptibility 
 
Viruses are obligatory intracellular parasites as well as the most abundant biological entity on 

the planet.181 Yet they are dead.182 These fascinating microscopic entities co-opt several cellular 

pathways to complete their replicating cycles. Remarkably, virus-human contacts have driven 

as much as 30% of human genome evolution since divergence from chimpanzees.183  Among 

all the 9.000 viruses identified, two are of special interest for the studies presented here: 

influenza virus and EBV. Influenza virus is an RNA-based virus with a seasonal behavior that 

leads to 20% infected humans any given year.184 EBV is a DNA-based virus without a seasonal 

behavior that has infected 90% of the world population and establishes a lifelong infection to 

B cells.185 In fact, EBV has been extensively presented as a trigger and causal agent of certain 

immunodeficiencies as well as responsible for chronic inflammation and for Hodgkin's 

lymphoma onset.186 The causing virus of the COVID-19 pandemic, SARS-CoV-2 is also 

described for comparison and discussion, since it is reported in one of the attached papers 

[Figure 5]. 

 

 

        
Figure 5. Simplified representation of the viruses present in this thesis’ work. 

 

Human variation heavily influences the outcome of viral infection. Studies such 

as GWAS and WES/WEG have enriched the foundation of genes participating in the antiviral 

response. Genetic studies of virus susceptibility in humans have contributed to a better 

understanding of the essential elements necessary for virus resistance and control, although in 

many instances causative mechanisms for effects of specific gene variants are lacking. A broad 
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classification for the altered response to viral infection by human genes has been proposed,187 

where for example individuals with specific alleles for inflammatory cytokines display 

resistance to EBV infection,188 whereas a specific allele for the transcription factor IRF7 leads 

to severe influenza.189 

The immune system has several mechanisms designed to combat viral invasion. 

The most prominent mechanism, due to its effectivity and promptness, are represented by the 

interferons (IFNs). IFNs are innate cytokines discovered in 1957 due to their ability to 

“interfere” with virus replication.190 Once non-specific components of the virus are detected, 

for example DNA, RNA or proteins, by innate receptors present in innate immune cells, such 

as PRR, downstream signaling leads to the production of IFN. When IFN is synthesized it can 

act both in paracrine and autocrine manner, binding to the interferon receptors. Eventually, the 

genes that respond to IFN and block viral replication, the interferon stimulated genes (ISG), 

are transcribed. ISG15 is another fascinating component of the antiviral innate immune 

response also regulated by IFN. ISG15 is an interferon-stimulated protein with both 

intracellular and extracellular functions. Allowing ISG15 monomers to conjugate to other 

proteins, similar to ubiquitin protein, can successfully block viral replication by disrupting 

oligomerization of viral proteins.191-195 In consequence, it is no surprise that viruses have 

developed counter-measures to these protective mechanisms in order to escape innate 

defense.196,197 

 

1.5 The importance of clinical reports 

Undeniably, the field of human immunology has deeply benefit from clinical reports 

establishing genotype-phenotype associations. Thanks to them, scientists have achieved 

immense progress in understanding the basic immunology and clinical pathogenesis that 

surrounds these diseases. There are hundreds of examples, including the ones cited in this thesis 

where the first identification of several PIDs are described from methodological doctors 

reporting a curious phenotypic pattern in an affected family. Later, the development of next 

generation sequencing represented a milestone for the field. 

Remarkably, in some cases the description was based in just a single patient. In 

2014, a report from Casanova and colleagues198 showed that up to 49 out of 232 monogenic 

etiologies (21%) of PIDs were initially reported in single patients. Indeed, it is important to 

scientifically describe all new findings since a first discovery may pave the way for more cases. 

After all, even if caused by a single gene, more than 1,500 Mendelian conditions (about half of 

them) still lack a defined genetic etiology.22,199 Nevertheless, reporting novel gene variants has 

to be done in a thorough and rigorous way. When only one patient is reported, statistical 
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weakness must be compensated with robust experimental support. The following criteria have 

been proposed198: (1) the frequency of the candidate gene is low and only present in affected 

individuals, (2) the candidate gene must have a disruptive effect in protein expression or 

function, and (3) a disease-associated cellular phenotype must be caused by the candidate gene 

(rescue experiments could give further support). However, these criteria might present 

difficulties in cases of incomplete penetrance, as we will discuss in the results section. Notably, 

most of the studies presented in this thesis have been only observed in one patient from a single 

family, yet the candidate genes had been previously reported and functional assays are 

provided. 

The benefit obtained from improving the knowledge of the gene/pathway/disease 

has often offered novel biological and pathological insights. Fortunately, and as a positive 

message, most of the causal genes identified in the past decades have successfully stood the 

test of time. 
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2 AIM OF THE THESIS 
 

The work presented here aims at understanding the molecular mechanisms that lead to an 

HLH/hyperinflammatory phenotype in the described patients. Specifically, understanding how disease-

associated gene variants impact certain immune system pathways broadens our knowledge and 

ultimately leads to benefits for patients in the form of therapies. These were the specific objectives per 

paper: 

 

PAPER I 

§ To report the identification of a novel SH2D1A c.49G>A p.(E17K) variant associated with 

XLP1. 

§ To functionally characterize this variant by evaluating expression and binding capability to a 

crucial signaling receptor in order to determine the likelihood of representing a disease-causing 

mutation. In addition, to challenge a proposed XLP1 diagnostic tool. 

 

PAPER II 

§ To characterize a previously reported SH2D1A c.201G>A variant p.(E67E) associated with X-

linked lymphoproliferative disease displaying now fatal central nervous vasculitis 

 

PAPER III 

§ To functionally characterize two UNC13D isoforms with distinct transcription start sites in 

hematopoietic cells 

 

PAPER IV 

§ To report the identification of a novel RAB27A c.551G>A p.(R184Q) variant in a case of adult-

onset HLH 

§ To functionally characterize this variant by evaluating expression, effector binding and ability 

to reconstitute cellular function to determine if it represents a disease-causing mutation.  

 

PAPER V 

§ To report the identification of a newborn patient displaying HLH that carried two novel MVK 

variants and was diagnosed with mevalonic aciduria 

§ To establish a closer association between HLH and mevalonic aciduria 

 

PAPER VI 

§ To report the identification of a novel ISG15 variant that specifically impairs ISGylation and is 

associated with viral susceptibility
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3 METHODS 
 

Several different methodological approaches are required to tackle all the questions that arise 

when a new investigation begins. A brief description of the most commonly used methods 

during my PhD projects is provided in this section. In addition, in each method there will be a 

reference to be papers in which they have been used, so detailed information can be found 

there. 

 

We have an extensive network of collaborating physicians located all over the world that 

contact us when they deal with a patient manifesting systemic inflammation and they assume 

the function of cytotoxic lymphocytes is affected. Upon receiving blood samples, we perform 

a battery of analyses in order to evaluate abundance of immune cell subsets and functions, and 

if needed, we proceed with WES/WGS. Of note, the prices of the different sequencing 

approaches has dropped to very affordable levels facilitating genetic investigation. After a 

novel gene variant is identified and validated, my job has been to characterize and provide a 

molecular explanation for the suspected variant in relation to genotype-phenotype. [Figure 6]. 

 
 
 
 

 
Figure 6. Simplified version of the workflow/pipeline used for exploring the papers presented in this thesis. 
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4.1. PBMCs separation 

Buffy coats were ordered from the local blood bank (Karolinska Huddinge Hospital) and 

patient blood samples in heparin were provided by nurses/doctors. Peripheral blood 

mononuclear cells (PBMCs) were separated from the rest of blood components using a glucose 

gradient or Ficoll gradient. Cells were later maintained in incubators at 37°C, 5% CO2. If 

possible, assays were run with fresh cells. Papers I, II, III, IV, V and VI. 

 

 4.2. Cell subset enrichment/isolation 

PBMCs still represent a highly heterogeneous population, so to specifically study cytotoxic 

lymphocytes cell enrichment is required. A relatively quick method for isolating cytotoxic 

lymphocytes involves the coating of PBMCs with specific magnetic bead-conjugated 

antibodies targeted to the markers present in the cells that are not wanted and separated when 

filtering through a column. This method, termed magnetic associated cell sorting (MAC) 

enrichment, allows for high purity (>98%). However, when a 100% pure population is required 

or when there is no availability of markers for isolating specific subsets, fluorochrome 

associated cell sorting (FACS) is used. This process can take up for several hours, depending 

on cell abundance and cell requirement. Papers III and IV.  

 

 4.3. Immunophenotyping 

Immunophenotyping refers to the process of phenotypically characterize immune cell subsets. 

Fortunately, there is always a combination of surface (easy access) and intracellular marker for 

specifically locate certain immune subsets. These markers are surface proteins termed clusters 

of differentiation (CD) but also intracellular proteins, which are associated with function and/or 

developmental state of a given cell type. In our case, by using fluorochrome-conjugated 

antibodies we were able to determine abundancy and functional state of specific subsets that 

allowed us to characterize the patient’s immune state. Papers I, II, III, IV, V and VI. 

 

 4.4. Assessment of cytotoxic lymphocyte function 

Cytotoxic lymphocytes can kill target cells with high efficiency. For that, upon certain 

combination of stimulations, cytotoxic cells trigger a killing program, leading to degranulation 

and production of pro-inflammatory cytokines. We routinely screened for degranulation 

(CD107a surface expression) and intracellular presence of TNF and IFN-g in NK cells and 

CD8+ T cells. Papers I, II, III, IV, V and VI. 
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 4.5. DNA sequencing 

DNA sequencing, followed by bioinformatic analyses of the data and the variants of interest, 

has allowed us to identify novel gene variants associated with certain phenotypes/disorders. 

