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Abstrakt (CZ) 

Primární imunodeficience (PID) jsou heterogenní skupinou více než 480 geneticky podmíněných 

poruch imunitního systému, které vznikají v důsledku bloku ve vývoji leukocytů nebo funkčních 

defektů v imunitní odpovědi. PID mají širokou škálu příznaků, včetně zvýšené náchylnosti k 

infekcím, ale také k autoimunitě nebo malignitám. Podrobné znalosti o PID jsou nezbytné nejen v 

klinické/diagnostické oblasti, ale také v základním výzkumu, protože mohou sloužit jako 

modelové systémy pro studium imunitního systému. 

První část práce se zabývá využitím cytometrického testu SCID-RTE, který jsme vyvinuli v rámci 

EuroFlow konsorcia, jako diagnostického nástroje pro včasnou detekci pacientů s podezřením na 

závažný PID. Na základě studovaných parametrů (hladiny naivních CD4+ a CD8+ T buněk, tzv. 

recent thymic emigrant (RTE) buněk a aktivačního stavu) jsme prokázali, že SCID-RTE je 

senzitivním testem vhodným pro pacienty s klinickým podezřením, detekované v rámci širšího 

EuroFlow PID diagnostického algoritmu nebo novorozeneckého screeningového programu. Dále 

jsme v rámci EuroFlow poskytli detailní imunofenotypizaci alterací B buněčných subsetů pacientů 

s primárními protilátkovými imunodeficiencemi, včetně exprese různých imunoglobulinových 

subtypů na paměťových B buňkách a plazmatických buňkách. Rozčlenění podskupin 

identifikovalo odlišné imunitní profily, které korelovaly s diagnostickým podtypem a klinickým 

obrazem. S cílem vytvořit nástroj pro podrobné porozumění B buněčných imunodeficitů jsme 

vyvinuli protokol pro hmotnostní cytometrii a nový analytický výpočetní nástroj, který je schopný 

podrobně zkoumat B buněčné vývojové dráhy s potenciálem odhalit alternativní dráhy, které 

mohou být přítomny u PID, navrhnout lepší diagnostické testy nebo terapeutické cíle. 

Ve druhé části práce jsme zkoumali dosud nepopsanou roli neapoptotické signalizace přes Fas 

receptor a její funkci v diferenciaci B buněk s využitím autoimunitního lymfoproliferativního 

syndromu (ALPS) jako modelového onemocnění. Konktrétně se tato signalizace podílí na 

rozhodovaní diferenciace B buněk na extrafolikulární nebo B buňky germinálního centra tím, že 

moduluje aktivitu mTOR. Dále jsme identifikovali a funkčně charakterizovali novou mutaci v 

genu TLR8, která vedla k autoimunitnímu a autoinflamatornímu onemocnění u jednovaječných 

dvojčat. Výsledná částečná ztráta TLR8 proteinu vedla k dysregulaci mezi TLR8 a TLR7 

odpověďmi na základě zkřížené reaktivity TLR8 receptoru na ligandy TLR7 a zvýšené signalizace 

TLR7 receptoru. 
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Abstract (ENG) 

Primary immunodeficiencies (PIDs) are a heterogeneous group of over 480 genetically inherited 

disorders of the immune system that result from a block in leukocyte development or functional 

defects in the immune response. PIDs have a wide range of symptoms including increased 

susceptibility to infections but also autoimmunity or malignancy. Detailed knowledge of PIDs is 

essential not only in the clinical/diagnostic field, but also in basic research, as they can serve as 

model systems for the study of the immune system. 

The first part of the thesis focuses on the use of the SCID-RTE cytometric test, which we developed 

within the EuroFlow consortium, as a diagnostic tool for detection of patients suspected of severe 

PID. Based on the parameters studied (levels of naive CD4+ and CD8+ T cells, recent thymic 

emigrants and the activation status), we have demonstrated that the SCID-RTE tube is a sensitive 

test suitable for patients clinically suspected of PID, identified within the broader EuroFlow 

diagnostic algorithm, or the national newborn screening program. Next, within EuroFlow, we 

provided a sensitive immunophenotypic evaluation of B cell subset alterations in patients with 

predominantly antibody deficiencies (PADs), including the expression of distinct immunoglobulin 

subclasses on memory B cells and plasma cells. Subset dissection identified distinct immune 

profiles that correlated with diagnostic subtype and clinical presentation. In order to create a tool 

for detailed understanding to B cell immunodeficiency, we developed a mass cytometry protocol 

and a novel computational framework capable of detailed interrogation of human B cell 

developmental pathways, with the potential to reveal alternative pathways possibly present in 

PIDs, to suggest improved diagnostic tests or therapeutic targets. 

In the second part of the thesis we investigated previously unreported role of non-apoptotic Fas 

signaling and its function in B cell differentiation using autoimmune lymphoproliferative 

syndrome (ALPS) as a model disease. Specifically, it contributes to the extrafollicular versus 

germinal center fate decision by modulating the activity of mTOR. Next, we identified and 

functionally characterized a novel mutation in the TLR8 gene that caused an autoimmune and 

autoinflammatory disease in monozygotic twins. The resulting partial loss of TLR8 protein led to 

dysregulation between the TLR8 and TLR7 responses, based on cross-reactivity of the TLR8 

receptor to TLR7 ligands and enhanced signaling of the TLR7 receptor. 
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1. Introduction 

 
1.1. General aim of the thesis 

 
The beginning of primary immunodeficiency (PID) research dates back to the early 1950s when 

clinical cases of infants who suffered from recurrent life-threatening infections were first reported. 

The first one described was X-linked agammaglobulinemia, or Bruton´s agammaglobulinemia 

named after the American pediatrician O. Bruton in 19521. Subsequently, more severe cases that 

presented not only with lack of serum γ-globulins but also with absent lymphocytes were reported 

from Switzerland. Originally, they were described to be suffering from Swiss-type 

agammaglobulinemia2, however, later on the condition was defined as severe combined 

immunodeficiency (SCID). In an effort to find other similar cases, patients with defects of the 

innate immunity were reported as well by C. Janeway in 19543 and A. Good in 19574. 

Such clinical reports provided the base for proposing a model of separate lymphocyte lineages and 

for the discovery of T and B lymphocytes in the following years. Considering the monogenic 

nature of PIDs, they represent the perfect model system to investigate different aspects of the 

immune system. Indeed, the forthcoming identification of underlying mutations causing PIDs led 

to the discovery of many crucial mechanisms of the development and differentiation within the 

immune system. 

Back in the day, only supportive forms of treatment, such as prevention, antibody replacement or 

infection treatment, were available. The groundbreaking discovery of stem cells and the first 

application of hematopoietic stem cell transplantation (HSCT) provided definitive cure for an XR- 

SCID patient in 19685. In the WHO`s recommended classification of PIDs from 19706 are only 14 

different types of PID with suggested cellular defect. However, advances in molecular biology and 

genetics have allowed for a rapid increase in the number of known genes associated with specific 

PIDs. With the completion of The Human Genome project in 20037 and the application of next- 

generation sequencing (NGS) to PIDs a few years later, the number of identified PIDs began to 

grow exponentially (Figure 5), with the current number of over 480 disorders according to the 

latest 2022 IUIS report 8. 
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Notably, defining newly found PIDs has brought previously unknown aspects to this already 

heterogeneous group of disorders. For example, it has been acknowledged that autoimmunity, 

allergy or malignancy represent other manifestations of PID. The definition of “one gene-one 

disease” has been challenged by the observation that one phenotype can be caused by different 

affected genes, and many phenotypes can be caused by one affected gene. In these settings, flow 

and mass cytometry play an important role as they allow for investigating multiple parameters 

simultaneously. 

The detailed characterization of PIDs at the cellular and molecular level has enabled more accurate 

diagnostic methods to be developed, allowing prompt and reliable identification of patients 

suspected of having PID. Consequently, more accurate diagnosis leads to better management of 

the disease, including improved survival after HSCT. It has also led to the development of new 

treatment approaches in the form of gene and targeted therapy. 

The overall aim of this work is to contribute to a better understanding of selected PIDs with the 

objective of more sensitive and reliable identification of patients suspected of having PID (using 

standardized flow cytometric tests) and subsequent characterization of a novel PID-causing 

mutation (using personalized functional tests), and possibly to future more effective treatment 

approaches. In addition, to gain novel insights into specific (dys)regulatory mechanisms of the 

human immune system (using multiparameter mass cytometry), while using selected PIDs as 

model systems. In addition, to introduce novel analytical tools for dealing with multidimensional 

data. 
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1.2. Development of the adaptive immune system 

 
Lymphocytes develop from hematopoietic stem cells (HSCs) in the bone marrow which give rise 

to multipotent progenitor cells (MPPs) that differentiate into common lymphoid progenitors 

(CLPs). Next, they mature either in the bone marrow (B cells) or in the thymus (T cells) and 

migrate to the periphery where they circulate through blood and secondary lymphoid organs. 

 

1.2.1. Development of T cells 
 

DEVELOPMENT IN THE THYMUS 

 
T cells develop in the thymus from CLPs originating in the bone marrow. The T cell program is 

initiated after receiving signals from molecules such as Notch ligands and cytokines coming from 

the thymic microenvironment. Next, they undergo a selection process and subsequently they 

migrate to the periphery9. 

CLPs commit to the T cell lineage as they migrate to the thymus, where the earliest committed T 

cell progenitors are called pro-T cells. Impaired differentiation of CLP into pro-T cells can be 

caused by mutations in IL2RG, which encodes the common γ chain (γc) of the receptors for the 

cytokines IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21. The resulting defective signaling leads to a 

complete or partial disruption of T cell generation, depending on the type of mutation (null or 

hypomorphic), but has no effect on the B cell development. Such patients are diagnosed with X- 

SCID and represent one of the most severe forms of PID with a T-B+NK- phenotype10. The same 

phenotype resulting from arrested cells developing into pro-T cells, but inherited as an autosomal 

recessive trait, is caused by mutations in JAK3, which encodes Jak3 kinase signaling downstream 

of γc-dependent cytokine receptors11. Other forms of autosomal recessive SCID due to impaired 

transition of CLP into T cell progenitors are caused by mutations in i. IL7R gene encoding the α 

chain of the IL-7 receptor12, suppressing the T cell development but not affecting the B cell and 

NK cell development ii. adenosine deaminase (ADA)13,14 and iii. adenylate kinase 2 (AK2)15 both 

causing premature apoptosis of progenitors with effect on all the immune cells (Figure 1). 

In the next pre-T cell stage, the cells already express recombination-activating genes RAG1 and 

RAG2 which mediate the cleavage step during V(D)J recombination allowing for TCRβ 

rearrangement. Successful V(D)J rearrangement enables expression of pre-TCR (TCRβ with 

invariant pre-TCRα). Impaired transition to pre-T cells can be caused by defects in RAG1/RAG216, 
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ARTEMIS17, DNA-dependent protein kinase catalytic subunit (DNA-PKcs)18 and DNA ligase 419 

leading to defective V(D)J recombination and a phenotype of T-B- SCID, or in CD3δ, CD3ε and 

CD3-associated ζ chain which result in defective pre-TCR signaling20, block in αβ T cell 

development and causes T-B+ SCID (Figure 1). At this point, the cells that are able to signal 

through the pre-TCR and make the transition into the DP T cell stage. The cells express both CD4 

and CD8 coreceptors and undergo TCRα gene rearrangement which forms a complete αβ TCR9. 

The transition to DP stage can be blocked by deficiency in CD4521 (Figure 1). The DP cells 

expressing functional TCRαβ receptor go through the process of positive selection in the cortex as 

they interact with self-antigens presented on MHC-I or MHC-II molecules by the cortical thymic 

epithelial cells (TECs). Depending on the affinity, the cells either undergo death by neglect (too 

week signaling) or continue the maturation and migrate into the medulla where they undergo 

negative selection, i.e. cells which encounter self-antigens with strong affinity presented on APCs 

undergo apoptosis. Next, they migrate to the periphery as single positive (SP) naive T cells and 

differentiate into CD4+ T helper cells, having TCR that binds peptide-MHC-II complexes, or CD8+ 

cytotoxic T cells, having TCR that binds peptide-MHC-I class complexes9. The cells can be 

arrested in the DP stage in cases of MHC-II deficiency, also known as bare lymphocyte syndrome, 

resulting in defective positive selection in the thymus and reduced mature CD4+ T cells, or 

transporters associated with antigen processing TAP1, TAP2, or tapasin genes essential for peptide 

transport and loading for proper MHC-I presentation, which is characteristic with low levels of 

CD8+ T cells22. Also, mutations in the ζ chain–associated protein of 70 kDa (Zap-70 protein) 

tyrosine kinase affect positive selection of CD8+ T cells and cause peripheral CD8+ deficiency23,24 

(Figure 1). 

As described above, the positive selection process for self-MHC recognition depends on the 

interactions with thymic epithelial cells (TECs) and the negative selection is based on the 

interactions with thymic DCs in order to remove self-reactive clones. However, this concept may 

be challenged by evidence from studies of thymic transplantation, i.e. the procedure performed in 

cases of athymia either associated with complete DiGeorge syndrome or SCID due to FOXN1 

LOF mutations (nude-SCID). Transplanted patients are able to generate a functional repertoire of 

naive T cells that respond to self-APCs and have the ability to clear and resist infections, regardless 

of the fact that the TECs are of donor origin. They are also tolerant of “self” and the thymus graft 

without the need for immunosuppression25. 
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Figure 1. T cell development with gene and protein defects associated with PIDs. 

Hematopoietic stem cell (HSCs) develop into common lymphoid progenitors (CLPs) which 

migrate from bone marrow to the thymus. There they develop into pro-T, pre-T, double positive 

(DP) and finally single positive (SP) CD4+ or CD8+ T cells which migrate to the periphery. 

Examples of mutated genes known to cause blocks in the developmental stages are indicated. γc, 

common cytokine-receptor γ-chain; JAK3, Janus kinase 3; IL-7Rα, interleukin-7 receptor α-chain; 

ADA, adenosine deaminase; AK2, adenylate kinase 2; RAG, recombination-activating gene; 

DNA-PKcs; DNA-dependent protein kinase cytalytic subunit; TAP, transporter associated with 

antigen processing; ζ-chain-associated protein kinase of 70 kDa. Created in BioRender. Adapted 

from Cunningham-Rundles and Ponda 200526, and Notarangelo 201024. 