We have performed both WGS and WES. In addition, we have confirmed the novel variants 

by Sanger sequencing. Papers I, II, IV, V and VI. 

 

 4.6. Recombinant DNA technology 

The discovery of the restriction enzymes revolutionized molecular biology. We have modified 

bing and small plasmids such as the pMaxGFP backbone (Lonza) with different tags for either 

N or C-terminal domains. We then had access to overexpression systems. In addition, we have 

also modified viral constructs for cell transduction. Papers I, III, IV, V and VI. 

 

 4.7. Cell transfection and transduction 

Cell line HEK293T has been the primary source of transfection for overexpression and 

interaction assays. Moreover, purified and stimulated CD8+ T cells have also been transduced 

for evaluating functional responses. Papers I, III, IV and VI. 

 

4.8. Western blot 

Western blot allows for protein detection (presence), quantification (amount) as well as size 

differences (posttranslational modification and/or conjugate formation). Samples were pelleted 

by centrifugation then lysed. Supernatants, containing the floating proteins, were mixed with 

specific buffers and run in SDS-PAGE gels. Gel content was transferred to a membrane, which 

was incubated with the respective antibodies. Western Blot has been essential to this PhD 

thesis. Interestingly, as today, I have developed more than a thousand blots according to my 

account in the developing instrument! Papers I, II, III, IV, V and VI. 

 

4.9. Immunoprecipitation 

Immunoprecipitation assays provide excellent information on protein-protein interactions. 

Lysis conditions are of essence, since they may affect the binding of the proteins due to distinct 

salt or detergent concentration. Papers I and IV. 

 

4.10. PCR 

The PCR technique allows for detection of transcripts, once RNA has been converted to 

cDNA. We have used it for cloning as well as for determine expression of genes. Papers I, 

II, III, IV, V and VI. 
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4 RESULTS AND DISCUSSION 
 

Mutations in genes that participate in the immune response disrupt the balanced homeostasis 

and the effectiveness of the immune system. Specifically, mutations in genes that contribute to 

the killing capacity of cytotoxic lymphocytes cause systemic inflammation due to the 

combination of an unsuccessful eradication of the pathogen, an uncontrolled expansion of 

activated lymphocytes and an exaggerated secretion of pro-inflammatory cytokines. Such 

systemic, potentially fatal inflammation is a common theme in the projects presented here. In 

this section, the results of the papers sustaining the thesis’ work will be analyzed and discussed 

in detail. 

 

 

Paper I and paper II comprise the clinical study of patients with XLP1 diagnosis, which is 

caused by hemizygous mutations in SH2D1A. 

 

 

4.1 Paper I: Diagnostic challenges for a novel SH2D1A mutation associated with X-linked 

lymphoproliferative disease 

 

In paper I [Figure 7], we were challenged by an interesting clinical case based 

on a 21-year-old Canadian patient who succumbed to EBV-HLH diagnosis and carried a 

previously unreported SH2D1A variant. Initially, following a period of tiredness, the patient 

presented pancytopenia and prolonged fever. Despite being treated with antiviral therapy for 

the presence of EBV, the high titers confirmed by PCR did not go down. In the past, patient 

only had an episode of EBV-driven infectious mononucleosis as a remarkable feature. After a 

few months, patient was admitted to an adult cancer center where the diagnosis of EBV-HLH 

was established. Shortly after, the patient worsened, did not respond to treatment and eventually 

died. Autopsy revealed that the patient displayed hemophagocytosis as well as T cell 

lymphoma in several organs, including spleen, bone marrow and lymph nodes. 
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Figure 7. Summary card with 3D protein structure, function and keypoints for paper I. PDB: 1KA6 (in red E17). 
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Upon targeted sequencing, the patient was found to be hemizygous for a novel 

SH2D1A c.49G>A p.(E17K) variant. Interestingly, his three younger, male siblings also carried 

the variant in question. These results were Sanger confirmed, a common routine in all labs in 

order to corroborate findings, especially the ones derived from large-scale sequencing.  

Visualization of the three-dimensional structure of a protein is extremely 

informative. Unfortunately, despite recent efforts, 200 it is not feasible to routinely determine 

protein folding from any gene variant.201 A three-dimensional SAP structure was available at 

the Protein Data Bank (PDB) database202 and was used for evaluating location and possible 

functional impact of the new variant. SAP structure (PDB code: 1KA6) consisted of human 

SAP protein crystallized with a synthetic phospho-tyrosine ligand. The SAP p.E17K amino 

acid change is located in the first a-helix and it represents a change from a negatively charged 

glutamic acid (E) to a positively charged lysine (K) [Figure 8A]. Importantly, although E17 

does not directly interact with the p-Y present in the target motif, its negative charge has been 

considered essential for the binding. SAP uses a three-pronged mechanism by which it 

recognizes the threonine residue at position -2 of the ITSM,170 which could be now affected. 

 We next tested the SAP expression to confirm protein stability. Compared to B 

cells, which have negligible levels of SAP protein, SAP is expressed in T and NK cells. In the 

case of the three healthy siblings, which represent the available samples back then, SAP 

p.E17K was expressed to a similar extend as the transport controls [Figure 8B]. These results 

suggested that SAP p.E17K was stably expressed in primary cells. Next, we tested function in 

NK cells from healthy siblings. Meazza and colleagues proposed, around the time the project 

was started, a functional assay aimed to become a quick assessment of SH2D1A mutations in 

patients suspected of XLP1.203 This functional assays involved the synergistic stimulation of 

NK cells by triggering the SAP-mediated 2B4 and the ITAM-mediated NKp46 receptor 

signaling.203 However, our results did not show any significant reduction for the siblings 

carrying the SH2D1A c.49G>A p.(E17K) variant. In order to confirm our data, we also 

performed the assay for evaluating the intracellular responses that are dependent on SAP in 

female carriers of SAP deficiency, where only a mild decreased effect was observed. In order 

to complement findings obtained in primary cells, expression vectors containing SAP wild-

type and SAP p.E17K were introduced together with a FLAG-2B4 expressing vector in the 

well-established HEK293T cell line. In resting conditions, there was no FLAG-2B4 

phosphorylation, so neither SAP WT nor SAP p.E17K were detected in the Western blot. 

However, upon treatment with sodium orthovanate, which inhibits internal phosphatases, there 

was immunoprecipitation of SAP WT but not SAP p.E17K [Figure 8C]. Eventually, a 
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quantification showed a significant reduction of more than 95% to the binding of SAP p.E17K 

to 2B4. 

 

 
Figure 8. Highlights of paper I. (A) Three-dimensional structure of SAP with color-coded residues. (B) SAP 

expression assessed by flow cytometry. (C) Representative Western blot for anti-FLAG immunoprecipitation 

followed by SAP detection. 

 

Therefore, considering the cellular assays that showed reduced SAP p.E17K binding to 

phosphorylated 2B4 receptor by 95%, we concluded that this novel variant likely represents a 

pathogenic mutation with incomplete penetrance. In consequence, we recommend monitoring 

of the healthy carriers. 

 

4.2 Discussion Paper I: The novel SH2D1A c.49G>A p.(E17K) variant is a disease-causing 

variant with incomplete penetrance 

 

There are several important points to highlight in paper I:  

 First, the fact that there are three healthy siblings carrying the SH2D1A c.49G>A 

p.(E17K) disease-causing variant that have been infected by EBV but have not succumbed to 

the infection or developed HLH. There is lack of genotype-phenotype correlation in XLP1, 

which leads to an unpredictable course of the disease.149 A report published in 2019 represents 
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a very illustrative example of the very different phenotypic presentations of XLP1.204 The 

analyzed family had three sons with the same SH2D1A hemizygous mutation that lead to exon 

2 deletion and thus a SAP protein lacking a part of the crucial SH2 domain. The older sibling, 

patient one, was infected with EBV and developed hypoglammaglobulinemia as well as chest 

infections, but thanks to a combination of rituximab, immunoglobulin therapy and antibiotics 

was reported to be doing well. The second sibling, patient two, warned by the family history 

was screened early in life and despite the chemotherapy treatment for the non-Hodgkin 

lymphoma in ileum, managed to get HSCT and was reported to be fit and well. Finally, the 

third sibling, patient three, was developing well until 11 months of age, when he started with 

seizures. Later, systemic inflammation in the central nervous system led to the diagnosis of 

severe CNS-HLH. Despite extensive medical efforts, patient developed multi-organ failure and 

eventually died. Patients two and three were EBV PCR negative. EBV infection has frequently 

been associated with HLH development and lymphoma onset in immunocompromised 

patients. However, there seems to be no significant difference in mortality between EBV-

positive and EBV-negative XLP1 patients.149 Two other recently published reports also 

emphasize the diverse phenotypic nature of XLP1.205,206 Interestingly, in one of them they 

managed to apply HSCT to two asymptomatic individuals with predicted pathogenic 

variants.206 HSCT is crucial for long-term survival, especially if displaying HLH, given that 

survival increases from 18% to 50%.149 Therefore, comparing this case with ours should warn 

doctors and scientists to be extremely cautious about the complications that can develop. We 

strongly suggest close monitoring to patients with novel SH2D1A variants, due to the presence 

of incomplete penetrance. To sum up, we provide evidence supporting the classification of 

SH2D1A c.49G>A p.(E17K) variant as a loss-of-function, potentially disease-causing variant 

in XLP1 patients. Additionally, siblings did not have iNKT, which supports the SAP functional 

deficiency evaluation.177,207 

 Second, it is important to comment on the concept of incomplete penetrance.  

Incomplete penetrance is synonymous with reduced penetrance. When we refer to penetrance, 

we use a binary metric to evaluate the presence or absence of a disease trait, and this is different 

from variable expressivity that allows for a range of clinical phenotypes.208 Studies on 

penetrance are scarce, since it is not popular to publish variants with highly reduced penetrance 

as well as due to the inability to detect asymptomatic individuals carrying mutations in the 

general population.208 Despite the frequency of incomplete penetrance in PID, no conceptual 

framework exist to categorize and explain these occurrence. Anyhow, certain estimates across 

PIDs suggest that around 10% of families display some degree of incomplete penetrance.122 It 

has been recently reported that there are several players that impact penetrance, including four 
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established components such as partial genetic defects, (epi) genetics modifiers, environmental 

influences and mosaicism, while other remain uncharted, like protective variants, sub-

infections exposures, monoallelic expressions and genomic compensation.209 An interesting 

phenomena observed in XLP1, which may explain incomplete penetrance is represented by 

somatic reversion of SH2D1A mutations. Such revertant mutations, only detected in memory 

CD8+ T cells, probably undergo an EBV-mediated selection process that allows them to be 

SAP-functional and respond accordingly.210 However, detection of SAP protein reversion is 

facilitated if the original mutation leads to a truncated, unstable protein, something we did not 

observe in our three healthy siblings.210 

 Lastly, we challenged the proposed quick assay for XLP1 patients. According to 

the recommended test by Meazza and colleagues,203,211 in which they take advantage of the fact 

that without SAP 2B4 receptor behaves as an inhibitory receptor, it can help to quickly diagnose 

XLP1. In fact, when they stimulated PBMCs from XLP1 patients with antibodies against 

NKp46, which signals through ITAM, they detected increased degranulation compared to 

unstimulated cells, which was afterwards reduced due to the co-stimulation with an anti-2B4 

antibody. However, we did not replicate these results with our male siblings carrying the 

SH2D1A c.49G>A p.(E17K) variant. It is important to mention that their study only contained 

twelve patients, of which nine had null SAP expression, two highly reduced expression, and 

only one normal SAP expression. The latter would be closer to our case. We question the 

sensitivity of the assay with our results in the carrier siblings as well as with the female carriers. 

Interestingly, these assays do not work offer a diagnostic assay though stimulation of other 

activating receptors expressed in NK cells, such as DNAM-1 and NKG2D.211 Furthermore, we 

are not aware of any new case report published using this assay since it was reported, probably 

because nowadays it is easier to sequence a gene or even carry out large-scale sequencing than 

to perform flow cytometry assays that requires several reagents and instruments (maybe even 

the need to outsource it). Thus, it seems that genetic screening of SH2D1A remains the gold 

standard for XLP1 diagnostics, which can be further complemented by biochemical assays. 
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4.3 Paper II: Fatal central nervous system lymphocytic vasculitis after treatment for 

Burkitt Lymphoma in a patient with a SH2D1A mutation 

 

In paper II [Figure 9], we faced the case of a 14-year-old patient diagnosed with ileocaecal 

Burkitt lymphoma, suffering from abdominal pain and weight loss. Of note, Burkitt lymphoma 

is a non-Hodgkin's B cell lymphoma. While there were records of a past EBV infection detected 

by positive antibody (IgG) test, no current EBV infection was ongoing based on negative PCR 

test results. Interestingly, patient had a younger brother who died of fulminant mononucleosis 

at 2 years of age. Considering the B cell dysregulation present in the family, especially in two 

affected sons, suggestion of XLP1 diagnosis was made and it encouraged further investigation. 

 We first immunophenotyped the patient’s cells, observing the lack of iNKT cells, 

a hallmark of SAP deficiency,177,207 and low numbers for class-switched memory B-cells. In 

addition, patient presented hypogammaglobulinemia. SAP was not detected in PBMCs from 

the patient in contrast to healthy transport and local controls, as confirmed by flow cytometry 

and also by Western blot experiments. Alongside to the previous assays, the patient PBMCs 

were sequenced and a disease-associated SH2D1A c.201G>A p.(E67E) variant was detected. 

This variant, previously reported by Debeljak et al.212, causes a synonymous mutations where 

the nucleotide change is translated to the same amino acid, thus causing no modification. 

However, at the mRNA level, the splicing is affected, leading to a protein missing one exon, in 

this case the exon 2 encoding a big part of SAP SH2 domain. Since no protein was expressed, 

we checked by PCR if the mature SH2D1A c.201G>A mRNA contained exon 2. For that, a 

forward primer targeting exon 1 and a reverse primer targeting the exon-exon junction for 

exons 2/3 were used. We obtained no band from patient cDNA compared to controls, 

confirming that mature SH2D1A c.201G>A mRNA from patient lacked exon 2. 

Albeit the patient recovered from the lymphoma thanks to the provided treatment 

(LMB96 protocol), he shortly after developed memory loss, hemorrhagic lesions in the brain 

and consequently neurological affection worsened. A cerebral stereostatic biopsy revealed 

vasculitis, with perivascular invasion by CD8+ T lymphocytes, without B cells. Despite the 

extensive laboratory attempts, no viral or bacteria infection were detected in cultures. One 

month after the first symptoms, he was unable to walk, talk or recognize his parents. He 

received cyclophosphamide and alemtuzumab but continued to deteriorate. Finally, the patient 

became comatose. There was a notion of neurologic irreversibility, so the patient did not 

receive HSCT. He ultimately died 4 months after the first neurologic symptoms. 
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Figure 9. Summary card with 3D protein structure, function and keypoints for paper II. PDB: 1KA6 (lost 

residues in red). 
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4.4 Discussion paper II: CNS vasculitis can occur irrespectively of ongoing EBV infection 

 

There are several important points to highlight in paper II:  

 First, determining whether there is expression of a protein, even if truncated, is 

essential considering the modular contribution of the different domains of a protein. However, 

it is surprising that while it was postulated that truncating mutations or mutations that remove 

several exons in the SAP protein are frequently associated with severe phenotypes in contrast 

to missense variants with milder phenotypes, several studies have proved otherwise.155 In any 

case, the lack of detection of this SAP p.E67E variant at the protein level could be attributed to 

two independent explanations. First, due to a technical reason: it is possible that an antibody 

targeted to the SH2 domain of SAP, which is essentially what this small protein contains, does 

not bind an altered splicing variant where exon 2 is missing. Congruently, since the anti-SAP 

antibody used for flow cytometry and Western blot is the same, it fits the fact that it is not 

detected in any. In regard to the lack of detection of exon 2 in the mature mRNA by PCR from 

patient cells, it is possible that the nonsense-mediated mRNA decay degraded the transcript. 213 

It would have been possible to assess presence of a SH2D1A c.201G>A transcript by using 

different combinations of primers, such as targeting exon 1 and end of exon 3, avoiding the 

disruption caused by the identified variant. 

Second, the CNS vasculitis phenotype. Although infrequent, CNS vasculitis in 

XLP1 patients presents a devastating panorama since most of the patients described in the 

literature have died.152,214,215 This differs from CNS vasculitis occurring in other inflammatory 

settings such as rheumatoid arthritis or systemic lupus erythematosus,216,217 where treatment 

has instead high success. Thus, detection and prompt treatment are of essence. The first reports 

on XLP1-associated CNS vasculitis described the presence of EBV infection.214 However, our 

report together with a previous one from Talaat and colleagues,218 suggest that vasculitis may 

occur irrespective of the EBV status of the patient. As today, it is not clear whether EBV-

mediated XLP1-associated CNS vasculitis is caused by vessel cells being infected by EBV and 

thereby becoming targets of activated CD8+ T cells, or because a bystander effect of the 

aberrant function of CD8+ T cells to the vessel walls.215 Of note, although opportunistic 

infections could be responsible for triggering anomalous immune responses, we performed an 

extensive microbiologic investigation that turned out negative.  
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Paper III and paper IV focus on Munc13-4 and Rab27a proteins, respectively. These proteins 

are crucial for cytotoxic lymphocyte degranulation. Genetic defects in components of the 

cytotoxic pathway cause systemic inflammation and are associated with a life-threatening, 

hyperinflammatory syndrome termed HLH. Specifically, loss-of-function mutations in 

UNC13D, encoding Munc13-4 are linked to FHL3; while mutations in RAB27A, encoding 

Rab27a are linked to GS2. Of note, Munc13-4 and Rab27a interact with each other while 

mediating the secretion of cytolytic granules. 

 

4.5 Paper III: Alternative UNC13D promoter encodes a functional Munc13-4 isoform 

predominantly expressed in lymphocytes and platelets 

 

In paper III [Figure 10], we aimed to functionally characterize two UNC13D isoforms in 

which we suspected had different cellular functions. For that, we studied both mRNA and 

protein expression levels as well as protein location and contribution to lymphocyte exocytosis. 

Our laboratory previously identified a novel UNC13D c.118-308C>T variant that caused FHL3 

in patients due to impaired intron 1-based transcription enhancement.219 Furthermore, this 

variant represented an alternative promoter encoding a novel Munc13-4 isoform. Therefore, 

the diverse isoforms, conventional and the novel alternative, present distinct transcription start 

sites (TSS). First, we assessed TSS usage across the UNC13D locus in hematopoietic cell 

subpopulations by comparing the expression profile of seven UNC13D transcripts in the 

FANTOM5 consortium.220 Results showed that both transcripts were the prevalent transcripts 

in hematopoietic cells among the evaluated ones. In addition, they displayed differential 

expression: while the conventional isoform was predominantly expressed in neutrophils, 

monocytes and B cells, both conventional and alternative isoforms were similarly expressed in 

NK and T cells. Dermal fibroblasts, used as a control, did not express any UNC13D isoform. 