 
THYMIC EGRESS 

 

SP thymocytes in the medulla undergo negative selection. Also, they interact with various types 

of cells such as thymic medullary epithelial cells, dendritic cells and macrophages. They provide 

the thymocytes the necessary stimuli for their final maturation and competence to egress from the 

thymus via the circulation. It has been shown that SP thymocytes are developmentally 

heterogeneous. They can be distinguished on the basis of phenotypic markers CCR4, CCR7, 

CCR9, where more mature cells are CCR4-CC7+CCR9-. Genes controlling the thymic egress 

include sphingosine-1-phosphate receptor 1 (S1PR1). This G protein-coupled receptor enables 
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S1PR1+ thymocytes to migrate toward a S1P gradient provided by thymic DCs and to enter the 

perivascular space (PVS). Finally, mature SP thymocytes exit from the PVS and enter the 

bloodstream27. Thymic egress can be blocked by mutations in Coronin 1A (CORO1) and 

mammalian sterile 20-like protein kinase 1 (MST1)28. 

With age the thymus undergoes changes such as loss of epithelial cells and replacement of the 

tissue with fat leading to decrease in thymopoiesis. The thymic function can be examined by 

detecting the presence of the most naive cells freshly emigrated from the thymus called RTEs 

which are CD4+ T cells characteristic with expression of the marker CD31. Another way of 

tracking the thymic output is examination of TCR excision circles (TRECs) which are the products 

of the TCRα rearrangement. Generally, RTEs and TRECs are highest in infants and decline with 

age29 (Figure 2). 

 

T CELLS IN THE PERIPHERY 

 
Humans maintain the level of naive T cells thanks to peripheral homeostatic proliferation and long 

lifespan of the cells up to several years while retaining their naive phenotype. This explains 

replenishment of naive T cells with aging regardless of the lowering thymic output30. The 

homeostatic proliferation takes place within secondary lymphoid tissues (predominantly LNs) 

under the influence of survival cytokine IL-7 produced by a specialized stromal cell population31 

and self-peptide MHC complexes. Also, expansion of potentially autoreactive naive T cell clones 

might be generated considering the fact that the peripheral proliferation is driven by self-peptide 

MHC complexes. Especially in cases of lymphopenia, a hallmark of primary immunodeficiencies, 

the reduced T cell population undergoes compensatory exaggerated IL-7 driven proliferation 

which together with lowering the TCR activation threshold might lead to the initiation of 

autoreactivity (or dysregulation)32. 

Considering that RTEs and naive CD4+ T cells with proliferative history are of the same naive 

phenotype CD45A+CD27+CD62L+, distinguishing them phenotypically became possible only 

after introducing the molecule CD31 (PECAM-1) as a marker specific for RTEs33. CD31 is a 

transmembrane glycoprotein of the Ig superfamily expressed on various cell types. Besides T cells 

it is present on endothelial cells, platelets, monocytes and polymorphonuclear cells. Also, it 

engages in a variety of interactions including homophilic and heterophilic bindings. Thus, in 

dependence of the cell type and the ligand, CD31 engagement leads to adhesive contacts, migration 
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or can play a role in down-regulating proliferation of T cells. Hence, there could be a role of CD31 

in the process of homeostatic proliferation itself34. Another way of discrimination between the two 

is based on the content of TCR excision circles (TRECs) which are the products of TCRα 

rearrangement. Since TRECs are not replicated during mitosis their number lowers as cells divide. 

Indeed, CD31+ RTEs were shown to have significantly higher TRECs content in comparison to 

CD31- naive CD4+ T cells. Thus, high content of TRECs in RTEs indicates no proliferative history 

while CD31- naive CD4+ T cells are characteristic with diminished TRECs content implying 

undergone proliferation35. RTEs exit the blood and enter secondary lymphoid organs thanks to the 

expression of the molecule CD62L which functions as a lymph node homing receptor. Here, they 

mature into naive T cells over the period of 2-3 weeks. Among the requirements for maturation of 

RTEs to naive T cells are successful exit from the thymus, access to secondary lymphoid organs 

and the function of APCs36 (Figure 2). 

 

Figure 2. Proliferation of naive CD4+ T cells. Recent thymic emigrants (RTEs) emigrate from 

the thymus having high content of T-cell receptor excision circles (TRECs) and expressing CD31. 

Some of them differentiate into central naive CD4+ T cells contributing to the naive CD4+ T cell 

pool. Both of the subsets can differentiate into memory/effector T cells after encountering antigen. 

Taken from Kohler et al., 200929. 
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After encountering antigen on DCs in lymphoid organs, naive T cells undergo activation. Complete 

activation of T cells occurs only after recognition of peptide-MHC complex on the surface of APCs 

together with ligation of CD28 on T cells by CD80 or CD86 on APCs (co-stimulation). In the 

absence of co-stimulation, T cells undergo apoptosis or become anergic. Within hours of 

activation, T cells express CD69, which reduces the expression of S1RP1, which is responsible for 

T cell egress from lymphoid tissues. This allows T cells to remain in the lymphoid organ in order 

to receive proliferation and differentiation signals, mainly driven by IL-2. At this point, T cells 

begin to express CD25, the alpha chain of IL-2 receptor. Later, T cells express CD40L, which 

provides the necessary help signal to macrophages and B cells and a positive feedback signal to 

APCs. Deficiency of the CD40L causes X-linked Hyper IgM syndrome and affects both the 

cellular (impaired T cell proliferation) and humoral immunity (lowered IgG, IgA and IgE with 

normal or elevated IgM)37. Another marker of activation present on T cells is the molecule HLA- 

DR which was shown to be acquired by allogeneic transfer from APCs38. Migration of activated 

cells to the peripheral tissue is enabled by a reduction in the expression of CD62L and CCR7, both 

of which are responsible for homing to lymphoid organs. 

IL-2 driven proliferation results in clonal expansion of antigen-specific cells and subsequent 

differentiation of naive T cells into CD4+ helper effector cells (Th1, Th2 or Th17) and CD8+ 

cytotoxic T lymphocytes (CTLs). Part of the activated cells differentiate into memory T cells 

which forms a heterogeneous group of cells maintaining long-term immunity. They can be 

divided according to their phenotype and function into i. central memory (Tcm, CD45RA-CCR7+), 

effector memory (Tem, CD45RA-CCR7-) and stem-cell memory (Tscm, 

CD45RA+CCR7+CD95+CD122+) T cells. Upon antigenic stimulation, Tcm express lymph-node 

homing receptors (CCR7, L-selectin), exhibit high proliferative capacity and generate many 

effector cells, whereas Tem migrate to peripheral sites and display immediate effector functions 

such as INF-γ production and cytotoxicity, thus responding rapidly to repeated exposure to 

pathogens. Tscm form a small long-lived population with enhanced proliferative and self-renewal 

capacity. They have no effector functions but can give rise to central memory, effector memory 

and effector T cells39,40. A population of terminal effector cells (TEMRA) re-expressing CD45RA 

(CD45RA+CCR7-) can also be found in the circulation. These are mostly CD8+ T cells with a low 

proliferation rate but a high capacity for IFN-γ production and are correlated with persistent viral 

infection such as CMV41. 
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After eliminating the antigen, there are several regulatory mechanisms responsible for decline of 

the T cell response which maintains homeostasis of the immune system. In particular, the level of 

IL-2 and costimulatory signals decreases which leads to apoptosis of activated cells and lowered 

production of newly activated cells. The regulatory mechanisms involved in the process are 

provided by the inhibitory receptors CTLA-4 and PD-1, regulatory T cells and Fas mediated 

apoptosis. Disruption of these mechanisms are connected to various types of PIDs characteristic 

with immune dysregulation, such as CTLA-442 and PD-143 deficiency, and immune dysregulation, 

polyendocrinopathy, enteropathy X-linked (IPEX)44 or autoimmune lymphoproliferative 

syndrome (ALPS)45. 

 

1.2.2. Development of B cells 
 

DEVELOPMENT IN THE BONE MARROW 

 
 

B cells develop in the bone marrow from CLPs. Stable commitment to the B-lineage is dependent 

on the transcription factor (TF) PAX5, as together with the TF EBF1 (induced by the TF E2A=E12 

and E47) prevent alternative cell fates and induce B-lineage transcriptional program46. In mice, the 

induction of these critical TFs is regulated by IL-7, a crucial cytokine in the process of murine 

early B cell development47. Interestingly, the requirements of IL-7 in human B cell development 

are different. Patients with X-linked SCID, IL-7R deficiency or Jak3 deficiency present with 

normal or increased numbers of circulating B cells48. It has led to the assumption that B cell 

lymphopoiesis is independent of the IL-7 signaling. Recently it was shown that IL-7 plays an 

important role in driving proliferation and expansion of the early B cell progenitors and also 

promotes the expression of PAX5, EBF1 and BACH2 TFs, revealing previously unknown effect 

of this cytokine on the human B cell development49. As the B-lineage committed progenitors 

differentiate, they express CD19 and become pro-B cells. This early phase of development can be 

disrupted by E47 deficiency, causing autosomal recessive agammaglobulinemia50, AK215 and 

ADA14 deficiencies (Figure 3). pro-B cells do not produce immunoglobulin molecules and can be 

phenotypically defined as CD34+CD10+CD19+ cells. At this stage, RAG proteins are expressed, 

the VH(D)JH rearrangements of the heavy chain is initiated and its successful completion and 

expression of μHC marks the transition to pre-B cells51. The transition is blocked in cases of RAG1 

or RAG2 mutations causing absence or deficiency of B cells (and T cells, as described above in 
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1.2.1.) causing T-B-SCID16. Transmembrane μHC assembles with the surrogate light chains (λ5 

and VpreB), Igα and Igβ to form the pre-BCR. Expression of the pre-BCR is a key checkpoint 

regulator in the B cell development as it is responsible for further differentiation, allelic exclusion 

and clonal expansion. Mutations in the genes encoding both downstream signaling transduction, 

i.e. Bruton tyrosine kinase (BTK)52 and B-cell linker (BLNK)53, as well as additional components 

of the pre-BCR, i.e. Igµ heavy chain (IGHM)54, signal transduction molecules Igα and Igβ 

(CD79A55 and CD79B56), λ5 molecule encoding the surrogate light chain (IGLL1)57 arrest B cells 

in the early stage of development leading to primary immunodeficiencies caused by absence of 

peripheral B cells and antibodies. Also, loss of function (LOF) mutations in PIK3CD (encoding 

the p110δ catalytic subunit of PI3Kδ kinase) and PIK3R1 (encoding the p85α regulatory subunit 

of PI3Kδ kinase) result in early B cell developmental block58 (Figure 3). Cells with productive 

heavy chains undergo clonal expansion and are named large pre-BI cells. As the proliferation 

decreases, they become small pre-BII cells arrested in G1, which undergo rearrangements of the κ 

or λ light chain. Productive rearrangement will produce κ or λ light chain protein which associates 

with the μHC forming a complete IgM BCR. Expression of the complete BCR on the surface 

represents the entry into the immature B cells as well as the first tolerance checkpoint. Cells with 

high affinity to self-antigens undergo secondary gene rearrangement of the light chains called 

receptor editing or are deleted from the repertoire by apoptosis. Immature cells then give rise to 

transitional cells which are found in the periphery51. 
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Figure 3. B cell development with gene and protein defects associated with PIDs. 

Hematopoietic stem cells (HSCs) develop into common lymphoid progenitors (CLPs) which give 

rise to pro-B cells, pre-B cells and Immature cells with complete B-cell receptor (BCR IgM). 

Transitional B cells then emerge from the bone marrow to the periphery and develop into mature 

Naive cells which differentiate into Switched Memory B cells. Indicated are examples of mutated 

genes known to cause blocks in the developmental stages. ADA, adenosine deaminase; AK2, 

adenylate kinase; RAG, recombination-activating gene; BTK, Bruton’s tyrosine kinase; BLNK, 

B-cell linker; IGHM, Igµ heavy chain; IGLL1, λ5 molecule encoding the surrogate light chain; 

PIK3R1, p85α regulatory subunit of PI3Kδ kinase; PIK3CD, p110δ catalytic subunit of PI3Kδ 

kinase; AID, activation-induced cytidine deaminase; UNG, uracil N-glycosylase; TACI, 

transmembrane activator and calcium modulator and cyclophilin ligand interactor. 

Created in BioRender. Adapted from Notarangelo 201024 and Smith et al. 201959. 

BONE MARROW EGRESS 

The bone marrow egress is predominantly controlled by attenuation of CXCR4 signaling60. 

Mutations in CXCR4 are associated with WHIM syndrome, a combined immunodeficiency 

characteristic with peripheral B lymphopenia due to impaired emigration of cells from the bone 

marrow61. Emigrated transitional B cells form a heterogeneous population of cells which express 

IgD alongside IgM and can be detected as IgD+CD10+CD38+CD24+ cells (Figure 3). Initially, the 

human transitional B cells have been divided into two stages named T1 and T2 transitional B cells 

based on the expression of markers CD10, CD24, CD38 and IgM which are gradually lost as B 

cells mature. Next, another stage named T3 Transitional B cells was discovered as the third 

consecutive population. It is a population of cells phenotypically similar to mature naive B cells 
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but lacking the expression of the ABCB1 transporter, a protein present on mature naive B cells but 

absent on transitional cells62. 

Expansion of circulating transitional B cells are associated with immunodeficiencies APDS, also 

known as activated PI3Kδ syndrome caused by gain-of-function (GOF) mutations in the PI3K 

genes PIK3CD and PIK3R158, X-linked lymphoproliferative disease (XLP) or common variable 

immunodeficiency (CVID) which /are also characteristic with reduction of circulating class- 

switched memory B cells63. 

 
B CELLS IN THE PERIPHERY 

 
 

The spleen plays an important role in the process of further survival and differentiation of the 

transitional cells into mature naive B cells, where self-reactive cells are inactivated or eliminated62. 

However, transitional cells are also found in the GALT64 or lymph nodes65 suggesting they can 

mature at other sites as well. Mature naive B cells are then transported by peripheral blood to the 

secondary lymphoid tissues and organs. 

In the secondary lymphoid organs, mature naive B cells locate to i. marginal zones (splenic regions 

between the red pulp and the white pulp) where they differentiate into natural effector B cells (also 

known as marginal zone (MZ)-like B cells, ii. B-cell follicles (follicular (FO) B cells) where they 

differentiate into germinal center (GC) B cells and then to long-lived plasma cells or memory B 

cells. B cells located in the peritoneal and pleural cavities are known as B1 cells66. 

Natural effector B cells produce natural IgM antibodies and antibodies against T-independent 

antigens (blood-borne pathogens) and are important in the early phases of infection as they 

differentiate into short-lived IgM secreting plasma cells. At this stage, the spleen 

microenvironment plays a crucial role in generating such cells. Patients with dysfunctional or 

absent spleen have reduced/absent natural effector B cells and are at risk of infections caused by 

encapsulated bacteria possibly due to the combination of the filtering capabilities of the spleen and 

the absence of generating natural effector B cells. Apart from the spleen, natural effector B cells 

can be found in the peripheral blood, PP, tonsils and activated LN of humans67. Long-lived plasma 

cells and memory B cells are canonically generated from naive B cells in the secondary lymphoid 

organs in B cell follicles and in germinal centers. In the primary response, antigen stimulation of 

the BCR induces naive B cells to differentiate into extrafollicular (EF) short-lived plasma cells, 
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providing a rapid response to the pathogen, with some of them developing into EF-memory B 

cells, and to FO B cells in the B cell follicles68. Subsequently, FO B cells form GCs around day 4- 

6 after encountering the antigen, undergo proliferation and somatic hypermutation in the dark zone 

and enter the light zone where antigen-affinity based selection takes place. Here they recognize 

antigen on follicular dendritic cells (FDC) and interact with T follicular helper (TFH) cells. Next, 

they encounter three main fate decisions, development into i. memory B cells, which are present 

within SLOs, ii. long-lived plasma cells which reside in the bone marrow or iii. re-entry to the GC 

dark zone to undergo additional SHM and selection. In the secondary response after re- 

encountering antigen, memory B cells differentiate into long-lived plasma cells or re-enter the GC 

reactions69 (Figure 4). 

Figure 4. B cell differentiation. Antigen activated B cells receive helper signal from cognate CD4+ 

T cells. Activated B cells undergo proliferation, part of the cells differentiate into short-lived 

plasma cells at the extrafollicular space, and some of them differentiate into EF memory B cells. 

Alternatively, part of the B cells proliferates to form germinal center and differentiate into long- 

lived plasma cells or GC memory B cells. TFH: T follicular helper cell; FDC: follicular dendritic 

cell. Created in BioRender. Adapted from Kurosaki et al. 201566 and Elsner at al. 202070. 
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The commitment of B cells to EF differentiation or formation of GC is dependent on various 

factors, one of them is type of infection. Bacterial infections such as Salmonella enterica71 promote 

dominant formation of EF responses while human influenza A virus promotes predominantly GC 

formation72. Next, the type of TLR engaged. The formation of GCs was described to be diminished 

by TLR973 signaling via blocking B cells to present antigen and to activate TFH cells in vitro. 

Moreover, in a human clinical trial the TLR9 agonist CpG failed to promote affinity maturation 

and induced extrafollicular differentiation towards short-lived plasma cells. In contrast to that, 

TLR774 signaling was shown to promote the GC formations. Cytokines indirectly influence the EF 

or GC responses by affecting the differentiation of TFH cells. For example, IL-6 drives TFH 

differentiation, thereby GC responses, while IL-12, IFN-γ, TNF-α or IL-2 repress TFH cells, 

thereby repress the GC formation70. It is also influenced by properties of the BCR and the affinity 

and avidity of the antigen, where high affinity multimeric antigens were favored for GC reaction 

completion75,76. However, there are still unanswered questions about the factors driving the switch 

between EF and GC responses in the B cell differentiation. 

Notably, despite the appreciation that CSR and SHM can take place only in the GC, both the EF 

and GC responses are characteristic with somatic V region hypermutation, affinity maturation and 

isotype switching. They were shown to take place at EF sites after encountering pathogens 

(Salmonella typhimurium)77, hyper IgM syndrome caused by CD40L deficiency78 and also in 

autoimmune pathologies, which are connected to dysregulated EF vs. GC responses79,80. 

The terminal differentiation of B cells can be disrupted due to mutations in the activation-induced 

cytidine deaminase (AID) or uracil N-glycosylase (UNG) which result in defect of class switch 

recombination (CSR) and absent IgG, IgA and IgE with normal or increased levels of IgM (hyper 

IgM phenotype). CSR is also disrupted in cases of CD40L-CD40 interaction defects due to 

deficiency of either CD40L (expressed by activated CD4+T cells) or CD40 (expressed by B cells, 

monocytes or dendritic cells)24. Also, mutations in TNFRSF13C (coding for transmembrane 

activator and calcium modulator and cyclophilin ligand interactor, TACI) and its ligands 

TNFRSF13B (coding for B-cell activating factor, BAFFR) and a proliferation-inducing ligand 

(APRIL), or GOF mutations in PIK3CD are associated with CVID-like phenotype81 (Figure 3). 
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1.3. Primary immunodeficiencies 

 
Primary immunodeficiencies (PIDs) are genetically inherited heterogeneous disorders of the 

immune system initially characterized as defects in responding to infection. The first several PIDs 

of the adaptive (Bruton's agammaglobulinemia1 and Swiss-type agammaglobulinemia2, currently 

known as SCID) and the innate immunity (congenital neutropenia82 and chronic granulomatous 

disease4) are dated back to the 1950s. However, the field of PIDs has expanded to such an extent 

that they now comprise a much more heterogeneous spectrum of phenotypes. Indeed, the 2022 

update of the International Union of Immunological Societies (IUIS) reports over 480 single-gene 

PIDs 8 (Figure 5). 

 

Figure 5. Growth of newly discovered primary immunodeficiencies (PIDs). The number of 

genetic defects associated with PIDs as reported by the WHO/IUIS from 1968 to 2020. Taken 

from Notarangelo et al. 202083. 

 
Mutations within these genes may impair their function or cause complete absence of essential 

protein affecting the development and/or function of the immune system. They can result in loss 

or gain of function of the encoded protein, can be dominant or recessive, autosomal or X-linked 

and present with complete or incomplete penetrance. The clinical manifestations of PIDs are 

therefore diverse, ranging from mild to life-threatening complications. Patients diagnosed with 

PID present with increased susceptibility to infections, often to opportunistic pathogens and failure 

to thrive, but also depending on the specific PID, with autoimmune, autoinflammatory, atopic and 
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malignant phenotypes. Treatment varies according to the severity of the PID. It ranges from 

immunoglobulin replacement therapy, immunomodulating or immunosuppressive therapy to 

hematopoietic stem cell transplantation (HSCT), gene therapy and precision medicine84. 

The worldwide prevalence of PID has been reported to be 1:8 500 to 1:100 000 depending on the 

selected population and the type of PID. The rate is higher within populations with high 

consanguinity as well as among isolated populations. However, these numbers are thought to be 

underestimated since PIDs are generally underdiagnosed and underreported in many countries. 

The estimation for the PID prevalence in Europe as a whole is 5:100 000, for the Czech Republic 

it is 1:100 000, with the most common one being IgA deficiency 85. 

 

1.3.1. Severe combined immunodeficiencies (SCIDs) 
 

Severe Combined Immunodeficiencies (SCIDs) are rare (1:58 000 according to NBS for SCID in 

the US86, 1:130 903 according to NBS in Europe87) monogenic disorders causing block in the 

development and differentiation of T cells. SCIDs are characterized by impairment of both the 

cellular and the humoral immunity since the absence of T cells prevents B cells from functioning 

properly, i.e. producing antigen specific antibodies. Complete lack of the adaptive immunity 

makes patients diagnosed with SCID highly susceptible to pathogens, including opportunistic 

ones. Without prompt treatment (in most cases in the form of HSCT) these patients succumb to 

infection within the first year of life. Another presentation of SCID can be proliferation and 

skin/organ infiltration of maternally engrafted T cells84. 

 
To date, there are 22 known genes8 in which mutations that cause SCID can occur. SCIDs can be 

classified i. phenotypically based on the absence/presence of B cells as T-B- SCID or T-B+ SCID 

with further subclass division based on the presence/absence of NK cells, ii. based on the impaired 

mechanisms, iii. depending on the inheritance as either X-linked or autosomal recessive. 

The following part describes the five different groups of typical SCIDs based on the impaired 

mechanisms. 
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Defective survival of hematopoietic precursors 

 

This rare (up to 2% of all cases) type of SCID, also known as reticular dysgenesis, is caused by 

mutations in the gene AK2 coding for adenylate kinase 2. It is involved in transporting ADP into 

the matrix of mitochondria and in ATP synthesis. Deficiency of AK2 causes progenitor cells to be 

prone to apoptosis since they are deprived of ATP. It is associated with impairment of both innate 

and adaptive immunity leading to life-threatening conditions shortly after birth and is one of the 

most serious forms of SCID88. 

 
Defective V(D)J recombination 

 

Approximately 30% of SCID patients have mutations in the genes involved in the process of V(D)J 

recombination resulting in impaired generation of T cell and B cell receptors. Consequently, 

individuals with this type of autosomal recessive form of SCID present with absent T and B cells 

but have NK cells (T-B-NK+ SCID). Mutations occur in the genes involved in the i. initiation of 

V(D)J recombination (null mutations in the RAG1 and RAG2 genes), ii. DNA repair pathway 

(DCLRE1C encoding Artemis nuclease17 and PRKDC encoding DNA dependent protein kinase 

catalytic subunit89), iii. end-joining of double-stranded DNA breaks (LIG4 encoding DNA ligase 

IV19 and NHEJ190encoding a DNA repair member) which can lead to additional manifestations 

such as microcephaly and facial dysmorphism. 

 
Toxic metabolite accumulation 

 
The first SCIDs described at the molecular level are adenosine deaminase (ADA) and purine 

nucleoside phosphorylase (PNP) deficiencies. In particular, ADA deficiency causes premature 

apoptosis of lymphocyte progenitors (T cells, B cells, NK cells) by the accumulation of deoxy- 

ATP which disables the synthesis of other deoxynucleotides. It occurs in 10-20% of all SCID 

patients and is autosomal recessive. Besides early HSCT patients are treated with enzyme 

replacement and/or gene therapy. PNP deficiency also leads to abnormalities in purine metabolism 

causing T cell lymphopenia and is more uncommon than ADA deficiency91, 92. 
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Defective pre-TCR and TCR signaling 

 

Individuals with SCID due to mutations in the subunits of the (pre)TCR complex (CD3δ, CD3ε 

and CD3ζ) found on T cells and T cell progenitors and in CD45, a tyrosine phosphatase expressed 

on all hematopoietic cells, account for about 2% of all cases. The TCR-CD3 complex is critical 

for antigen recognition during the process of thymic development of T cell progenitors and for 

adaptive immunity whereas CD45 is crucial for the regulation of kinases involved in the TCR 

signaling. It causes a selective T cell deficiency due to impairment of T cell development and 

differentiation steps, i.e. DN T cell proliferation and antigen recognition, and is inherited as an 

autosomal recessive trait (see below for CD3γ deficiency causing CID)20. 

 
Defective cytokine signaling 

 
The most frequently occurring type of SCIDs comprises three disorders caused by abnormalities 

in cytokine signaling in T cells and NK progenitor cells. The most common type of SCID is caused 

by a deficiency of the common 𝛾 chain (𝛾c) encoded by IL2RG gene. It is inherited as an X-linked 

recessive trait and is also known as XR-SCID. It is characterized by the absence of both T cells 

and NK cells and normal or increased number of circulating B cells93. It was originally thought 

that IL2RG encodes only for the 𝛾c of interleukin-2 (IL-2) receptor, but shortly after it was 

discovered that it is shared by five other cytokine receptors (for IL-4, IL-7, IL-9, IL-15 and IL- 

21)94. 

The next type of SCID is Jak3 deficiency (with autosomal recessive inheritance) which is clinically 

and immunologically indistinguishable from XR-SCID (T-B+NK- SCID). Jak3 is a tyrosine kinase 

associated with the common 𝛾c and is responsible for the activation of downstream kinases and 

STATs. It is essential for proper signaling of all 𝛾c-containing cytokine receptors, which explains 

the similarities between Jak3 deficiency and XR-SCID. It is observed in 5-10% of SCID 

patients95. 

The third subtype is also autosomal recessive and is caused by mutations in IL7RA coding IL7 

receptor 𝛼 (CD127). It results in a phenotype with T cell deficiency (T-B+NK+ SCID) which 

reveals the importance of IL-7 signaling in the early steps of T cell development96. The effect on 

human B development has been thought to be negligible, but a recent study shows its important 

role in the proliferation and expansion of the early B cell progenitors as well49. 
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1.3.1.1. Atypical SCIDs 
 

Atypical or leaky are considered the forms of SCID with different clinical and immunological 

presentation, generally due to hypomorphic mutations of SCID-associated genes. Consequently, 

these mutations result in residual protein expression and function and lead to different clinical 

phenotypes. Commonly, they present with immune dysregulation and less severe susceptibility to 

infections than typical SCIDs. 

For example, several phenotypes caused by hypomorphic mutations in the RAG genes have been 

described. The spectrum depends on the level of residual V(D)J activity caused by distinct variants 

and ranges from i. newborns with Omenn syndrome, characterized by the expansion of oligoclonal, 

activated T cells of autologous origin, due to the severely impacted/residual V(D)J recombination 

activity, which infiltrate skin or other tissues, ii. patients with atypical SCID and expansion of γδ 

T cells with persistent CMV infection iii. or patients with delayed onset immunodeficiency with 

granulomas and autoimmunity usually with less severely impacted enzymatic function 97. Also, an 

identical mutation in the RAG2 gene found in siblings can lead to either a typical SCID phenotype 

or Omenn syndrome. This may be due to exposure to an infectious agent, demonstrating the 

possible effects of environmental factors on the clinical phenotype of such PIDs16. Alternatively, 

atypical X-SCID cases caused by hypomorphic mutations in the IL2RG gene have been described 

to present as a less severe form of SCID immunodeficiency. Among other examples are atypical 

SCIDs caused by hypomorphic mutations in the genes JAK3, MHC II deficiency, Cernunnos, LIG4 

or DCLRE1C98. 

 

1.3.2. Combined immunodeficiencies (CIDs) 

 
1.3.2.1. CIDs less profound than SCIDs 

 
As opposed to SCIDs, CIDs are caused by gene defects reported in more than 40 genes which 

allow partial survival of T cells but impair their function. The hallmark of CIDs is immune 

dysregulation usually in the form of severe eczema, autoimmune disease, autoimmune cytopenias, 

lymphoproliferation or inflammatory bowel disease. This phenotype is often combined with 

infectious events such as invasive bacterial or severe acute viral infections. Of note, dysregulation 

of the immune system leading to autoimmunity and inflammation may be present in some forms 
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of SCIDs (i.e. Atypical SCIDs) and is also commonly associated with other forms of PIDs (i.e. 

Diseases of immune dysregulation)99. 

 
Defective T cell survival/ Coronin A deficiency 

 

Deficiency of Coronin 1A is associated with nearly absent naive T cells, oligoclonal peripheral 

TCR repertoire and impaired NK cells. Coronin 1A is encoded by CORO1A gene and functions 

as an important regulator of actin cytoskeleton which affects T cell survival and migration. Despite 

this, patients present with normal percentages of total CD3+ T cells and normal thymus size. 

Patients are also at high risk of developing EBV lymphoproliferative disease 100. 