Interestingly, both isoforms present evolutionary conserved Kozak sequences before their 

respective start site for translation. The Kozak sequences is considered as the optimum 

sequence for initiating translation in eukaryotes. Taken together, these results show that there 

is transcriptional regulation on UNC13D isoforms expression in distinct hematopoietic cells, 

prompting further investigation. 
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Figure 10. Summary card with 3D protein structure, function and keypoints for paper III. 

 



 

 44 

Next, we aimed to determine whether the two isoforms were expressed and if the 

expression levels replicated the transcriptional data. Since both isoforms only differ in a few 

residues, i.e. conventional Munc13-4 isoform is the larger isoform consisting of 1,090 residues 

(predicted size of 123 kDa) whereas the alternative Munc13-4 is shorter with 1,071 residues 

(predicted size of 114 kDa), they would be difficult to distinguish by Western blot. Thus, we 

teamed up with a company for generating the isoform-specific antibodies, which are now 

commercially available [Figure 11A]. Quality and specificity of the synthesized antibodies 

was assessed by ectopic expression of the isoforms in HEK293T cells [Figure 11B]. After 

generating the detection tool, we then sorted distinct hematopoietic cells by flow cytometry, 

lysed them and examined by Western blot the corresponding isoform expression [Figure 11C, 

11D]. It is worth to mention that the sorted subsets were in resting state, so the differentiated 

immune subsets did not differ in size. Expression in B cells was used for data standardization. 

Regarding expression of the longest isoform, monocytes, neutrophils, NK cells and 

differentiated CD8+ T cells displayed higher expression. Monocytes, similarly to the 

transcriptional data, expressed several fold-increased levels of the conventional isoform. In 

contrast with the conventional isoform, the shortest isoform was preferentially expressed in 

platelets and the majority of lymphocyte subsets. We also concluded that conventional 

Munc13-4 is upregulated upon cytotoxic lymphocyte differentiation.  



 

  45 

 
Figure 11. (A) Isoform-specific rabbit antibodies were generated to differentiate conventional from alternative 

Munc13-4 isoforms. (B) Specificity of the antibodies was tested on transfected (GFP, conventional or alternative 

isoforms) HEK293T cells. (C) Sorted cells were lysed and blotted for Munc13-4 conventional isoform or (D) for 

alternative isoform. Dots represent individual patients, bars represent mean values with SD. Statistics: ns, 

nonsignificant P > 0.05; *P ≤ 0.05, **P ≤ 0.01. 

 

Later, we aimed to investigate the location of Munc13-4 isoforms within the 

cellular boundaries. Since the N-terminal domain of neuronal Munc13 proteins controls the 

binding of interaction partners and location,221,222 we contemplated the possibility that this 

region, which differs in conventional versus alternative, also impacted Munc13-4 location and 

function. Munc13-4 interacts with Rab27a and Rab11, which facilitates vesicle fusion leading 

to the formation of a cytotoxic granule (CG) precursor.223 To that end, freshly isolated CD8+ T 

cells from healthy donors were co-transfected with constructs expressing recombinant 

Munc13-4 isoforms terminally tagged with mCherry as well as EGFP-Rab11 to track the 

recycling endosomes. The use of mitotracker (a mitochondria stain) was used as a negative 

control. Our data suggested that both isoforms displayed similar expression levels upon 

overexpression in primary CTLs. Likewise, both isoforms displayed similar intracellular 

distribution in CTLs, where they associated with recycling endosomes, based on microscopy 
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data and the Manders’ coefficient analysis. After observing that the N-terminal difference of 

conventional versus alternative Munc13-4 isoforms did not impact subcellular location, we 

aimed to modify the conditions and evaluate whether there was a difference during lymphocyte 

stimulation. Upon stimulation, CTLs secrete granules and Munc13-4 is a key player of this 

process.224  To that end, we also transfected freshly isolated CD8+ T cells and stimulated them 

with phorbol myristate acetate (PMA). In this case, Granzyme B-TFP was used as a marker for 

CG. Microscopy images and subsequent co-localization Manders’ coefficient analyses showed 

that while both conventional and alternative isoform are recruited to the immune synapse upon 

stimulation, compared to basal level, there is a complete overlap of the two isoforms. This 

suggest that they are both equally recruited to the immune synapse. Notably, this also implies 

that both isoforms can support cytotoxic function. Eventually, we analyzed the IS of stimulated 

and transfected CD8+ T cells using high-resolution total internal reflection fluorescence 

(TIRF). This microscopy procedure allows for better visualization of vesicle dynamics within 

the IS boundaries.225,226 After 10 minutes, we noticed that both isoforms were equally recruited 

to the IS where the CGs also accumulated before fusion with the plasma membrane. In 

conclusion, our microscopy results suggested that both isoforms localized similarly and could 

be recruited to the IS irrespectively of their N-termini domain. 

 Finally, we aimed to assess their functional contribution to cytotoxicity by testing 

whether the two isoforms could reconstitute degranulation in FHL3 patients. To that end, we 

performed a genetic rescue experiment of both isoforms in Munc13-4-deficient CD8+ T cells 

from selected FHL3 patients with biallelic UNC13D nonsense mutations. We isolated CD8+ T 

cells from the patients, stimulated the cells, and transduced the cells with C-terminally tagged 

GFP Munc13-4 by using a vesicular stomatitis virus G (VSVG)-lentiviral vector. Results 

showed that upon transduction, reconstituted CD8+ T cells expressed both conventional and 

alternative Munc13-4 isoforms at comparable levels. In addition, when we examined the 

cytotoxic capacity as CD107a expression on the cell surface, both isoforms recovered the 

function on the defective CD8+ T cells from patients. Interestingly, the overexpression of the 

Munc13-4 isoforms did not increase the degranulation capability of the cells, suggesting there 

is a functional limit in the response. Taken together, our results showed that both Munc13-4 

isoforms could restore exocytosis in Munc13-4 deficient CD8+ T cells. 
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4.6 Discussion Paper III: The expression of two distinct UNC13D isoforms is differentially 

regulated in hematopoietic cells but they present functional complementarity 

 

There are several important points to highlight in paper III:  

 First, the differential expression pattern. Munc13-4 is required for exocytosis by 

several immune cell subsets.227 In addition, Munc13-4 can act as rate-limiting protein of the 

pathway, as was shown in human platelets as well as in Jinx mice platelets in which there is an 

Unc13d splice site mutation.228,229 Our results shown that the conventional Munc13-4 is more 

highly expressed in myeloid cells as compared to lymphoid subsets, while the alternative 

Munc13-4 isoform is preferentially expressed in lymphocytes and platelets. Importantly, these 

differences were supported by transcriptional data. Moreover, we also found that expression of 

conventional Munc13-4 is increased in more differentiated CD8+TEMRA and NK cells compared 

to naïve CD8+ T cells, while the alternative isoform is expressed at a comparable level in these 

subsets. In agreement with these findings, we have previously shown that Munc13-4 expression 

is up-regulated approximately 5-fold during lymphocyte differentiation.219 Our data therefore 

suggest that while transcript and protein expression levels of either Munc13-4 isoform are 

similar in T cells, it primarily is the conventional isoform that is induced upon lymphocyte 

differentiation, implicating a differential transcriptional regulation of the two isoforms. The 

notion that different hematopoietic cells subsets predominantly express one isoform or the other 

has several implications. Cell-type specific transcription factor complexes could promote the 

expression of conventional versus alternative isoform in distinct hematopoietic subsets. 

 Secondly, the functional contribution of the two isoforms. Our microscopy and 

flow cytometry data supported that they are similarly located, both are recruited to the immune 

synapse and furthermore can successfully recover degranulation function. However, it is 

important to mention that all these experiments were carried out in CD8+ T cells, either from 

healthy donors or from FHL3 patients. Thus, it is possible that conventional and alternative 

isoforms may show distinct contribution to degranulation in other cell types. For example, 

Munc13-4 has recently been implicated in the regulation of vesicular trafficking pathways in 

other cell types, including granule exocytosis in mast cells,230 exosome release by breast cancer 

cells,231 and secretory granules by endothelial cells.232 According to our data, neutrophils 

appear less dependent on the expression of the alternative isoforms to regulate granule 

exocytosis. It is therefore of interest to examine neutrophil and platelet exocytosis in patients 

with the UNC13D intronic mutation, because patients have defective lymphocyte exocytosis 

but may retain neutrophil and platelet exocytosis. 
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 And last, in consequence with the two previous arguments, our results 

dismounted our initial hypothesis. This hypothesis was based on the fact that (a) homologous 

Munc13-4 proteins, like neuronal Munc13-1 can be differentially located within the cell 

depending on the N-terminus splicing,221 (b) these homologous proteins also display a C-

terminal domain that facilitates their location close to the plasma membrane. Munc13-4 does 

not present this domain, so it was a possible explanation for location and function. Now, it has 

been reported that Munc13-4 does it via RhoG.233 Finally, (c) genes use different TSS for 

expressing different isoforms with different functions, including N-terminal different isoform. 

For example, C. elegans unc13 gene presents different isoforms with distinct functions, 

although the different domains are not N-terminal distinct.234 Therefore, while the two 

Munc13-4 isoforms, conventional and alternative, do not act differently regarding cytotoxic 

function it is possible that they act otherwise in other subsets.  