 
Defective TCR signaling 

 

Defective TCR signaling associated with CID is connected to i. deficiency in CD3γ (as opposed 

to other CD3 deficiencies responsible for typical SCIDs) which leads to impaired but not entirely 

blocked development of T cells and is associated with different levels of susceptibility to infection 

and common occurrence of autoimmunity. Defects in T cells manifest mainly in the population of 

Tregs which show reduced diversity and suppressive function as well as self-reactivity 

characteristics101, ii. deficiency of IL-2-inducible T cell kinase (ITK), a TEC family member which 

functions as non-receptor protein-tyrosine kinase in the development and signaling in the lymphoid 

lineage, which is in most patients connected to massive EBV B-cell lymphoproliferation and 

autoimmune cytopenias102, iii. deficiency in the zeta-associated protein of 70kDa (ZAP70), a 

member of the Syk family (non-receptor protein tyrosine kinase family) regulating motility, 

adhesion and cytokine expression, causing a variety of clinical manifestations including recurrent 

respiratory infections, lymphoproliferation and autoimmunity, immunologically the patients 

present with low CD8+ T cell counts and defective CD4+ T cell function23, iv. MST1 (STK4 gene) 

deficiency immunologically characteristic with CD4+ T cell lymphopenia and clinically presenting 

with bacterial and viral infections and mucocutaneous candidiasis. Lack of MST1 protein leads to 

abnormalities in adhesion and cellular migration affecting thymocyte trafficking and thymic 

egress103, v. T lymphocyte-specific protein tyrosine kinase (Lck) deficiency causing recurrent 

respiratory infections accompanied by inflammatory and autoimmune manifestations, 

characteristic is CD4+ T cell lymphopenia where the residual cells exhibit TCR signaling defect 

and oligoclonal repertoire104. 



33  

 

DOCK proteins deficiency 

 

DOCK proteins are guanine nucleotide exchange factors which regulate reorganization of the actin 

cytoskeleton in lymphocytes. DOCK8 deficiency is associated with autoimmunity and malignancy 

as well as eczema and elevated IgE levels. It was found to be the underlying cause in most of the 

patients with autosomal recessive hyper IgE syndrome (AR-HIES). (AD-HIES is caused by 

mutations in STAT3). DOCK2 deficiency is characteristic with early-onset severe viral infections, 

T cell lymphopenia and functional defects of T, B and NK cells. Additionally, it causes impaired 

neutrophil function. Similar to Coronin 1A deficiency, DOCK2 deficient patients have detectable 

thymus. Clinically, patients can fulfill diagnostic criteria for leaky SCID or Omenn syndrome105,
 

106. 

 
MHC class II deficiency 

 

The MHC class II deficiency, also called bare lymphocyte syndrome, is mostly caused by 

mutations in the TFs required for the expression of MHC class II genes. Autosomal recessive 

mutations of these genes impair the expression of MHC class II genes (patients express low or no 

levels of HLA-DP, HLA-DQ or HLA-DR on B cells, macrophages and DCs) and affect the 

positive selection of T cells in the thymus leading to lowered number of mature CD4+ T cells. It 

also leads to defective antigen presentation by all immune cells and activation of cells in the 

periphery. Patients present with early onset severe and recurrent infections in combination with 

autoimmune cytopenias with the only curative option of HSCT107. 

 
1.3.2.2. CIDs with associated or syndromic features 

 
 

The following group of CIDs includes diseases with associated or syndromic features, i.e. in which 

mutations cause clinical symptoms additional to the problems connected to the immune system. 
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Wiskott-Aldrich syndrome (WAS) 

 
 

Wiskott-Aldrich syndrome (WAS) is an X-linked PID associated with recurrent infections 

accompanied by an increased incidence of autoimmunity and malignancies, thrombocytopenia and 

eczema, in cases of complete absence of the WAS protein. However, different mutations of the 

WAS gene causing only decreased WAS protein expression lead to various clinical manifestations. 

One of them is X-linked thrombocytopenia (XLT), mainly characterized by thrombocytopenia and 

milder immunodeficiency, and the second is X-linked neutropenia (XLN) causing neutropenia and 

myelodysplasia because of activating mutations in the GTPase-binding domain of WAS protein108. 

 
Ataxia telangiectasia 

 
 

Ataxia Telangiectasia is an autosomal recessive disorder characteristic with progressive 

neurodegeneration due to the absence of ATM (Ataxia Telangiectasia, Mutated) protein which is 

responsible for cellular signaling in response to double strand breaks and oxidative stress. 

Immunodeficiency, in the form of reduced numbers of lymphocytes and impaired antibody 

production, is a consequence of inability in repairing double strand breaks generated in the process 

of lymphocyte development and class switch recombination109. 

 
DiGeorge syndrome 

 
 

DiGeorge syndrome (DGS) is caused by abnormal development of the third and fourth pharyngeal 

arches and genetically most commonly connected to microdeletion at chromosome 22q11. In 

majority of the cases the deletion includes over 30 different genes leading to a wide spectrum of 

clinical features including neurodevelopmental defects, cardiac malformations and 

hypoparathyroidism. Thymic hypoplasia or complete absence of the thymus leads to varying 

degrees of immunodeficiency, ranging from partial (pDGS) to complete (cDGS). In pDGS, 

patients manifest with increased susceptibility to infection which can be accompanied by 

autoimmunity (cytopenias, arthritis). The cDGS associated with athymia results in SCID which 

needs to be treated by HSCT or thymus transplantation25. 
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1.3.3. Diseases of immune dysregulation 

 
The term immune dysregulation describes a range of autoimmune and inflammatory conditions. 

In addition to increased susceptibility to infection, PIDs within this group are often associated with 

immune dysregulation of varying degrees (i.e. CIDs, Atypical SCIDs), or with a risk of developing 

it. In some cases, e.g Autoimmune lymphoproliferative syndrome (ALPS) or Immune 

dysregulation, polyendocrinopathy, enteropathy X-linked (IPEX) syndrome, autoimmunity and 

autoinflammation are the primary clinical manifestations of such PIDs110. 

 
ALPS 

 
ALPS is caused by mutations in the genes involved in the apoptotic pathway, most commonly in 

the FAS gene but also in the FASL, CASP8, CASP10 and FADD genes. It leads to defective Fas- 

mediated apoptosis and consequently to disturbed lymphocyte homeostasis (in response to 

pathogenic antigens) and to accumulation of autoreactive T and B cells. Clinically, ALPS patients 

present with autoimmunity, lymphadenopathy and splenomegaly and are usually treated with 

immunosuppressive agents and antibiotics, in minority of cases with HSCT. Phenotypically, it is 

characterized by elevated double negative α/β T cells (DNT)111. 

 
IPEX 

 
IPEX is immune dysregulation syndrome characteristic with severe inflammation and systemic 

autoimmunity due to lack of Tregs, which are essential for self-tolerance and homeostasis of the 

immune system. The underlying cause is mutations in the Forkhead box protein 3 (FOXP3) which 

is TF crucial for the development of Tregs. Clinical manifestations most commonly involve 

enteropathy and skin manifestations. The severity of the overall clinical phenotype depends on the 

mutated region of FOXP3 where milder forms are treated with immunosuppressive treatment and 

severe cases with HSCT112. 
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1.3.4. Predominantly antibody deficiencies 
 

Predominantly antibody deficiencies (PADs) result from molecular defects intrinsic to B cells, 

impaired interaction between B cells and T cells and defects of immune regulation. It can lead to 

loss of B cells, complete absence of immunoglobulins or their reduction with or without loss of 

function. They represent the most prevalent PIDs and result in a wide spectrum of disorders. 

However, many of them have not been described on molecular and genetic level (mainly isotype 

or light chain deficiencies). As opposed to other PIDs, PADs have a variable and often later age 

of onset. Moreover, patients with antibody deficiencies typically suffer from recurrent infections 

caused by encapsulated bacteria contrary to patients with combined immunodeficiencies, who 

mostly present with opportunistic or severe viral or bacterial infections. They can be divided into 

four different categories113. 

 
Agammaglobulinemia 

 

Agammaglobulinemia is characterized by severe reduction in all immunoglobulin isotypes and 

very low levels or absence of B cells. It includes i. X-linked agammaglobulinemia (XLA), caused 

by mutations in the gene BTK encoding Bruton's tyrosine kinase leading to a block in development 

of B cells with only pro-B and pre-B cells present and ii. autosomal recessive agammaglobulinemia 

mainly caused by mutations in the components of the pre-BCR complex or downstream signaling 

pathways, and also agammaglobulinemia caused by iii. PIK3R1 and PIK3CD LOF mutations, iv. 

E47 TF deficiency114. 

 
Hyper IgM syndromes 

 
Hyper-IgM syndromes (HIGM) are characteristic with normal or even elevated IgM levels and 

severe reduction in IgG and IgA isotypes. They can be caused by defects in the class-switch 

recombination process, i.e. mutations in activation-induced cytidine deaminase (AID) and uracil- 

DNA glycosylase (UNG), or in the process of interaction between B cells and T cells, i.e. CD40L 

and more rarely CD40 deficiencies, which also makes a form of combined immunodeficiency 

(CID115). 
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Common variable immune deficiency (CVID) phenotype 

 

CVID phenotype typically presents with severe reduction in at least 2 immunoglobulin isotypes 

but normal or low levels of B cells which either fail in becoming fully activated, proliferating 

normally or completing successful differentiation into memory and plasma cells. The cause lies in 

blocks in various steps during B cell development. In the majority of CVID cases the genetic basis 

has not been found even though it represents one of the most common symptomatic PIDs (1:25 

000-1:50 000116). The CVID phenotype can arise as a result of deficiencies in i. TACI117 that has 

been linked to CSR and plasma cell differentiation, ii. NFκB1/2 deficiencies118, LRBA and 

CTLA4110 deficiencies, PIK3CD GOF58 mutations, which all contribute to defects connected to 

dysregulation of the immune system. 

 
Isotype, light chain or functional deficiencies 

 

This group generally presents with normal levels of B cells and may include functional defects. 

The most common primary antibody deficiency, i.e. selective IgA deficiency belongs to this 

category. The incidence is 1:143 to 1:18 500 and the majority of patients (about two thirds) are 

clinically asymptomatic119. Other examples are kappa chain deficiency120 where all 

immunoglobulins have the lambda light chain, IgH chain mutations and deletions, isolated IgG or 

IgG with associated IgA subclass deficiencies. The clinical presentations vary from asymptomatic 

to increased susceptibility to bacterial infection or associated with conditions such as atopic 

disorders or allergy113. 

 

1.3.5. Defects in innate immunity 

 
Most defects of innate immunity lead to disrupted development or function of immune cells other 

than T and B cells. They are linked to infectious diseases and susceptibility to different pathogens 

depending on the affected innate immunity mechanism. 

Examples of defects of the innate immunity involve Chronic granulomatous disease (CGD) caused 

by mutations in the phagocyte oxidase (phox) enzyme complex, leukocyte adhesion deficiencies, 

which are result of mutations in the endothelial adhesion molecules of neutrophils, defective NK 

cells and phagocytes causing Chédiak-Higashi syndrome and defects in the IL-12/INF-γ pathway 

causing Mendelian susceptibility to mycobacterial disease (MSMD)121. 
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This category also involves Toll-like receptor (TLR) signaling pathway deficiencies. TLRs are 

pattern recognition receptors mediating recognition of pathogen-associated molecular patterns 

(PAMPs) and danger associated molecular patterns (DAMPs) and are located on the plasmatic 

membrane (TLR1, TLR2, TLR4, TLR5 and TLR6), detecting extracellular pathogens and also the 

endosome membrane (TLR3, TLR7, TLR8 and TLR9), detecting viral nucleic acids, intracellular 

bacteria antigens and endogenous particles122. Among the proteins, which are commonly affected 

are IRAK4 and MyD88, which are involved in the signaling pathway of most TLRs and their 

cooperative function results in the induction of NF-κB signaling pathway and production of pro- 

inflammatory cytokines. They can be also linked to susceptibility to viral infections, such as TLR7 

or TLR3 deficiencies123. 
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1.4. Diagnostic approaches in PIDs 

 
Diagnosis of PID follows well-established guidelines which are updated on a regular basis. They 

are defined by the International Union of Immunological Societies (IUIS8), providing classification 

catalog of PID, and the European Society for Immunodeficiencies (ESID124) with the working 

definitions for clinical diagnosis. Diagnosis is completed upon a combination of clinical 

manifestation definitions, a variety of laboratory tests and genetic testing. The laboratory testing 

starts from basic full blood count test and serology (evaluating total immunoglobulins, followed 

by subclass and specific antibody determination) to more advanced flow cytometric 

immunophenotyping tests which are able to characterize and quantify subpopulations of immune 

cells. It plays an important role in the further guidance of functional and genetic testing decisions. 

Next, definitive diagnosis is made using Sanger or next generation sequencing (NGS) which 

localizes the genetic defect(s) in the DNA 125. 

Early diagnosis of PID is crucial for early initiation of appropriate therapy in order to reduce patient 

mortality in the most severe cases of PID and morbidity such as organ damage in other PIDs. 

Correct diagnosis needs to be done before the potential occurrence of infection, as SCID patients 

with early diagnosis and infection-free state at treatment have higher (95%) survival than patients 

with late diagnosis and active infection (81%)126. Similarly, early and precise diagnosis of PAD 

patients can avert infectious complications and organ damage associated with lower quality of life 

and survival rate127. However, PIDs could be susceptible to diagnostic delay for a number of 

reasons, including overlapping symptoms of immune dysregulation, newly assigned phenotypes 

of previously known genetic defects or different genetic defects presenting with a similar 

phenotype, hypomorphic mutations, maternal engraftment and others. This overall variability, only 

emphasizes the importance of reliable, sensitive and rapid diagnostic tools and creates the 

necessary motivation to develop new, more efficient ones. 

 

1.4.1. T cell and B cell receptor excision circles 

 
T cell receptor excision circles (TRECs) are products of the T cell receptor rearrangement during 

the development of T cells in the thymus. Analogous to TRECs are kappa-deleting recombination 

excision circles (KRECs) which are products of BCR rearrangement analogous to TCR. They can 

be detected in a DNA extracted from newborn dried blood spots utilizing a real-time quantitative 
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polymerase chain reaction (RTqPCR). Quantification of TRECs/KRECs reflects the relative 

number of naive cells in the periphery and are correlated with the thymic/bone marrow output128. 

Because of the life-threatening consequences in the case of late diagnosis and data showing that 

infants undergoing hematopoietic stem cell transplantation (HSCT) within the first months of life 

and without the onset of infection prior to transplantation have higher survival rate and superior 

thymic output129, SCID was proposed as the first PID in newborn screening (NBS) program. NBS 

for SCID was initially implemented in Wisconsin, United States (US) in 2008130. Since then, it was 

established all over the US and subsequently worldwide including several European countries. 

Since 2022 monitoring of TRECs and KRECs has been included in the NBS program in the Czech 

Republic131 (Klocperk et al., manuscript in preparation). In the case of abnormally low 

TRECs/KRECs, flow cytometric immunophenotypic test focused on the naive T/B subsets is 

followed by consequent NGS testing for definitive diagnosis. Nonetheless, a considerable number 

of countries have not implemented NBS for SCID mainly because of challenges associated with 

logistics, optimizing for accuracy and cost. 