 

4.7 Paper IV: A novel RAB27A variant associated with fatal hemophagocytic 

lymphohistiocytosis alters effector protein binding affinities  

 

In paper IV [Figure 12], we identified and characterized a novel homozygous RAB27A variant 

found in a patient presenting with adult-onset HLH. Mutations in RAB27A are associated with 

GS2, a syndrome characterize by partial albinism and systemic inflammation. A 35-year old 

male with a history of recurrent sinopulmonary infections initially presented with recurrent 

fever and dry coughs. He was born to consanguineous parents of Turkish origin and had eight 

siblings. He was initially diagnosed with EBV-driven lymphoproliferation based on high EBV 

copy numbers and pathology. A few months later, he fulfilled HLH-2004 criteria.135 In 

addition, patient suffered from schizophrenia and substance abuse episodes. In spite of the 

extensive efforts, lymphoma was excluded and no other underlying cause of HLH besides EBV 

infection was identified. Despite treatment, the HLH repeatedly relapsed. Almost two years 

after initial presentation with EBV-driven lymphoproliferation, the patient developed 

pulmonary aspergillosis and died of pulmonary insufficiency in anticipation of a hematopoietic 

stem cell transplant. 
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Figure 12. Summary card with 3D protein structure, function and keypoints for paper IV. PDB: 3BC1 (R184 in 

red). 
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We performed whole-exome sequencing and identified a novel RAB27A 

c.551G>A, p.(R184Q) variant with low population frequency (<0.0001) and predicted 

damaging. RAB27A encodes Rab27a, a small GTPase that can be prenylated. In melanocytes, 

Rab27a co-ordinates pigment-containing melanosomes by interacting with a melanophilin-

myosin-Va motor complex.235 In hematopoietic cells, secretory lysosome trafficking, docking 

and exocytosis is mediated by Rab27a interactions with Slp2a and Munc13-4.236,237 This new 

variant has a negatively charged glutamine instead of a positively charged arginine at position 

184 of a5-helix of the protein. When assessing evolutionary conservation, we observed that 

both the region as well as the Rab27a Arg184 residue were conserved in vertebrates. Next, 

assessment of the novel Rab27a p.R184Q variant by Western blot revealed that it was 

expressed in patient PBMCs to a similar extend to control samples. In addition, ectopic 

expression of Rab27a wild-type (WT), p.R184Q and p.R184X constructs also revealed normal 

expression of the Rab27a p.R184Q variant, whereas the Rab27a p.R184X mutant was 

degraded. Of note, the Rab27a p.R184X mutant cannot be C-terminally prenylated due to the 

premature stop codon and hence is unstable.238 

While GS2 patients frequently manifest hypopigmentation, our patient 

developed gray hair from age 20 years but microscopic examination lacked typical GS features. 

Moreover, hematoxylin-eosin staining of epidermis showed normal melanosome distribution. 

Later, we evaluated cytotoxic responses of NK cell and CD8+ T cells. Patient NK cells as well 

as CD8+CD57+ T cells displayed reduced exocytosis, but not abolished as frequently observed 

in FHL. Interestingly, cells displayed low intensity of CD107a surface expression, as 

previously reported in a patient with hypomorphic UNC13D variants associated with late-onset 

HLH.239 

Following the results obtained using patient primary cells, we aimed to assess the 

contribution of Rab27a p.R184Q to melanosome trafficking and to cytotoxic lymphocyte 

exocytosis in rescue experiments. For this purpose, we transduced mouse Ashen Rab27a-

deficient melanocytes, which are homozygous for a Rab27a variant that disrupts exon 

splicing,240 with adenoviral vectors encoding for tagged Rab27a wild-type or p.R184Q variant 

constructs. The Rab27a p.R184Q variant rescued pigment dispersion in murine melanocytes in 

a manner comparable to Rab27a wild-type constructs [Figure 13A]. In regard to cytotoxic 

function, human CD8+ T cells from GS2 patients were transduced with lentiviral constructs 

encoding either Rab27a wild-type or p.R184Q with a N-terminal mCherry tag. Of note, 

transduction efficiency of the different Rab27a constructs was similar in GS2 patient CD8+ T 

cells. Exocytosis was evaluated following anti-CD3 antibody stimulation, which significantly 

increased exocytosis by GS2 patient CD8+ T cells transduced with Rab27a wild-type, but not 
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those with Rab27a p.R184Q constructs [Figure 13B]. Untransduced, CD8+ T cells from 

healthy volunteers served as a control. Taken together, these results support the notion that 

Rab27a p.R184Q facilitates melanosome pigmentation but does not efficiently support 

cytotoxic lymphocyte exocytosis. 

 

 
Figure 13. Reconstitution experiments for the Rab27a project. (A) Rab27a-deficient mouse Ashen melanocytes 

transduced with constructs encoding mRFP-tagged Rab27a WT or p.R184Q variants. Fluorescence images 

(bar=10µm) show expression of vector control GFP or mRFP-Rab27a constructs 11 brightfield images 

(bar=50µm) melanosome distribution in transduced cells. (B) CD8+ T cells from Rab27a-deficient GS2 patients 

transduced with constructs encoding mCherry-Rab27a WT or p.R184Q variants. Graph depicts the frequency of 

transduced CD8+ T cells with surface CD107a expression. Dots represent individual patients, bars represent mean 

values with SD. Statistics: ns, nonsignificant P > 0.05; *P ≤ 0.05, **P ≤ 0.01. 

 

To determine how the patient-derived Rab27a variant might interfere with 

lymphocyte exocytosis, we assessed the capacity of the Rab27a p.R184Q variant to interact 

with the effector proteins expressed in immune cells. FLAG-tagged Rab27a wild-type, 

dominant active p.(Q78L) or dominant negative p.(T23N) constructs,228 encoding the wild-type 

or p.R184Q variant, were co-expressed with plasmids encoding MYC-tagged, full-length Slp2a 

or Munc13- 4 in HEK-293T cells. Co-immunoprecipitation of Slp2a or Munc13-4 with tagged 

Rab27a variants was quantified in cell lysates. Relative to Rab27a wild-type, the Rab27a 

p.R184Q variant displayed around 25% reduced binding to Slp2a. A reduction of more than 

30% was observed when the Rab27a p.R184Q variant also carried the constitutive active 

p.Q78L (GTP-bound) mutation. Furthermore, compared to Rab27a wild-type, the Rab27a 

p.R184Q variant displayed 10-fold increased binding to Munc13-4. The Rab27a p.R184Q 

variant also carrying the inactive p.T23N (GDP-bound) mutation displayed 100-fold greater 

Munc13-4 binding, whereas the active p.Q78L mutation construct displayed only mildly 

increased Munc13-4 binding. In contrast to previously published reports,228 the inactive 
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Rab27a p.T23N mutant bound Munc13-4 with higher propensity than the active p.Q78L 

mutant in our experimental setting. 

In summary, relative to Rab27a WT, the Rab27a p.R184Q variant displayed 

decreased binding to Slp2a and increased binding to Munc13-4. This data suggests that the 

Rab27a p.R184Q variant displays an imbalance in effector binding, disrupting Munc13-4-

mediated exocytosis.  

 

4.8 Discussion Paper IV: Rab27a p.R184Q is a disease-causing variant with enhanced 

Munc13-4 binding 

 

There are several important points to highlight in paper IV: 

First, the fact that a 35-year-old man developed HLH, thus considered as a late-

onset HLH case. Although patient was initially diagnosed with EBV-driven 

lymphoproliferative disease, it was the repeated HLH relapse and a pulmonary aspergillosis 

what he succumbed to. Studies have shown that the average age of onset for GS2 patients 

presenting HLH has remained within the pediatric age. In a cohort with 7 patients, average age 

was reported 3.5 years,241 in another report age of onset was 6.5 months with an age of 

diagnosis of 6.1 years.242 However, Pachlopnik Schmid et al.243 did notice that patients with 

nonsense RAB27A mutations presented symptoms at 3.6 years of age, while carriers of 

homozygous missense RAB27A mutations manifested first HLH episodes with 6.9 years, 

somehow supporting the notion that Rab27a protein stability plays an important role. 

Moreover, while evaluating hair shaft features is important in syndromes with albinism, like 

GS2 and other GS, it is sometimes an inaccurate diagnostic parameter since some RAB27A 

mutation do not impair melanosome distribution. We could speculate that the observed late-

onset phenotype could be due to the fact that the patient-derived Rab27a p.R184Q variant was 

still stably expressed, as seen in both PBMCs and in transfected HEK293T cells. In addition, 

we observed that Rab27a p.R184Q variant retained binding to Munc13-4, therefore 

representing a hypomorphic Rab27a variant.  

Second, the enhanced binding of Rab27a p.R184Q and p.R184Q/p.T23N double 

mutant to Munc13-4. Shirakawa et al.228 observed that Munc13-4 preferentially binds to 

Rab27a-GTP in comparison with Rab27a-GDP, although binding to the GDP version is still 

within the detectable margin. Interestingly, MYC-tagged Munc13-4 interacted stronger with 

Rab27a p.R184Q compared to Rab27a wild-type, which validates that the a5-helix of Rab27a 

is a fundamental region for Munc13-4 binding. However, it was more surprising that during 

our assays, MYC-tagged Munc13-4 interacted a hundred times stronger with Rab27a 
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p.T23N/p.R184Q double mutant compared to p.T23N single mutant. The double amino acid 

change might lead to a specific three-dimensional conformation of the protein that essentially 

locks Munc13-4 tightly bound to Rab27a. This mechanism could cause a dysregulation in the 

cytotoxic pathway of lymphocytes since the complex might not successfully disintegrate, 

which in consequence, impairs degranulation. In order to better understand this conformation 

change, certain assays could be performed. The use of small probes for assessing protein 

conformational change as well as protein-protein interaction has attracted lots of attention. It 

has been successfully used for differentiating protein isoforms functions (which can be of use 

for paper III as well),244 and recently for large scale approaches.245 

And last, our proposal of Rab27a a5-helix being important for interaction with 

Munc13-4. A three-dimensional structure of Rab27a in complex with Munc13-4 has been not 

published. However, previous reports that included functional assays showed that the putative 

Rab27a:Munc13-4 interaction region in Rab27a involved a4-helix.246 Based on the 

visualization of the novel variant in a Rab27a crystallographic structure  (PDB: 3BC1), we 

additionally propose that a5-helix is an important player for Munc13-4:Rab27a binding, 

despite R184 being localized on an opposite region to the other mutants with affected Munc13-

4 binding. The structure of Rab27a p.Q78L variant in complex with the Slp2a has been 

solved,247 while Rab27a/melanophilin and Rab27a/Munc13-4 complexes have not been 

reported. Slp2a interacts with the Rab27a α5-helix where the R184 residue is located.247 The 

Rab27a R184 residue maintains electrostatic stability required for Slp2a binding, potentially 

explaining why exchange of charge impairs Slp2a binding. The N-terminus of Rab27a can bind 

melanophilin and the Rab27b/melanophilin structure indicates the β1/β2-sheets and α2-helix 

mediate binding of melanophilin.248 A few HLH-associated RAB27A variants in GS2 patients 

with normal pigmentation selectively abolish Munc13-4 but not melanophilin binding.246,249,250 

The Rab27a p.R141fs and p.Y159C variants have indicated that the α4-helix may interact with 

Munc13-4. Remarkably, our data indicates that Rab27a p.R184Q variant binds to Munc13-4 

significantly more strongly than Rab27 wild-type, with the affinity further increased by 

combination with the Rab27a p.T23N mutation predicted to maintain a GDP-bound inactive 

confirmation. Munc13-4 was originally identified as an effector of GTP-bound Rab27a.228 It is 

therefore surprising that the Rab27a p.T23N/p.R184Q variant displays such strong Munc13-4 

binding. Our results warrant further studies into the interplay between Rab27a binding to 

effectors Slp2a versus Munc13-4, and how the affinities of these interactions may determine 

the efficiency of cytotoxic granule exocytosis and lymphocyte cytotoxicity. In conclusion, our 

results indicate that the HLH patient-derived Rab27a p.R184Q variant maintains melanin 

distribution, yet displays dysregulated interactions with Munc13-4 and Slp2a that impaired 
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lymphocyte cytotoxicity. As such, this variant represents the first disease-associated Rab27a 

variant with increased Munc13-4 binding. Altogether, these results suggest that the Rab27a 

p.R184Q variant can predispose to disease, potentially explaining late-onset HLH in our 

patient, and advance insight into protein interactions for disease pathophysiology. In overall, 

this clinical case highlights the relevance of genetic testing in adults for relapsing HLH patients, 

especially when associated with EBV re-activation. Further studies are warranted to develop 

rationale for targeted drug therapy. 

4.9 Paper V: Mevalonate kinase deficiency: Hemophagocytic lymphohistiocytosis as a 

presenting feature of patients with mevalonic aciduria  

In paper V [Figure 14], we faced the challenge of providing an immediate diagnosis, 

supported by robust experimental data, to a Portuguese baby born pre-term that was 

manifesting life-threatening systemic inflammation and worsening. The patient was delivered 

pre-term by Cesarean section due to non-immune fetal hydrops and pre-eclampsia. During the 

first weeks of life, patient displayed fever, hepatosplenomegaly, ascites, hypoplasia of 

abdominal rectus, anemia, thrombocytopenia as well as urticaria-form rash and arthritis, 

meanwhile he was being treated with steroids. The parents had a previous miscarriage at 21 

weeks with observed fetal hydrops and dysmorphic features, prompting further investigation. 

Three months later, he fulfilled HLH criteria, with fever, bicytopenia, splenomegaly, 

hypertriglyceridemia, hyperferritinemia and elevated soluble CD25. 

Upon receiving samples, we firstly examined the patient cytotoxic responses. 

Patient NK cells had normal levels of perforin and managed to degranulate upon stimulation. 

Therefore, we assumed that the patient was unlikely to carry disease-causing variants in 

familial HLH-associated genes. Based on the patient’s phenotype, with severe and early-onset 

inflammation but intact lymphocyte cytotoxicity, an autoinflammatory syndrome was 

suspected. In fact, genome sequencing of the patient identified two unreported MVK c.371G>A 

(p.Arg124Lys) and c.889C>A (p.Leu297Ile) missense variants that were compound 

heterozygous and predicted damaging. No other significant variants in genes associated with 

uncontrolled inflammation in newborns were identified. MVK encodes mevalonate kinase, a 

metabolic enzyme that participates in the synthesis of several essential products, such as 

cholesterol, isoprenoids and ubiquinone.251 Autosomal recessive mutations in MVK cause 

mevalonate kinase deficiency (MKD), a rare autoinflammatory syndrome. Depending on the 

residual MVK activity, MKD can be divided into hyper-IgD syndrome (HIDS) or mevalonic 

aciduria (MEVA).252 When further investigated, we observed that the affected amino acids are 

highly evolutionarily conserved and positioned on the exposed surface of the protein. 
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We performed several experiments to confirm the MKD diagnosis for the patient. 

MVK expression was not detected in the patient PBMCs and mevalonate kinase activity in 

vitro was severely reduced (<2%), while his parents had normal activity (47% and 48% in 

mother and father respectively). Accordingly, the patient displayed excessive mevalonic acid 

in urine (533,7 mmol/mmol creatinine). Thus, we concluded that the patient presented MEVA, 

the most severe MKD form. Mechanistically, MKD causes isoprenoid deficiency, mainly 

geranyl-geranyl groups, leading to decreased geranylation of RhoA, unchecked caspase-1 

activation and excessive production of the pro-inflammatory cytokine IL-1b by the pyrin 

inflammasome.253,254  
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Figure 14. Summary card with 3D protein structure, function and keypoints for paper V. PDB: 2R3V (R124 and 

L297 in red). 
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Congruently, stimulation of patient PBMC with lipopolysaccharide (LPS), a 

trigger of the pyrin inflammasome, resulted in exacerbated IL-1β secretion. In consequence, 

the patient was treated with anakinra (recombinant IL-1 receptor antagonist protein) and 

canakinumab (human anti-IL-1β monoclonal antibody) to fully control the disease. The patient 

was discharged after 6 months of hospitalization.  

At the age of 21 months, the patient displayed neurological impairments, 

hypotonia and mild oculomotor apraxia. Pyrin, encoded by MEFV, is highly expressed in 

phagocytes and IL-1β release is therefore considered to be mainly driven by immune cells. This 

fact lends theoretic support for the utilization of HSCT as a therapy for MEVA, as the defective 

patient’s macrophages would be replaced by fully-functional donor macrophages. Although a 

first T and B cell-depleted haploidentical allogenic HSCT from his father failed due to a 

systemic acute inflammatory response in the patient, a second haploidentical HSCT was 

performed using the same donor and using alemtuzumab-busulfan-fludarabine as conditioning 

regimen. The patient again developed a systemic acute inflammatory syndrome, but a complete 

engraftment of donor cells was achieved. At follow-up, one year after the second HSCT, the 

patient is developing well with adequate psycho-motor evolution, no relapse of his disease and 

normalization of the inflammatory parameters, despite retaining elevated urinary mevalonate 

acid. 

 Furthermore, we also examined clinical studies in previous publications on MKD 

patients and identified a frequent association between HLH and MEVA. Our review of MKD 

patients indicates that life-threatening HLH/MAS is more frequently a feature of MEVA rather 

than HIDS patients. Based on this observation, we recommend assessment of mevalonic 

aciduria in newborns with systemic inflammation that fulfil HLH criteria but display intact 

cytotoxic lymphocyte function. 
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4.10 Discussion Paper V: HLH is a frequent phenotype in patients with severe MEVA 

 

There are several important points to highlight in paper V:  

First, although MKD can be divided into two disorders depending on the severity, 

this is not frequently reported with accuracy in the scientific literature. While mild defects in 

MKD patients lead to hyper-IgD syndrome (HIDS; OMIM: 260920), severe defects cause 

mevalonic aciduria (MEVA; OMIM: 610377). Patients with HIDS present recurrent episode 

of fever associated with lymphadenopathy, abdominal distress, joint involvement and skin 

lesions while patients with MEVA display also neurological damage.255 The threshold between 

the two has been the residual MVK activity,255 giving a continuum spectrum of the disorder, 

although this is not routinely assessed. A severe MVK deficiency does not only inversely 

correlate with the amount of 5´-phopshomevalonate produced but also with the exaggerated 

IL-1b secretion. Lack of differentiation between the disorders negatively impacts conclusions 

or therapies for the patients.  

Second, the fact that the MEVA patient was HSCT transplanted makes him one 

of the few cases reported in literature. The specifics of the conditioning for transplantation of 

the patient have been reported elsewhere, since this was, together with another patient, the first 

case of MKD patients to receive haploidentical α/β T cell and B cell depleted SCT followed a 

specific treatment.256 Interestingly, the fact that the urinary excretion of mevalonic acid 

remained high in post-transplant condition in the absence of any inflammatory signs, probably 

related to the ubiquitous expression of MVK enzyme, suggests that these patients should be 

carefully monitored after SCT to exclude MKD clinical recurrence 

 Third, this was a clinical case in which our quick evaluation of the patient cell’s 

function led to a swift change in therapy and might have improved the patient’s prognosis. 