Of note, some cases of CIDs (e.g. ZAP70 or MHC II deficiencies) or SCIDs caused by 

hypomorphic mutations, where the thymic output is not significantly affected, may not be detected 

by the NBS program. In such cases, other tools such as immunophenotyping are needed for early 

detection of SCID and CID patients132. 

 

1.4.2. Genetic testing 

 
Genetic testing in the form of sequencing, including NGS methods such as targeted gene panels, 

whole exome sequencing (WES) and finally whole genome sequencing (WGS) provide definitive 

molecular diagnosis of PID. As these methods are becoming more accurate, affordable and 

routinely available, they allow to identify new entities which allows for expanding the field of 

PID. However, analyzing and interpreting a variant requires time and expertise, which can be a 

disadvantage. Moreover, new variants need to be functionally validated which represents one of 

the main challenges. Contrary to that, fast and reliable results in the early diagnosis of patients 

suspected of PID (either due to clinical manifestations, family history or low or absent TRECs in 

cases of severe immunodeficiency) as well as the functional impact of new gene variants can be 

provided by cytometry immunophenotyping. On top of that, functional tests describing the affected 



41  

signaling pathways complete the newly found variants and open the door for possible targeted 

treatment. Notably, all of these methods are complementary to each other and only their 

combination can lead to a successful description of known and yet unknown PIDs133. 

 

1.4.3. Flow cytometry immunophenotyping and functional testing 
 

Flow cytometry is a single cell method enabling measurement of multiple parameters at once 

thanks to light scattering and fluorescence emitted by fluorochrome-conjugated antibodies. It is 

able to detect the expression of surface and intracellular markers, including cellular functional 

responses in a form of activated phosphorylated kinases using phosho-flow. It is used for 

identification, quantification and characterization of specific cell populations in research and 

diagnostic applications with capability to provide results in brief period of time (typically few 

hours)134. 

Flow cytometry based basic T, B and NK population enumeration is standardly used screening test 

in cases of suspected PID. The results usually form a base for eventual application of following, 

more specific immunophenotyping tests which include markers of maturation or activation of T 

and B cell subsets. When complete lack of T cell counts is detected, the interpretation of the TBNK 

test is straightforward and leads to an elevated suspicion of SCID. However, T cells can be present 

in subtypes of SCID patients such as leaky SCIDs97 or Omenn syndrome135, also in cases of 

maternal T cell engraftment136. Such patients cannot be detected by the T-B-NK- test as it fails to 

provide the needed phenotypic information about the subsets, such as maturation stage. The 

detectable T cells are of memory phenotype (either autologous or of maternal origin) confirming 

the defect in the production of T cells137. In cases of reduced T cell counts determined by the T-B- 

NK- test, there is lack of information on the following direction of testing, which also confirms 

the need to develop new screening tools. 

Similarly, cases of absent/strongly decreased peripheral blood B cells suggest 

agammaglobulinemia (due to mutations in BTK or related genes in the BCR signaling pathway), 

but further phenotyping of the B cell precursor subsets in the bone marrow can provide the 

information about the position of arrest in the early development. If B cell counts are reduced, 

additional analysis focused on the identification of the transitional and naive B cells or memory B 

cells, plasmablasts and plasma cells, in combination with the isotype and subclass classification, 
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needs to be performed, to differentiate between different diagnoses, e.g. hyper IgM syndrome, 

CVID or IgH isotype defects. 

To overcome the limitations of the T-B-NK- test and previously published protocols138,139,our 

group, as part of the EuroFlow consortium, developed standardized flow cytometric tools and 

strategies to reliably diagnose and classify PIDs of the lymphoid system. In particular, it consists 

of a screening PID Orientation tube (8-color and 12 markers, already informative about the 

maturation stages) and seven specialized classification tubes. According to the proposed PID 

algorithm, the PID Orientation tube is applied alone or in combination with the classification tubes, 

which are focused on detailed dissection of T cell or B cell defects. Besides the optimized and 

validated antibody panels, the EuroFlow approach includes standardized protocols for sample 

preparation, acquisition, and analysis140,141,142. 

It is important to note that to achieve a complete and optimal diagnosis of PID, specialized or 

functional assays may be needed to complement the above. For instance, assessing specific surface 

or intracellular proteins on different cell populations, e.g. CD40L on activated T cells in X-linked 

hyper IgM syndrome or CTLA-4 in CD4 Treg cells in CTLA-4 haploinsufficiency and LRBA 

deficiency143, or implementing functional assays using flow cytometry to evaluate leukocyte 

responses to stimulatory, proliferative and apoptotic stimuli, or to various pharmacological and 

biologically active molecules when monitoring targeted therapy. For example, evaluating the 

phosphorylation state of STAT1 can differentiate between gain-of-function (GOF) and loss-of- 

function (LOF) STAT1 variants responsible for different clinical manifestations, i.e. chronic 

mucocutaneous candidiasis (CMCD) caused by GOF and Mendelian susceptibility to 

mycobacterial disease (MSMD) caused by LOF STAT1 mutations143. Moreover, STAT1 

phosphorylation state can report the effect of JAK/STAT inhibitors and describe the immune and 

clinical state of patients treated with targeted therapy144. As another example of functional assay 

by  flow,  T  cells  from  patients  with  ALPS  characterized  by  impaired  FAS/CD95-  

mediated cell death of lymphocytes, can be delineated by not undergoing apoptosis following 

stimulation with anti-Fas antibody, as opposed to control T cells143. 
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1.4.4. Mass cytometry functional immunophenotyping 

 
Measuring a higher number of parameters using conventional flow cytometry has limitations 

mainly due to similarities and overlaps in the emission spectra causing spillovers, spillover- 

spreading errors occurring after compensation leading to decreased resolution, but also 

autofluorescence and the number of lasers and detectors available. On the other hand, mass 

cytometry allows for the measurement of over 40 parameters145 simultaneously, as it uses 

monoclonal antibodies coupled to metal isotope tags which overcomes the above-mentioned 

pitfalls of flow cytometry. The stained cells are nebulized into single cell droplets, pass through 

argon plasma which converts the cells into ion clouds. The ions are filtered through quadrupole 

which passes only the ions corresponding to the metal isotope probes. Then they are analyzed in 

the time-of-flight chamber by mass-to-charge ratio. The number of parameters that could be 

studied simultaneously is mainly limited by the availability of isotopes and antibody conjugation 

chemistry145. 

Mass cytometry gives the possibility to combine phenotypic markers together with molecules 

involved in signaling pathways, e.g. phospho-kinases or other proteins involved in proliferation, 

apoptosis, senescence or others and to obtain a full picture of the biological mechanism of interest. 

However, the acquisition of multidimensional data has brought with it challenges in analyzing 

such data and the need for appropriate tools to truly understand and interpret them. First, for data 

visualization, dimensionality reduction techniques were introduced to the analysis of mass 

cytometry data, one of the initially used was a linear method PCA146. Better preservation of the 

relationships in space is achieved by non-linear reduction techniques, such as t-SNE147 or 

UMAP148. However, further development of methods is highly demanded to interpret large 

datasets in the most truthful way. Most recently, methods using unsupervised machine learning 

have been introduced149. 

Given the complexity of PIDs described above, mass cytometry can be extremely beneficial, 

especially when describing novel mechanisms due to selected gene defects and for subsequent 

guidance in developing new diagnostic or monitoring tools150. Considering the longer time required 

for sample preparation, acquisition and analysis, as well as as the need for a larger sample volume, 

mass cytometry is primarily used for exploratory research-based questions rather than for 

diagnostics. 
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1.5. Treatment and management of PIDs 

 
Thanks to the advances in the characterization of PIDs it has been possible to shift from supportive 

care consisting mainly of treatment of infections or inflammation to definitive treatment such as 

hematopoietic stem cell transplantation (HSCT) or gene therapy as well as to targeted medicine 

comprising monoclonal antibodies and small molecules. 

 

1.5.1. Hematopoietic stem cell transplantation 

 
Hematopoietic stem cell transplantation (HSCT) is based on the replacement of the diseased bone 

marrow cells by healthy cells from a related HLA-matched or unrelated HLA-matched donor and 

provides a definitive cure for the disease. For the procedure, it is necessary for the patients to 

undergo chemotherapy or irradiation in order to eradicate their bone marrow stem cells. Notably, 

in patients with SCID reduced-intensity conditioning (less intensive chemotherapy/radiotherapy 

used lowering the complications associated with conventional conditioning regimen) can be 

applied due to low risk of graft rejection. Other factors influencing the overall outcome include 

the degree of HLA compatibility between the recipient and the donor which is responsible for the 

graft-versus-host disease (GvHD). Next, the function of the thymus and history of infectious 

diseases. Hence, the earlier the patients are diagnosed the better prognosis they have thanks to the 

high rate of newly generated T cells and shorter exposure to infectious agents. HSCT is the only 

definitive treatment for SCIDs (exception can be made if gene therapy is available) who are 

characteristic with complete lack of T cells and is indicated shortly after birth. However, in cases 

of low to intermediate levels of T cells (in CID patients) the indication of HSCT is less 

straightforward in the context of future prognosis and risks of HSCT and is evaluated individually 

based on the clinical condition of the patient151. 

 

1.5.2. Gene therapy 
 

Gene therapy is a treatment method based on the autologous application of genetically modified 

hematopoietic stem and progenitor cells (and possibly T cells). The cells are infused after in vitro 

correction of the molecular defect by introduction of a viral vector carrying the wild-type gene. 

The initial trials began in the early 1990s and targeted ADA-SCID152 and X-SCID153 and resulted 
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in a successful correction of the defective gene as well as with beneficial clinical outcome. 

However, the use of first-generation γ-retroviral vectors in the clinic was approved only for ADA- 

SCID since in the case of X-SCID and later in WAS it was connected to oncogene transactivation 

events154. Development of next-generation self-inactivating γ-retroviral and lentiviral vectors later 

enabled safe and efficient gene delivery for correction of other IEIs, such  as  XR-SCID  or 

WAS. Also, lentiviral vector-based gene therapy protocol for RAG1-deficient SCID is currently 

in preclinical phase155. Recently, gene editing has been investigated as another promising curative 

therapy, especially in the form of CRISPR/Cas9. It enables precise insertion of the gene coding 

sequence after the natural promotor thus maintaining physiological expression and regulation of 

the cells. Of great benefit is also the potential of this method to correct dominant-negative and 

GOF mutations. Currently gene editing is in (pre)clinical trials for a number of IEIs, such as X- 

SCID, hyper IgM syndrome or X-agammaglobulinemia. Another way of gene editing is in the 

form of a single nucleotide exchange. However, it is in the preclinical stage in the field of IEIs156. 

 

1.5.3. Targeted therapies 
 

Molecular diagnosis of PIDs has allowed identification of critical targets which can be specifically 

modulated or replaced by monoclonal antibodies or small molecules. One of the first targeted 

treatments used in the clinic is replacement of the ADA enzyme in patients with ADA-SCID with 

polyethylene glycol conjugated bovine ADA. Thanks to the advances in molecular tools being 

used to diagnose PIDs, many other targets have been identified with new molecules being 

developed and tested. Commonly used targeted therapies include kinase inhibitors, such as mTOR 

inhibitors (sirolimus, used in various PIDs with immune dysregulation manifestation), PI3K 

inhibitors (leniolisib, used in patients with APDS) or JAK/STAT inhibitors (ruxolitinib, used in 

patients STAT1 GOF and STAT3 GOF mutations). Another form of targeted therapies are 

CTLA4-IgG fusion proteins (abatacept, used in patients with CTLA-4 haploinsufficiency or 

LRBA deficiency) or IL-1 antagonists (anakira, used in patients with inflammasome pathologies). 

Targeted therapeutic molecules can be used in combination with immunosuppressive treatment or 

on their own133. 
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1.5.4. Immunoglobulin replacement therapy 

 
Immunoglobulin replacement therapy is mostly used in patients diagnosed with common variable 

immune deficiency (CVID). It is also choice of treatment in other diagnoses including 

agammaglobulinemia, IgG subclass deficiency and hyper IgM syndromes. Immunoglobulins, in 

the form of natural IgG prepared from pooled plasma from healthy donors, are administered 

intravenously or subcutaneously and aim to reduce infections157. 
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2. Specific aims of the thesis 

 
The first part of the thesis aims to investigate the immunophenotype of severe and predominantly 

antibody PIDs and to contribute to improved diagnosis of patients suspected of having such PIDs. 

Subsequently, it aims to provide a comprehensive approach to allow for a detailed study of B cell 

development to potentially discover alternative developmental pathways, improved diagnostic 

tests or novel therapeutic targets. 

Specifically, we focused on the following points: 

 
1) To develop and to report the clinical performance of a standardized diagnostic test for the 

identification and immunophenotypic description of T cells from newborns suspected of 

having severe PID (SCID and CID). 

 
2) To provide a detailed immunophenotypic description of B cell subsets of potential 

diagnostic relevance in patients with predominantly antibody deficiencies (CVID, IgAdef, 

IgG/Adef). 

 
3) To develop a mass cytometry protocol in combination with a novel computational 

framework for visualization of multidimensional data and detailed interrogation of human 

B cell developmental pathways. 

 

The second part of the thesis focuses on elucidating the mechanism behind the dysregulated B cell 

differentiation in ALPS patients caused by mutated FAS (ALPS-Fas). It also aims to functionally 

describe the character of a newly identified mutation causing a novel type of PID. 

In particular, we focused on the following points: 

 
4) To describe the role of Fas signaling in ALPS-Fas patients in the extrafollicular vs. 

germinal center fate decision. 

 
5) To functionally characterize a novel mutation in the TLR8 gene found in monozygotic 

twins clinically leading to severe autoimmunity and autoinflammation. 
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3. Methods 

 
The laboratory methods are described in detail in the attached manuscripts of this thesis. They 

include flow cytometry, cell sorting and mass cytometry measurements and sample preparation as 

the main methods used to gain the presented results. 

All human material was collected after informed consent according to the Declaration of Helsinki 

and with the approval of the respective ethics committees. The samples were processed following 

standardized EuroFlow approaches or specifically designed protocols, which are described in the 

respective manuscripts. Data acquisition was performed on flow cytometers equipped with 405, 

488 and 633/640 nm lasers (BD Biosciencies) or cell sorter FACS Aria II (BD Biosciences) or 

mass cytometer CyTOF2/Helios (Fluidigm). 

For data analysis, FlowJo or Infinicyt software was used. Statistical analyses were performed using 

GraphPad and StatView programs. Computational methods were developed in our group by Mgr. 

Jan Stuchlý, Ph.D., used R-project language and are reported in detail elsewhere. 
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4. Results 

4.1. EuroFlow Standardized Approach to Diagnostic Immunophenotyping of 

Severe PID in Newborns and Young Children 

Tomas Kalina*, Marina Bakardjieva*, Maartje Blom, Martin Perez-Andres, Barbara Barendregt, 

Veronika Kanderová, Carolien Bonroy, Jan Philippé, Elena Blanco, Ingrid Pico-Knijnenburg, Jitse H. 

M. P. Paping, Beata Wolska-Ku ́snierz, Malgorzata Pac, Jakub Tkazcyk, Filomeen Haerynck, Himmet 

Haluk Akar, Renata Formánková, Tomáš Freiberger, Michael Svatoň, Anna Šedivá, Sonia Arriba- 

Méndez, Alberto Orfao, Jacques J. M. van Dongen and Mirjam van der Burg   

Front Immunol. 2020 Mar 19;11:371. doi: 10.3389/fimmu.2020.00371   
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Severe forms of PID include Severe combined primary immunodeficiency (SCID) and Combined 

immunodeficiency (CID), both of which are rare disorders with an incidence of 1:58 000 - 1:130 

903 newborns78,159. For the Czech Republic it means 1-3 new patients per year131. Patients with 

SCID or CID are usually born asymptomatic, but the resulting complications caused by the lack 

of the adaptive immunity lead to life-threatening conditions before the age of one year. Therefore, 

prompt diagnosis followed by appropriate treatment, most commonly HSCT, is critical to their 

well-being and survival. Typically, patients completely fail to develop T cells. Paradoxically, some 

patients have T cells present, due to hypomorphic mutations or maternal engraftment. These 

patients are at diagnostic risk because the conventionally used T-B-NK screening test may not be 

sufficient to detect them. 

In this study, we set out to develop a sensitive cytometric diagnostic test to reliably detect all 

patients suspected of having SCID/CID (including the ones with presence of T cells) as early as 

possible in an effort to avoid diagnostic delay. Considering the incidence of SCID/CID, this is a 

multicenter study and we sought a standardized approach within the EuroFlow consortium. 

We have developed a diagnostic test called SCID-RTE, which is an 8-color flow cytometry test 

assessing the presence of the naive forms of CD4+ and CD8+ T cells defined as cells expressing 

the naive T cell marker L-selectin (CD62L) and lacking the memory T cell marker (CD45RO) as 

well as the activation marker (HLA-DR). Within the population of naive CD4+ T cells, the tube 

identifies the most naive T cells released from the thymus to the periphery called recent thymic 
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emigrants (RTE) using the marker CD31. By evaluating the expression of the molecules CD62L 

and CD45RO, other T cell maturation stages can be defined, i.e. central memory and effector 

memory T cells. The activation status of the cells can be determined by the expression of the HLA- 

DR molecule. 

In collaboration with four other EuroFlow laboratories we collected 26 peripheral blood samples 

of patients diagnosed between birth and 2 years of age with molecularly defined defects causing 

SCID (n = 15, two of them presented with Omenn syndrome and three of them with maternal 

engraftment) or other form of PID (n = 11). Our control group consisted of 44 healthy donor 

samples in the same age range. 

Using the SCID-RTE tube we were able to identify all SCID patients by detecting complete 

absence of RTE. Importantly, it included patients with normal absolute counts of CD3+ T cells due 

to maternal engraftment (n = 2) or oligoclonally expanded cells characteristic for Omenn syndrome 

(n = 1). This demonstrated the ability of the SCID-RTE tube to overcome the limitations of the 

routinely used TBNK assay, as it examines the origin of the T cells, i.e. CD4+CD31+ RTE cells. 

Other naive forms of T cells were also absent (CD4+/CD8+) or present at low detectable levels 

(CD8+). 

Patients diagnosed with other forms of PID presented with varying degrees of abnormality in 

different cell subsets. In the majority of the patients (n = 7) we found detectable levels of RTE but 

significantly lower than in controls (lower than 5th percentile of healthy). The remaining patients 

(n = 2) had complete absence of RTE. An exception was patient diagnosed with ALPS who 

presented with above normal levels of RTE. Other forms of naive CD4+ and CD8+ cells were also 

abnormally low in the majority of the patients with the exception for the ALPS patient. 

Another important parameter characteristic of patients with PID was and increased level of 

activated cells, as determined by the expression of HLA-DR. This finding was particularly 

important in SCID patients with detectable levels of T cells, i.e. Omenn syndrome or maternally 

engrafted cells. These cells showed massive signs of activation and were of memory phenotype 

(CD45RO+), demonstrating their oligoclonality and maternal origin, respectively. In patients with 

other forms of PID the activation status varied, but in the majority we found higher levels of HLA- 

DR+ cells than in the control group. 
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CONCLUSION 

 

We have developed and demonstrated that the EuroFlow SCID-RTE tube is a powerful sensitive 

diagnostic test for the identification of patients suspected of having SCID/CID which is based on 

the immunophenotypic description of different T cell subpopulations, including the most naive 

RTE population correlating with thymic output, by standardized flow cytometry. It can be used in 

cases of clinical suspicion of SCID/CID, abnormal TRECs levels and subsequently to the PID 

Orientation tube (PIDOT) for more detailed analysis including RTE counts and the HLA-DR 

parameter. 
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4.2. Defects in memory  B-cell and plasma cell subsets expressing different 

immunoglobulin-subclasses in patients with CVID and immunoglobulin subclass 

deficiencies 
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Caetano, Alfonso Romero, Teresa Contreras-Sanfeliciano, Carolien Bonroy, Francisco Sala, 
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Alberto Orfao; EuroFlow PID group   

 J Allergy Clin Immunol. 2019 Sep;144(3):809-824. doi: 10.1016/j.jaci.2019.02.017  

  

Predominantly antibody deficiencies (PADs) form a heterogeneous group of PIDs with high 

prevalence (50-70 % of all PIDs) but largely unknown genetic background. They are characteristic 

with aberrant production of one or more Ig isotypes or subclasses and include selective IgA 

deficiency (IgA-def), IgG deficiency with IgA deficiency (IgG/A def) and CVID with reduced 

total IgG, IgA and IgA and/or IgM serum levels. Their diagnosis and classification rely on the 

antibody serum levels, response to vaccination and clinical manifestations8,160. However, B cell 

subset alterations and distribution of memory B cells (MBCs) and plasma cells (PCs) expressing 

different immunoglobulin subclass has not been widely studied in PAD patients, but can provide 

valuable information that can contribute to improved diagnosis and classification. 

In this study, conducted within the EuroFlow consortium, we aimed to investigate the distribution 

of B cell subsets in more than 100 patients with PAD in comparison to more than 200 age-matched 

healthy controls, including IgG1 to IgG4 and IgA1 and IgA2 subclass distribution analysis within 

the PC and MBC compartments. 

Most patients with IgA-def and IgG/A def had normal total B cell counts. Almost half of the IgA 

def patients and majority of the IgG/IgA def patients presented with decreased PC levels. IgA def 

patients could be divided into two subgroups based on the severity of the IgA+ MBC defects and 

different expression profile of the IgA subclasses. These two groups differed in the extent of 

autoimmunity manifestation and affected family members. IgG/A def patients also showed 

decreased IgG2+ MBCs. Around half of the CVID patients had decreased total B cell numbers 



53  

(with lowered immature/transitional and naive B cells subsets) and majority of them showed 

decreased switched IgG+ PC levels (98%). They were further divided into 6 subgroups based on 

differential expression of Ig isotype/subclass of the MBCs. These CVID subgroups did not differ 

in age or serum Ig levels, but did differ significantly in the frequency of autoimmunity, 

autoimmune cytopenia, and hepatomegaly. 

CONCLUSION 

 
In conclusion, this study provided a comprehensive evaluation of the B cell subsets alterations 

including the expression of distinct immunoglobulin subclasses on MBCs and PCs. Different 

subsets correlated with immune profiles, diagnostic subtypes and clinical presentations. This 

contributed to the classification of these PIDs and has a potential use in diagnostic. 
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B cells develop from hematopoietic stem cells in the bone marrow. They then migrate to the 

peripheral blood and secondary lymphoid organs to differentiate into their final stages. Finally, 

they migrate back to the bone marrow as long-lived antibody-secreting cells. Blocks and regulatory 

defects in the B cell development lead to severe forms of PIDs or result in immune dysregulation, 

respectively, making this an area of intense research. The major developmental stages and their 

progression are well known. However, we lack detailed insight into the dynamics of expression of 

(non)canonical markers, potential intermediate stages, and suitable tools to discover possible 

alternative developmental pathways. 

In this study, we aimed to develop i. a mass cytometry panel for detailed description of B cell 

developmental stages in healthy human bone marrow and peripheral blood samples and ii. a 

computational framework called tviblindi – trajectory inference algorithm and dimensionality 

reduction tool (vaevictis) that would allow us to analyze developmental trajectories in a user- 

friendly/interactive graphical user interface (GUI). 

The dimensionality reduction tool vaevictis projected the B cell progenitor and mature B cell 

subsets progressing through the bone marrow and peripheral blood as a continuum, in a logical 

way preserving the local and global relationships between stages, along with the expression of 

canonical markers (CD34, TdT, CD10, surface IgM (sIgM), IgD and CD27) and the light chains 

indicating the κ and λ developmental branches. Therefore, it provided us reliable projection for 

interpretation of trajectories constructed by the tviblindi algorithm. 

The tviblindi algorithm operates independently in the original multidimensional space and 

constructs random walks away from the defined starting point (CD34+ stem cells), directed by 

calculated pseudotime. The found developmental endpoints were located in clusters corresponding 
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to mature naive, natural effector and switched memory B cells. Next, we expertly selected the 

random walks that formed meaningful trajectories through biologically relevant subsets. We 

observed consistency between the manually analyzed and the pseudotime calculated expression of 

the canonical markers (TdT peak in pro-B/pre-BI stage, CD10 in pre-BI and sIgM in transitional 

B cells), and further analyzed the expression changes through and within the stages of all markers. 

They included nuclear factors (PAX-5, Ki-67, TdT or Bcl-2), phenotypic markers (CD34, CD10, 

CD20, sIgM, IgD, CD27) and cytokine and chemokine receptors (IL-7Rα, CXCR4, CXCR5). 

Another layer of detail was provided when we compared the subpopulations (transitional, naive 

and natural effector) that were present in both the bone marrow and peripheral blood 

simultaneously. Even though they were projected in the same clusters we found a shift in the 

pseudotime and differential expression of the CXCR4 and CXCR5 markers. 

Finally, tviblindi allowed for identification of branching points in the development of B cells. First, 

at the expected point of κ versus λ differentiation, and second, at the point of upregulation of the 

switched memory B cell marker CD73 which indicated the natural effector versus switched 

memory differentiation. 

CONCLUSION 

 
In conclusion, we have developed and validated a multiparametric mass cytometry protocol in 

combination with a computational framework that allows detailed analysis of B cell developmental 

trajectories. Of note, the presented algorithm is capable of analyzing multiple endpoints and 

finding multiple branching points in the dataset. This could provide a platform to study 

developmental/dysregulatory defects in PID patients with the potential to find alternative non- 

canonical pathways or endpoint populations. Finally, this knowledge could contribute to novel 

therapeutic targets or improved diagnostic tests. 
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Autoimmune lymphoproliferative syndrome (ALPS) is a primary immunodeficiency classified as 

a disease of immune dysregulation, most commonly caused by mutations in the FAS gene (ALPS- 

Fas). It presents with lymphoproliferation, accompanied by autoimmunity with autoantibodies. 

The production of autoantibodies is attributed to impaired negative selection and removal of 

autoreactive B cells due to mutant Fas161,162. ALPS-Fas patients are also characterized by disturbed 

peripheral B cell differentiation163. 

In this study, we aimed to investigate the role of mutant Fas in the disturbed B cell differentiation 

present in ALPS-Fas patients. We were interested in whether there is an additional signaling 

outcome after Fas engagement besides apoptosis, its role in the extrafollicular versus follicular B 

cell differentiation, and the regulatory mechanism behind it. 

First, we focused on the immunophenotypic analysis of the B cell compartment and the effect of 

mutant Fas on the composition of B cell subsets. Of note, we used ALPS-Fas and healthy donor 

(HD) secondary lymphoid organ (SLO) cells (from the spleen, tonsils and lymph nodes) and found 

that ALPS-Fas patients had increased EF differentiation (spleen) and reduced GC B cell maturation 

(lymph node). 

To combine immunophenotypic markers together with functional characterization of the skewed 

B cell differentiation in ALPS-Fas patients, we developed a high-dimensional mass cytometry 

panel including selected phospho-markers downstream of key signaling pathways. The data were 



57  

first visualized as a UMAP projection of all CD19+ cells (spleen) calculated using all phospho- 

markers and showed only partial overlap between ALPS patients and healthy controls. In 

particular, the ALPS-Fas samples showed increased pS6, pAkt as well as increased pBTK, pLyn 

and pPLCγ2, suggesting increased mTOR signaling and increased BCR signaling, respectively. 

These results indicated that the EF response is associated with increased mTOR and BCR 

signaling. Further analysis of ALPS-Fas B cell subpopulations in two SLOs (spleen and LNs) 

revealed consistently and significantly increased mTOR signaling, as detected by pS6, leading to 

the hypothesis that the control of mTOR signaling is potentially affected by Fas. 

To test this hypothesis, an in vitro system was developed to study non-apoptotic signaling after 

Fas engagement with FasL. Healthy naive B cells were activated with CD40L (to model initial 

activation and induce Fas expression) and transiently cultured with FasL. The signaling of non- 

apoptotic cells (cPARP-) was then studied. Activation with CD40L induced phosphorylation of 

the molecules S6, Akt, NF-κB p65 and p38 MAPK. However, additional stimulation with FasL 

specifically reduced the pS6 and pAkt levels, thereby downregulating mTOR signaling. 

Importantly, the same experimental setup performed on ALPS-Fas cells showed an inability to 

downregulate the mTOR signaling (through CD40 in response to FasL), demonstrating that Fas 

provides the modulatory signal. This observation suggested that Fas triggering affects the 

PI3K/Akt/mTOR pathway in CD40L-activated B cells. 

Further proteomic studies supported the data and helped to establish a mechanistic model in which 

Fas triggering causes intracellular protein relocalization (PTEN nuclear exclusion) that counteracts 

the activity of the CD40-induced PI3K/Akt/mTOR pathway. At the transcriptional level, Fas 

engagement induced the expression of CXCR4, c-MYC and BCL-6, which have been linked to 

GC formation and polarization. 