Doctors assumed an underlying autoinflammatory disorders like the ones caused by mutations 

in NLRC449,257 or TNF receptor gene,258,259 disorders that would have required a distinct 

treatment compared to the anakinra that is more tailored for IL-1b-driven disorders such as 

MEVA. As has been discussed throughout the thesis, certain 

hyperinflammatory/autoinflammatory disorders frequently phenocopy each other, so 

functional assays and exome/genome sequencing are vital. Despite not reported in the 

manuscript, when we obtained the PBMCs from the patient we also performed a flow 

cytometry-based TNF detection assay upon LPS stimulation, in which results confirmed the 

exclusive contribution of damaging IL-1b. 

 Lastly, the association we observe between HLH and MEVA is of utmost 

importance, and although we lack the statistical power of a large cohort study, we have 
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identified a pattern [Table 5]. In addition to our patient, we are aware of an additional 

unpublished case where an MKD patient from a Polish cohort that was initially diagnosed with 

HLH. To our knowledge, HLH or MAS has previously been reported in seven patients with 

MVK mutations. In two large European MKD patient cohorts, development of HLH/MAS was 

reported in only 0.9% (1/114) or 6% (3/50) of the cases.260,261 In a Japanese national survey 

that identified ten MKD patients, two MEVA patients developed HLH whereas the remaining 

eight HIDS patients did not.262 In our review of patients with MKD and HLH, seven of nine 

patients were diagnosed with MEVA or carried biallelic MVK nonsense mutations with at least 

four of the patients born pre-term due to hydrops or eclampsia. In three patients where NK cell 

function was assessed, degranulation against K562 cells was abnormal but not absent (<5%). 

Furthermore, the MEVA patients’ ferritin values were lower than the median (3624 µg/L) 

observed in familial HLH patients. Thus, regarding MKD, by comparison to HIDS, MEVA 

patients appear more likely to develop HLH/MAS. Furthermore, MEVA should be considered 

in HLH patients born pre-term with normal lymphocyte cytotoxicity. Our work should warrant 

further studies on the MEVA-HLH association. 
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4.11 Paper VI: A novel ISG15 missense variant in a patient with severe viral susceptibility 

 

In paper VI [Figure 15], we studied a novel ISG15 variant (hereafter ISG15VAR) identified in 

a presenting with severe influenza susceptibility. ISG15 is an IFN-stimulated protein that 

contributes to the immune defense of pathogens by fulfilling both intracellular and extracellular 

functions. It consists of two ubiquitin (Ub)-like domains linked by a hinge region and can be 

covalently attached to lysine residues of target proteins via its exposed C-terminal glycine 

residue.263,264 This post-translational modification is termed protein ISGylation and, analogous 

to the Ub system, relies on several conjugating enzymes.265 Among its functions, ISG15 can 

be conjugated to endogenous and viral proteins194 in the cytoplasm as well as interact and 

stabilize the type I IFN negative regulator ubiquitin-specific protease 18 (USP18).266 In 

addition to regulating cytoplasmic protein turnover and signaling, ISG15 is secreted and 

promotes LFA-1-mediated adhesion to target cells, thereby facilitating IFN-g production by 

NK and CD8+ T cells.267,268 Remarkably, previous reports on ISG15 deficiency in patients have 

been associated with Mendelian susceptibility to mycobacterial disease (MSMD) and 

interferonopathy phenotypes, without any signs of susceptibility to viral infections.266,267,269,270 

Here we report the first case of an ISG15-associated viral susceptibility phenotype. 

The patient is a 11-year-old girl born in Sweden to unrelated Iraqi parents with 

one healthy elder brother. The family has no history of chronic disease apart from type 2 

diabetes. The patient anamnesis is full of infectious episodes, especially viral infections, high 

fever, systemic inflammation as well as neurological implications. As a brief summary, the 

patient has been hospitalized on several occasions presenting with high fever, high CRP, 

pancytopenia, sore throat, nose bleeds and irritable behavior. Patient presented with influenza 

B virus (IBV) infection at the age of 6 years. Electroencephalography was severely pathological 

with brain images suggestive of encephalitis, but not typical for herpes encephalitis. Ten 

months after the IBV infection, the patient was again hospitalized with influenza A H3N2 virus 

(IAV) infection. No other infectious causes were identified in blood cultures. At this time, 

hemophagocytosis was observed in bone marrow. At 10 years of age, patient presented fever 

and was confirmed SARS-CoV2 positive. However, despite being monitored at the hospital, 

she did not develop signs of severe inflammation, only sinking thrombocytes and low leukocyte 

numbers.  
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Figure 15. Summary card with 3D protein structure, function and keypoints for paper VI. PDB: 3RT3 

(ISG15VAR in red). 
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At that point, whole-genome sequencing of the patient and parents identified a 

novel homozygous ISG15VAR variant causing an amino acid change close to the C-terminus. In 

the crystallized structure of ISG15, the mutation is located in the C-terminal Ub-like domain 

of the protein, which has been shown to interact with several viruses.194 Thus, we postulated 

that the ISG15VAR variant identified in the patient may interfere with protein function in an 

autosomal recessive manner. 

Considering that previously reported human disease-associated ISG15 variants, 

both nonsense and missense, resulted in defective ISG15 protein expression,266,267,269 we first 

determined whether the newly identified ISG15VAR variant was expressed in IFN-stimulated 

PBMCs from the patient. Protein expression analyses indicated that ISG15VAR was expressed 

in the patient cells upon IFN-a stimulation, with a significantly reduced expression level as 

compared to that of parental and healthy controls. Notably, the patient lacked ISG15 conjugates 

and the monomeric ISG15 band displayed a slightly higher molecular weight [Figure 16]. We 

hypothesized that the small difference in monomeric ISG15 molecular weight might represent 

impaired ISG15 proteolytical processing, which is required for maturation and ISGylation. Of 

note, ISG15 is synthesized in a 17.9 kDa (165 amino acids) immature form that is 

proteolytically processed to a mature 17.1 kDa form (156 amino acids), exposing a canonical, 

evolutionary conserved Ub LRLRGG motif for protein conjugation.263,264 To test this, 

stimulated samples from the patient and a healthy donor were compared to recombinant pro-

ISG15 protein (17.9 kDa), revealing a similar molecular weight of pro-ISG15 to that of the 

patient’s ISG15. These results were further confirmed by ectopically expressing constructs in 

HEK293T cells. In conclusion, the ISG15VAR variant was expressed in the patient’s 

lymphocytes upon type I IFN stimulation, albeit at reduced levels as compared to controls. 

Moreover, results indicate that ISG15VAR was unable to support protein substrate ISGylation, 

potentially due to inefficiently proteolytical processing. 
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Figure 16. Patient and control PBMCs were stimulated with 100 ng/mL IFN-a for 16h, lysed and blotted for 

ISG15 and USP18 proteins. Actin was used as loading control. 

 

USP18 is a negative regulator of IFN receptor signaling and is stabilized by an 

ISGylation-independent ISG15 interaction.266 Unlike previously described ISG15-deficient 

patients, USP18 expression was induced in patient cells upon IFN-stimulation [Figure 16]. 

Quantification of USP18 expression in the patient as well as controls confirmed normal USP18 

levels. However, when we co-transfected HEK293T cells with constructs encoding USP18 and 

ISG15 variants at varying concentrations, ISG15VAR did not stabilize USP18 as efficiently as 

ISG15 wild-type. These results suggest that the interaction ISG15VAR:USP18 may still be 

affected. Notably, whereas our patient displayed mild brain lesions, she did not show overt 

intracranial calcifications, a common phenotype of interferonopathies. 

We also evaluated interferon-stimulated genes (ISG) signature in PBMCs from 

the ISG15VAR patient upon stimulation, which turned out to be similar to those of healthy 

controls. In parallel, we also assessed STAT1 phosphorylation, a marker of type I IFN 

signaling,271 which did not show any long-term overactivation. Taken together, results suggest 

that immune cells from the patient can express USP18 and does not exhibit grossly exaggerated 

ISG responses. These findings may explain the lack of clinical interferonopathy features in this 

patient. 

Considering that ISG15 secretion is required for LFA-1-mediated production of 

IFN-g268,272 and that ISG15-deficient patients display mycobacterial susceptibility, we aimed 

to determine whether ISG15VAR could be secreted and promote IFN-g production by cytotoxic 

lymphocytes. In supernatants from IFN-stimulated patient cells, immature ISG15 was detected. 

Moreover, upon ectopic expression in 293T cells, ISG15VAR variant was secreted despite not 

being proteolytically processed at the C-terminus. Later, we stimulated freshly isolated PBMCs 
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from patient and controls and evaluated IFN-g production upon stimulation with IL-12 and 

poly-IC, which promotes ISG15 expression. Although we observed synergy for IFN-g 

synthesis with the co-stimulation in patient cells, we indeed noted a significantly reduced IFN-

g presence in patient supernatant compared to controls, suggesting responses in primary cells 

were reduced, yet not abolished as in previous reports.267 Noteworthy, our patient was Bacille 

Calmette-Guérin (BCG) vaccinated and did not present any adverse reaction to it. Taken 

together, these results indicate that immature ISG15VAR can be secreted and might properly 

bind to LFA-1 receptor in target cells leading to a normal type II IFN response against 

pathogens. In conclusion, we present here the first case of a patient carrying a homozygous 

ISG15VAR variant with susceptibility to viral infection, no detectable signs of interferonopathy 

in PBMCs and an adequate protective response to mycobacteria. 

 

4.12 Discussion Paper VI: A patient with viral susceptibility carries a novel ISG15VAR 

variant incapable of ISGylation, suggesting a link between viral protection and ISG15 

conjugation  

 

There are several important points to highlight in paper VI:  

 First, a more detailed explanation of the model is presented [Figure 17]. While 

previous reports on ISG15 disease-causing mutations are associated with MSMD and 

interferonopathy, we present here the first case of viral susceptibility phenotype without the 

aforementioned manifestations.266,267,269,270 The MSMD phenotype has been attributed to 

attenuated IFN-g production by NK and CD8+ T cells, while the interferonopathy has been 

linked to unstable USP18 and excessive ISG expression. The new variant, ISG15VAR, presents 

novel features that previous mutations did not have and clearly distinguishes this missense 

variant from any other previously reported. ISG15VAR protein expression can be detected by 

Western blot while the other variants could not. ISG15VAR does not form conjugates with other 

proteins but can still stabilize USP18 and therefore no excessive type I IFN response is 

observed by real-time PCR in patient cells. In addition, ISG15VAR was secreted and there was 

ISG15+IL-12 synergistic production of IFN-g. Moreover, patient was BCG vaccinated without 

any negative effect, suggesting patient is competent to fight off mycobacteria. Regarding the 

previously reported variants, no ISG15 protein expression has been detected so all 

aforementioned features were lacking. Considering that only ISGylation seems to be affected 

for ISG15VAR, this underscores a role for ISG15 protein conjugation in human immunity to 

particular viruses. Importantly, research in mice, where USP18 stabilization is independent of 

ISG15 binding, supports the role of ISGylation against viruses. Remarkably, Isg15 deficiency 
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in mice displays a different, viral susceptibility phenotype. For example, Isg15-deficient mice 

are susceptible to Sindbis virus infection in vivo,273 and other in vitro studies with murine cells 

showed that ISG15 is required for controlling influenza A/B, and herpes virus infection.274,275 

Mechanistically, ISGylation of the influenza NS1 protein inhibits its association with importin, 

thereby blocking nuclear import of NS1 and virus replication.276 In addition, ISGylation can 

interfere with Ebola virus release and with HIV replication.191  

 

 

 

 
Figure 17. Proposed model for the newly identified ISG15VAR in comparison to ISG15WT and ISG15null. 

 

 

 Second, and subsequent to the proposed model above, the interplay between 

interferonopathy and the exclusive lack of ISGylation. Considering that patients lacking ISG15 

expression have the three functions altered, but do not display viral susceptibility, points 

towards the fact that exacerbated IFN signaling seems to have a dominant role over ISGylation 

in the overall defence against viruses. It is difficult to allow viral infection if you have a constant 

anti-viral response. Disorders that are IFN-driven, like systemic lupus erythematosus or 

interferonopathy do not present viral susceptibility.277 

 Third, the attractive properties of ISG15VAR. In addition to describe the 

contribution of ISG15VAR to the viral infection susceptibility in our report, we foresee the use 

of this naturally occurring mutation as a tool in future experiments aimed to understand more 

on ISG15 biology, including both the maturation mechanism and the secretory pathway. As 

today, no ISG15 processing enzyme is known to remove the terminal region of ISG15 from its 

immature form.193,194 Moreover, showing that ISG15VAR can be successfully secreted and 

signal through LFA-1, we anticipate studies where ISG15 secretory pathway is studied. Our 
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data on ISG15VAR secretion also sheds light on the possible secretion mechanism, which is still 

unknown, since this is the first report of the secretion of an unprocessed ISG15 form. These 

results suggest ISG15 does not require full maturation for achieving proper protein secretion. 

Furthermore, research could determine what viruses are mainly affected in an inhibitory 

manner by ISGylation. 

 Last, we would like to propose a few experiments that are not present in the 

current manuscript but that could strongly support our model. Generating knock-ins models for 

our ISG15VAR in cells lines like THP-1 or Huh7, which have proved to be successfully infected 

with diverse viruses,278-280 would facilitate performing infection assays to confirm findings in 

a genetically controlled background. Otherwise, the use of ISG15-knockout cell lines with 

reconstitution of the different ISG15 variants could prove useful. A key experiment consists of 

the replication of the inability to control viral replication by ISG15VAR compared to ISG15WT. 

Another important question to address is the effect of ISGylation to the replication of certain 

group of viruses. While IAV and IBV viruses seemed to benefit from the lack of ISGylation, 

SARS-CoV2 only provoke a mild phenotype. In addition, because ISG15 is expressed in 

several cell types, it is possible that ISG15VAR presented other deficiencies in cell types where 

a different regulatory mechanism is present. 
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5 CONCLUDING REMARKS 
 

Primary immunodeficiencies represent a heterogeneous group of disorders with immune 

dysregulation. Among them, hemophagocytic lymphohistiocytosis is a life-threatening, 

hyperinflammatory disorder originating from the exacerbated production of pro-inflammatory 

cytokines secreted by overactivated immune cells. Actually, HLH is now considered more as 

an ultimate, sepsis-like manifestation of several illnesses caused by mutations in diverse genes. 

In this thesis, we have investigated HLH or hyperinflammatory phenotypes in case reports 

(Papers I, II, IV, V and VI) and as well as in one comparative study (III). While there are 

gene mutations that are frequently associated with HLH such as SH2D1A (I and II), UNC13D 

(III) and RAB27A (IV), others are not so frequent, like MVK (V) or ISG15 (VI).  

 

During the presented studies, we have observed how the underlying mutations that provoked 

HLH/hyperinflammation were accompanied by distinct phenotypes, even sometimes with 

varying degrees. We have seen incomplete penetrance for SAP p.E17K (I), where binding to 

2B4 was heavily reduced but the healthy siblings who carried the hemizygous variant did not 

display any complications to date. In our second case with a SH2D1A mutation, patient 

displayed central nervous system damage without EBV infection being the trigger (II), 

supporting the recent notion that EBV might be dispensable for the observed central nervous 

vasculitis. In addition, we have identified a novel RAB27A variant that did retain melanosome 

distribution while impairing cytotoxicity, likely due to a misbalance in effector binding. These 

results complemented the patient’s phenotype regarding hair pigmentation and cell cytotoxicity 

(IV). Moreover, we have also identified a correlation between disruptive MVK mutations, 

where MVK activity is almost undetected, and HLH phenotype (V). Finally, a new link 

between a novel ISG15 variant and viral susceptibility phenotype is reported in a pediatric 

patient, expanding the previously published phenotypes (VI). However, we did not find any 

difference in cell cytotoxicity for two distinct UNC13D isoforms, a gene in which mutations 

cause FHL3 (III). 

 

In all projects we have gone further that to simply correlate an observed phenotype with a 

genetic cause. We have performed a battery of experiments aiming to strengthen the data and 

provide a molecular explanation, for patients and for the research field. Our laboratory pipeline 

included complementing experiments in primary cells with assays in well-established cell lines, 

so that genetic background is controlled. We have evaluated responses in primary cells, mainly 

PBMCs (I, II, III, IV, V and VI), generated constructs for ectopic expression and functional 
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assays (I, III, IV and VI), and even reconstituted deficient cells to assess the contribution of a 

given variant to cytotoxic function by viral transduction (III and IV). One of the most 

accessible and common technique, the Western blot, has provided us with useful information 

on the effect of a given variant to protein stability and function. For example, the contribution 

of disrupting mutations to a severe phenotype (II and V), the contribution to altering protein 

maturation that led to impairment of only one protein function (VI), and then mutations that 

allowed for protein expression but affected binding to receptors or other important cellular 

interactors (I and IV). Therefore, understanding the molecular consequences of a given variant 

could provide better comprehension of the observed patient phenotype. In addition, when it 

comes to XLP1 diagnosis, we challenged a proposed quick assay for XLP1 diagnosis (I), 

somehow still supporting SH2D1A gene sequencing as the gold standard. Preferentially,  

complemented with SAP immunoprecipitation assays. To sum up, the age of diagnosis of our 

patients was within the pediatric standard (II, V and VI), for those who had absent or impaired 

protein expression for the gene variant in question, or adult-onset (I, IV), for those with stably 

expressed protein for the causal gene variant. Unfortunately, and similar to published data, the 

survival in our clinical cases was around 50%. 

 

Finally, our results have opened the door to new studies. Future investigations should address 

penetrance in a more systematic approach, so we know more about the real frequency, the 

impact, and especially the causative molecular mechanisms in primary immunodeficiencies (I). 

In addition, we are far from understanding the full contribution of EBV infection to XLP1 and 

its accompanying phenotype’s onset and pathogenesis (II). The fact that two UNC13D 

isoforms are conserved through evolution, with apparently similar function but differential 

regulation, prompts further investigation on the specific role of these isoforms in other subsets 

(III). Our studies in Rab27a p.R184Q variant have uncovered an important role for a5-helix 

in Munc13-4 binding (IV), which can be of help for crystallization purposes. Newborns 

presenting systemic inflammation or HLH but displaying normal cytotoxicity should be 

quickly screened for mevalonic aciduria, especially if there have been previous cases of 

miscarriages in the family (V). Further research is required to establish ISGylation as a crucial 

player in viral immunity in humans, however, the newly identified ISG15VAR has provided 

some insights. In addition, studying the function of ISG15 is other diverse cell types can deliver 

meaningful information on the interplay of ISG15-IFN signaling (VI). 
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