CONCLUSION 

 

This project used ALPS-Fas as a model system to elucidate a novel physiological role of non- 

apoptotic Fas signaling in the peripheral differentiation decisions in healthy B cells and the 

impaired signaling modulation caused by mutations in FAS. Taken together, the data show that 

healthy non-apoptotic Fas signaling contributes to GC versus EF developmental decisions, via 

downmodulation of mTOR signaling and transcriptomic changes, favoring GC formation, in 

CD40L-activated human B cells. In ALPS-Fas patients, this modulatory mechanism is impaired 
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due to defective Fas signaling, which results in upregulated mTOR signaling, reduced GC B cell 

maturation and increased extrafollicular responses, contributing to the immune dysregulation 

characteristic of these patients. 
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Both Toll-like receptor 8 (TLR8) and Toll-like receptor 7 (TLR7) are pattern recognition receptors 

(PRRs) found in the endosomes of immune cells. They are phylogenetically related and detect 

single-stranded (ss)RNA of viral and bacterial pathogens as well as endogenous ssRNA. Their 

stimulation promotes NF-κB, MAPK and IFN signaling leading to the expression of inflammatory 

cytokines, chemokines and costimulatory molecules. Importantly, it has been shown that by 

triggering different signaling pathways, TLR8 and TLR7 negatively regulate each other and their 

interaction has an effect on balancing their inflammatory responses121.
 

In this study we presented a novel c.1715G>T (p. G572V) mutation in the gene encoding TLR8, 

located near the first ligand binding site, clinically leading to autoimmune and autoinflammatory 

disorder in two monozygotic male twins. In particular, severe autoimmune hemolytic anemia 

(AIHA) and autoinflammation presenting as fevers, arthritis, enteritis, and CNS vasculitis. We set 

out to functionally describe the character of the mutation and its effect on the mutant cells. 

Based on the location of the mutation, we hypothesized altered activity of the TLR8 receptor upon 

ligand binding and a possible effect on the TLR8/TLR7 regulation. Indeed, we observed that the 

mutant TLR8 protein showed cross-reactivity to TLR7 ligands and also decreased inhibition of 

TLR7 signaling, as assessed by NF-κB activity in human HEK-Blue cell lines. 

The patient cells (monocytes) had half the amount of TLR8 protein compared to controls, but the 

mRNA levels were not significantly different from the healthy controls. Therefore, we compared 

the degradation rate of both TLR8WT and TLR8G572V proteins transiently transfected into the 

HEK293 cell line (treated with cycloheximide in order to inhibit proteosynthesis). This showed a 
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faster degradation of the mutant TLR8G572V protein compared to the TLR8WT protein, 

demonstrating a partial deficiency of the mutant TLR8 protein, possibly causing the mutant TLR8 

to inhibit TLR7 less effectively and shifting the signaling balance towards TLR7. 

Next, patient cells (monocytes) showed hyperactive NF-κB signaling and increased production of 

proinflammatory cytokines (IL-1β, IL-6, TNFα) when stimulated with TLR7 ligands compared to 

healthy controls, suggesting the disturbed TLR8G572V/TLR7 balance towards TLR7. 

In addition, we suggest that apart from the imbalance between TLR8 and TLR7 signaling towards 

TLR7, the pathological responses to microbes and the autoimmune/autoinflammatory phenotype 

in the patients are also caused by oligoclonality and expanded clonotypes within their effector T 

cell subsets which we found using T-cell receptor β repertoire sequencing across different FACS 

sorted T cell subsets. 

CONCLUSION 
 

This study reports a novel mutation in the TLR8 that causes partial deficiency of TLR8 protein 

leading to a dysregulation between TLR8/TLR7 and imbalance towards TLR7. The mutation 

results in autoinflammatory and autoimmune clinical presentation. TLR8 partial deficiency has 

been proposed for inclusion in the classification of PIDs. 
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5. Discussion 

 
Studying PIDs brings opportunities to understand and contribute to the elucidation of principles of 

different mechanisms of the immune system, which in turn contributes to the development of more 

efficient diagnostic approaches. This thesis aimed to contribute to the field of PIDs using several 

approaches, including the use of flow cytometry immunophenotyping (in a form of standardized 

tests for diagnostic evaluation of SCID/CID and classification of PAD), mass cytometry 

immunophenotyping with intracellular markers (for characterization of ALPS-Fas samples 

including key signaling proteins), functional testing (for functional characterization of a new 

mutation in the TLR8 gene) and novel analytical approach (for analysis of B cell developmental 

mass cytometric multidimensional data and interrogation of developmental pathways). 

Specifically, part of the thesis reports the potential diagnostic use and performance of a flow 

cytometric diagnostic test called SCID-RTE tube. This tube was designed to detect naive T cells, 

the most naive forms of CD4+ T cells, RTEs, together with the activation status, as HLA-DR+ cells, 

and the differentiation state of the T cells. All of the SCID patients in our cohort showed absence 

of naive T cells and RTEs and could be clearly detected. Notably, even the cases that had normal 

absolute counts of total CD3+ T cells. These patients had either maternally engrafted T cells136 or 

oligoclonally expanded cells known in Omenn syndrome135 and the SCID-RTE test also revealed, 

that the detected cells are characteristic with activated and memory phenotype. These patients pose 

a diagnostic challenge, because they may be missed if conventional T-B-NK- test is used, because 

this test does not consider the origin of the cells detected. It is known that maternal cells can pass 

through the placenta165 and are eradicated in a healthy individual by the immune system. However, 

SCID patients fail to reject the cells, which can result in clinical symptoms of GvHD. Specifically, 

erythema with skin T-cell infiltration, but also organ involvement (liver, gastrointestinal tract). 

These maternal engraftment related symptoms are surprisingly present at a large proportion of 

SCID patients, up to 40% of the patients136. SCID patients with Omenn syndrome have T cells 

present due to mono- or oligo-clonally expanded autologous T cells, as a result of hypomorphic 

mutations in various genes including RAG1/2, IL2RG, DCLRE1C, DNA ligase 4, ADA or IL7RA, 

leading to residual protein activity. T cell repertoire assessment of various Vβ families showed 

overrepresentation of a few T cell clones and underrepresentation or complete absence of most 

other Vβ families166. The clinical symptoms are hardly distinguishable from the ones of patients 
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with maternal engraftment present. Although the SCID-RTE tube is not sufficient for disclosing 

final diagnosis, it plays a role in the early detection of the patients and direction of further 

diagnostic procedure (genetic testing). 

According to ESID124, at least 2 of the 4 laboratory criteria need to be fulfilled in cases of suspicion 

for SCID/CID. These are low or absent CD3+ or CD4+ or CD8+ T cells, reduced naive CD4+ and/or 

CD8+ T cells, elevated TCRγδ+ T cells, reduced/absent proliferation to mitogen or TCR 

stimulation. Using the SCID-RTE tube, already three of the criteria are covered, with the additional 

value of RTE cells which are also considered to reflect the thymic output 167and correlate with 

TREC 168levels. Majority of other PID patients in our cohort were clearly detected by the SCID- 

RTE tube as having decreased naive T cells and RTEs and activated phenotype. These included 

patients with PIDs primarily not caused by defects in the production of T cells but are defined 

according to IUIS8 as CID (mutation in ZAP), CID with associated or syndromic features (WAS), 

or diseases of immune dysregulation (IPEX) with dysregulation of the immune system as a 

hallmark present in all of them. As challenging for detection by the SCID-RTE tube was a patient 

with mutation in FAS who presented only with higher activation status and elevated TCRγδ+ T cell 

counts. However, we detected abnormally high counts of total CD3+ T cells and CD4-CD8-TCRγδ- 

DN cells which fulfills one of the criteria for ALPS diagnosis defined by ESID124. Another 

potential limitation of the study is seemingly low number of patients in our cohort (n=26). 

However, the prevalence of SCID/CID in Europe is around 1:130 000 (1-2 newborns per year in 

the Czech Republic). In order to tackle this issue, patient samples were collected in collaboration 

with three other laboratories to reach as high number as possible. 

In such studies, where interlaboratory measurements are performed, standardization of laboratory 

techniques is more than desirable. The presented SCID-RTE tube is part of a more complex set of 

tools137 applied in the diagnosis of PIDs developed by the EuroFlow consortium which aims for 

standardization and reproducibility in flow cytometric measurements169. As opposed to other 

approaches170,171,172,139, it provides a flexible system developed for PID, when a more general, 

diagnostic screening tube (PIDOT) covering the T, B (already with the information of naive 

subsets), and NK cell subsets is applied in combination with T cell or B cell specialized tubes 

following a proposed PID algorithm. It takes into consideration the cost-efficiency and availability 

of the sample volume. EuroFlow also provides automated gating procedures and age-related 

reference values141. Application of the SCID-RTE tube is therefore recommended in combination 
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with the PIDOT tube (a priori or after abnormal findings), in cases of clinical suspicion of 

SCID/CID or abnormal levels of TRECs measured in NBS programs. 

Among the EuroFlow B cell specialized tubes is the IgH-isotype tube, which examines isotype and 

subclass expression within the memory B cells and plasma cells. The results of using this tube for 

better classification of PADs forms another part of this thesis. Diagnosis of PADs is challenging 

because of the variable clinical presentations and also the fact that they can presents from infancy 

to adulthood. The clinical hallmark of PADs is recurrent bacterial infections of the respiratory tract 

resulting from impaired antibody response. However, non-infectious complications such as 

autoimmunity or malignancy can be present as well173,120. The diagnostic criteria are based upon 

a combination of clinical manifestations and laboratory parameters (based on Ig serum levels) but 

deeper insight is desirable, especially for patients with nonspecific clinical features. Studies of B 

cell alterations proved to be more useful for the classification and diagnosis of CVID patients but 

the associations between the B cell alterations and clinical manifestations are not completely 

uniform within them175,176,177,178. Therefore, the detailed dissection based on the expression of 

immunoglobulin subclasses together with the standardized approach, large cohort of patients and 

age-matched controls presented a promising approach that can contribute to a improved diagnosis 

and insight into the underlying mechanisms of PADs. 

As stated in the introduction to the thesis, PIDs serve as an excellent model for discovering general 

immune mechanisms. Subsequently, effective diagnostic testing depends on a comprehensive 

general understanding of the immune system. Therefore, there is a general attempt to study as 

many markers as possible simultaneously. Conventional clinical flow cytometry typically uses 4 

to 12-color panels179, spectral flow cytometry enables the measurement of 40-parameter panels180 

and mass cytometry allows for the analysis of over 40 parameters per panel181. For our B cell 

developmental project, we used the previously published 10-color EuroFlow tube exploring the B 

cell precursor development in bone marrow from healthy controls and PID patients as a benchmark 

to develop a 30-marker (plus 5 barcodes) mass cytometry panel. We designed and validated this 

panel to provide a detailed description of human B cell development in both the bone marrow and 

peripheral blood. We aimed to provide an innovative user-friendly interactive approach for 

interrogation and detailed analysis of developmental trajectories using a novel algorithm tviblindi 

together with intuitive visualization of the data by an integrated dimensionality reduction 

technique vaevictis. Overall, we were able to describe B cell developmental trajectories from bone 
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marrow to peripheral blood, including the dynamic changes of marker expression (surface and 

nuclear) along the selected trajectory and in relation to developmental branching points. In the 

context of PIDs, the presented mass panel in combination with the computational tool can be used 

to discover any alternative trajectories and unknown branching points in affected patients and to 

elucidate new mechanisms or find therapeutic targets. In addition, it can provide insight into 

marker definition to address different cell fates in human B cell differentiation. Unlike other 

dimensionality reduction techniques such as UMAP182, t-SNE183 or EmbedSOM184, vaevictis 

visualizes the data while avoiding overrepresentation of large populations, creating a more 

continuous and intuitive representation of developmental data. Of great benefit is also the fact that 

once the projection is calculated, it can be applied to new data (if the same panel is used), allowing 

a clear comparison of patient samples with the healthy reference and among themselves over time. 

On top of that, vaevictis performs well at preserving both local and global structure (unlike for 

example t-SNE). Trajectory inference (TI) algorithms have been originally developed for single- 

cell RNA sequencing datasets and they form the majority, however some of the tools have been 

developed specifically for mass cytometry data185. For example, Wanderlust186 is a pseudotime 

algorithm that was presented for trajectory detection in B cell development, however it can only 

detect linear trajectories. Other algorithms, such as Monocle2187 can detect branching points of 

trajectories, but it includes initialization of a dimensionality reduction in the iteration. The TI 

algorithm tviblindi presented in our B cell development study is able to capture multiple branching 

points in trajectories and it analyzes the data in the original high-dimensional space, providing an 

unbiased approach. Importantly, the analysis process is interactive, allowing the user to expertly 

evaluate the biological significance of the selected trajectory and avoid possible shortcuts and 

artifacts in the dataset. Although our study represents a comprehensive approach to studying B cell 

development, in future investigations we could aim to complete the picture by measuring 

secondary lymphoid organ tissues, as they are crucial for B cell maturation. 

Having acquired promising results using mass cytometry method, we designed another highly 

specific 30-parameter (plus 5 barcodes) panel to help reveal previously unrecognized non- 

apoptotic function of Fas signaling. This was possible thanks to using the ALPS-Fas PID as a 

model system. Importantly, the experiments were conducted on healthy and patient human samples 

from the spleen, lymph nodes, and tonsils, covering physiological conditions to study the complex 

signaling effects. As expected, the GC B cells were enhanced in tonsils and absent in spleen. In 
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contrast to that, EF B cell responses were present in the spleen but lowered in tonsils. These initial 

findings highlight the uniqueness of each tissue and the importance of studying such mechanisms 

at their natural sites. At the same time, the access to primary human tissues is rather limited, which 

only emphasizes the need for suitable and reliable methods capable of analyzing multiple 

parameters per cell to make the most of these valuable samples. 

This extensive study demonstrated that the non-apoptotic Fas signaling affects EF versus GC fate 

decisions through mTOR activity. During B cell differentiation, signals from the BCR and CD40 

are integrated, which activate PI3K and its downstream target Akt leading to activation of 

mTOR188. In this study we showed that healthy CD40L-activated B cells have decreased mTOR 

axis upon transient Fas ligation. Mechanistically, through recruitment of DAXX to the activated 

Fas complex and nuclear exclusion of PTEN, leading to the expression of genes essential for GC 

formation. This axis is disrupted in ALPS-Fas patients, leading to increased mTOR signaling and 

impaired B cell differentiation - increased EF responses, while GC B cell maturation is reduced. 

The dysregulation towards EF responses that we observed in ALPS-Fas patients may be a 

contributor to the often-present autoimmunity111. Further supporting this hypothesis, the enhanced 

EF responses have been connected to human autoimmunity disorders such as systemic lupus 

erythematosus (SLE), rheumatoid arthritis or Sjögren's syndrome79. In ALPS, treatment with 

rapamycin (mTOR inhibitor) is efficient in reducing both lymphoproliferation and 

autoimmunity189. The presented dysregulation of non-apoptotic Fas signaling contributes to the 

understanding of the efficacy of this treatment. 

The next result of the thesis provided functional characterization of a novel mutation c.1715G>T 

(p.G572V) in the gene coding for TLR8 in a family with monozygotic twins suffering from 

autoimmune and autoinflammatory complications. The mutation led to a partial deficiency of the 

TLR8 protein and its pathogenic mechanism was discovered through personalized functional 

assays. The mutant TLR8 failed to efficiently inhibit TLR7 which caused an imbalance, resulting 

in a bias towards TLR7 signaling. The imbalance between TLR8 and TLR7 was described in mice 

models where deficiency of TLR8 resulted in increased activation of TLR7 and production of 

autoantibodies190. Also, association between TLRs and autoimmunity development has been 

evidenced, for example in the pathogenesis of SLE191. According to IUIS8, the only known PID as 

a result of TLR8 mutation is TLR8 GOF variant described as a phenocopy of PID. Therefore, we 
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propose the presented partial TLR8 protein deficiency with TLR8/TLR7 dysregulation to be listed 

in the classification of PIDs. 

Interestingly, although the twins had an identical mutation, the severity of the disease 

manifestation differed significantly. In particular, the twin A´s worsening condition led to HSCT 

whereas twin B showed clinical improvement in response to hydroxychloroquine193. This reflects 

the notion that exposure to infectious agents and other environmental factors influence the clinical 

phenotype of disease. In this particular case, exposure to pathogens or inflammation may have 

revealed various cryptic antigens, leading to varying degrees of autoimmune manifestation. In 

addition to this, we suggest that among the factors contributing to the 

autoimmune/autoinflammatory phenotype is oligoclonality and expanded clonotypes found in 

their T cell subpopulations. Taken together, to proof the causality of newly identified genetic 

variants in the pathogenesis can be challenging due to overlapping clinical presentations with other 

disorders, and requires careful experimental design (based on extensive literature review), 

considering potential problems with the ex vivo quality of patient samples due to treatment 

regimens, as well as close collaboration with clinicians. 
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6. Summary 

 
This dissertation thesis focused on immunophenotypic and functional characterization of 

lymphocytes of patients with selected PIDs. It utilized several approaches, namely diagnostic 

immunophenotyping using conventional flow cytometry, deep immunophenotyping using 

multiparameter mass cytometry, functional testing and lastly and importantly novel computational 

tools for detailed analysis of multidimensional data. 

The dissertation thesis fulfilled its objectives and obtained the following results: 

 
1) We presented a standardized flow cytometric test called SCID-RTE (in the scope of 

EuroFlow) to be a suitable tool for evaluation and immunophenotypic description of T cells 

of newborns with suspicion of having a severe form of PID (SCID, CID). It showed high 

sensitivity for the monitored parameters (levels of naive CD4+ and CD8+ T cells, recent 

thymic emigrants (RTE), activation status) and presents a complete diagnostic test in 

combination with previously reported PID Orientation tube. 

2) We provided a detailed immunophenotypic characterization of B cell and plasma cell 

subsets of patients with PAD (in the scope of EuroFlow) which included definitions based 

on the expression of different IgH subclasses. This provided a novel sensitive approach for 

defining B-cell alterations in PAD patients which were correlated with clinical 

manifestations, with potential for future diagnostic use. 

3) We developed new mass cytometry panel focused on B cell development and 

computational tools that enabled us to visualize the multidimensional data and interrogate 

B cell developmental pathways. We demonstrated its utility in intuitively projecting B cell 

developmental stages in human bone marrow and peripheral blood and in describing 

pathways leading to multiple developmental endpoints, including detailed analysis of the 

dynamics of marker expression, also in relation to developmental branching points. 

4) We contributed to the investigation of the role of Fas signaling in B cell differentiation by 

using ALPS-Fas as a model system. In particular, Fas provides non-apoptotic signaling 

which showed a regulatory role in the extrafollicular (EF) versus germinal center (GC) fate 

decision by modulating CD40-induced mTOR activity. This process is defective in Fas 
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deficient ALPS patients, explaining the skewed differentiation towards EF response and 

reduced GC B cells, which contributes to the immune dysregulation present in ALPS. 

5) We reported a novel mutation in the gene coding for TLR8, which caused an autoimmune 

and autoinflammatory disorder in monozygotic twins. The mutation resulted in a partial 

deficiency of the TLR8 protein, leading to imbalance between TLR8 and TLR7 signaling. 

Specifically, the mutated TLR8 did not efficiently inhibit the activity of TLR7 and also 

showed cross-reactivity to TLR7 ligands, causing enhanced downstream signaling of 

TLR7 (NF-κB and proinflammatory cytokine production). 
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The EuroFlow PID consortium developed a set of flow cytometry tests for evaluation of 

patients with suspicion of primary immunodeficiency (PID). In this technical report we 

evaluate the performance of the SCID-RTE tube that explores the presence of recent 

thymic emigrants (RTE) together with T-cell activation status and maturation stages 

and discuss its applicability in the context of the broader EuroFlow PID flow cytometry 

testing algorithm for diagnostic orientation of PID of the lymphoid system. We have 

analyzed peripheral blood cells of 26 patients diagnosed between birth and 2 years of 

age with a genetically defined primary immunodeficiency disorder: 15 severe combined 

immunodeficiency (SCID) patients had disease-causing mutations in RAG1 or RAG2 (n 

= 4, two of them presented with Omenn syndrome), IL2RG (n = 4, one of them with 

confirmed maternal engraftment), NHEJ1 (n = 1), CD3E (n = 1), ADA (n = 1), JAK3 

(n = 3, two of them with maternal engraftment) and DCLRE1C (n = 1) and 11 other 

PID patients had diverse molecular defects [ZAP70 (n = 1), WAS (n = 2), PNP (n = 1), 

FOXP3 (n = 1), del22q11.2 (DiGeorge n = 4), CDC42 (n = 1) and FAS (n = 1)]. In addition, 

44 healthy controls in the same age group were analyzed using the SCID-RTE tube in 

four EuroFlow laboratories using a standardized 8-color approach. RTE were defined 

as CD62L+CD45RO-HLA-DR-CD31+ and the activation status was assessed by the 
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expression of HLA-DR+. Naïve CD8+ T-lymphocytes and naïve CD4+ T-lymphocytes 

were defined as CD62L+CD45RO-HLA-DR-. With the SCID-RTE tube, we identified 

patients with PID by low levels or absence of RTE in comparison to controls as well 

as low levels of naïve CD4+ and naïve CD8+ lymphocytes. These parameters yielded 

100% sensitivity for SCID. All SCID patients had absence of RTE, including the patients 

with confirmed maternal engraftment or oligoclonally expanded T-cells characteristic for 

Omenn syndrome. Another dominant finding was the increased numbers of activated 

CD4+HLA-DR+ and CD8+HLA-DR+ lymphocytes. Therefore, the EuroFlow SCID-RTE 

tube together with the previously published PIDOT tube form a sensitive and complete 

cytometric diagnostic test suitable for patients suspected of severe PID (SCID or CID) 

as well as for children identified via newborn screening programs for SCID with low or 

absent T-cell receptor excision circles (TRECs). 

 
Keywords: flow cytometric immunophenotyping, primary immunodeficiencies (PID), EuroFlow, standardization, 

severe combined immune deficiency (SCID), diagnosis 

 

INTRODUCTION 

Severe combined immunodeficiency (SCID) and combined 

immunodeficiency (CID) are two of the most severe forms 

of inherited disorders of the immune system (1, 2) with an 

incidence of 1:35,000–50,000 newborns. Patients are usually 

born asymptomatic, but they develop severe (opportunistic) 

infections, failure to thrive within the first months of life and 

generally die before the age of 1 year, unless they receive 

adequate and curative treatment. This includes hematopoietic 

stem cell transplantation (HSCT). For some genetic forms 

of SCID gene therapy is available (3, 4). HSCT is indicated 

immediately after birth, since patients transplanted before the 

age of 3.5 months or patients without infections have a superior 

prognosis as compared to those transplanted later or when 

infectious complications have accumulated (5, 6). In contrast, 

patients with CID usually do not have complete absence of 

T-lymphocytes as typically seen in SCID, but they frequently 

show profound impairment of T-cell immunity leading to severe 

infections, autoimmunity, and malignancies. Thus, the indication 

of HSCT for CID is less clear as it is less evident whether 

the T-cell deficiency is sufficiently severe to justify the risks of 

HSCT (7). 
T-cells are generated in the thymus and released to peripheral 

blood as antigen inexperienced, naïve T-cells. These cells called 

“recent thymic emigrants” (RTE) are the recently formed naïve T- 

cells that are produced in the thymus and their numbers correlate 

with thymic output (8). To date, disease-causing mutations 

have been reported in 17 genes leading to SCID, and another 

43 genes are reported as being mutated in CID (9, 10). The 

majority of SCID and CID patients presenting in the first 2 years 

of life have a defect in T-cell development in the thymus. A 

complete defect (null mutation) results in absence of T-cells, but 

hypomorphic (“leaky”) mutations can give rise to an incomplete 

defect leading to presence of variable numbers of T-cells with 

poor immune function and inadequate control of autoreactivity. 

This leads to immunodeficiency and dysregulation such as seen 

in Omenn syndrome (11). Likewise, variable degree of T-cell 

immunodeficiency is found in patients diagnosed with 22q11.2 

deletion syndrome (DiGeorge syndrome) (12). 

An assay for early detection of SCID via newborn screening 

(NBS) has become available to identify T-cell lymphopenia 

directly after birth. This assay is based on measurement of T-cell 

receptor excision circles (TRECs) via quantitative PCR on dried 

blood spots (13). TRECs are formed as circular excision products 

during T-cell receptor gene rearrangement in developing T- 

cells in the thymus and are a molecular marker for recently 

formed T-lymphocytes. Absence or strongly reduced levels of 

TRECs are indicative for T-cell lymphopenia and can identify 

children who may have SCID. TRECs will not be detected 

in case of the presence of maternally engrafted T-cells. In 

addition, TRECs will also be low/absent in patients with Omenn 

Syndrome because of oligoclonal expansion of the autologous 

T-cells, which makes the TREC assay also useful in these 

subtypes of SCID. Follow-up diagnostic testing in case of low 

or absent TREC contents is needed to confirm the diagnosis 

by flow cytometric immunophenotyping and subsequently by 

targeted genetic testing for SCID-CID gene aberrations or 

broader genetic testing (e.g., WES or WGS) in combination 

with a SCID or PID filter. It should be noted that low or 

absent TRECs can also be identified in children with T-cell 

impairment syndromes [such as 22q11.2 deletion syndrome (14), 

Down’s syndrome or Ataxia Telangiectasia], and children with 

T-cell impairment secondary to other neonatal conditions or 

patients with idiopathic lymphocytopenia (15, 16). Furthermore, 

low/absent TREC levels can also be found in preterm children or 

in children from mothers on immunosuppressive therapy (17). 
Flow cytometric immunophenotyping of lymphocytes proved 

useful for the early diagnosis of SCID in patients with clinical 

symptoms or newborns with low/absent TRECs, showing 

complete lack of one or more lymphocyte lineages (T-cell, B-cell 

and NK cell) (15, 18). However, interpretation of this basic flow 

cytometric screening is not sufficient when T-cells are present, 

either due to a hypomorphic defect or due to the presence of 

maternal T-cell engraftment. Maternal T-cell engraftment is a 

relatively frequent finding in SCID (40% in a cohort of 121 
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patients from Ulm or 47% in the California cohort) (19, 20). In 

those cases, a flow cytometric test which allows more detailed 

phenotyping of the T-cells, including analysis of newly generated 

T-cells, is warranted. At present there is no consensus on the 

exact composition of a flow cytometric test, although critical 

parameters (Naïve T-cells, RTE, activated T-cells) are listed by the 

European Society for Immunodeficiencies (ESID), the American 

PID treatment consortium (PID-TC) and by other groups (7, 21). 

Flow cytometry allows to discriminate naïve T-cell subsets 

from antigen experienced memory subsets by presence of 

typical markers (CD45RA isoform, costimulatory molecules 

CD27, homing receptor CCR7 and CD62L) and absence of 

memory markers (CD95 and CD45RO isoform) (22, 23). This 

is useful for diagnostic evaluation of patients with profound T- 

cell (function) deficiency, where T-cells are detectable (at normal 

or even increased levels) as a result of peripheral expansion 

of memory T-cell clones from either autologous or maternal 

origin. Immunophenotyping could show a skewed redistribution 

from naïve to memory and activated phenotypes within T- 

lymphocytes, which alerts for a possible lymphocyte development 

defect. Furthermore, newly generated T-cells released from the 
thymus to the periphery (RTE) can also be identified using flow 

cytometry. RTE are CD4+ T-cells with the highest TREC levels 

(24) and a phenotype characterized by expression of CD45RA 

and CD31 (25, 26). Finally, activated T-cells acquire a memory 

phenotype and temporary signs of activation, which can be 

detected via analysis of CD69, CD25, and HLA-DR, among other 

markers (27). 

In this study, the EuroFlow PID group consortium has 
designed, developed and validated a standardized approach for 

flow cytometric evaluation of naïve, RTE and activated CD4+ 

and CD8+ T-cells that would offer a high sensitivity test toward 
disclosing (S)CID in line with the ESID diagnostic criteria in 

the settings of a multi-center collaboration study. The here 

developed 8 color “SCID-RTE tube” complements the recently 

published PIDOT tube (18, 28) for orientation and screening of 

primary immunodeficiencies (PID) of the lymphoid system. The 

combination of the two 8-color tubes (or a single 12-color variant 

of both tubes) could readily be applied in routine diagnostic 

screening for patients clinically suspected for having (S)CID, as 

well as in follow-up diagnostics in NBS programs. 

 

MATERIALS  AND METHODS 

Patient and Control Samples 
Our patient cohort consisted of 26 patients with a genetically 

defined PID diagnosed between birth and the age of 2  

years at participating centers (Table 1). Genetic analysis was 

performed locally according to the routine procedures of the 

collaborating laboratories using Sanger sequencing or next 

generation sequencing (NGS). In addition, 44 healthy controls 

without any known hematological or immunological disorder 

in the same age range were also enrolled. The samples have 

been collected from 2013 to 2018. All 26 patient samples were 

collected according to the local medical ethics regulations of 

the participating centers, after informed consent was provided 

by the subjects, their legal representatives, or both, according 

to the Declaration of Helsinki. The study was approved by the 

local ethics committees of the participating centers: University of 

Salamanca, Salamanca, Spain (USAL-CSIC 20-02-2013); Charles 

University, Prague, Czech Republic (15-28541A); Erasmus 

MC, Rotterdam, The Netherlands (MEC-2013-026); University 

Hospital Ghent, Belgium (B670201629681/B670201214983) and 

St. Anne’s University, Brno, Czech Republic (METC 1G2015)-. 

 

 

SCID-RTE Tube Composition and Staining 
Protocol 
The SCID-RTE tube aims to assess relevant lymphoid 
subpopulations important in PID diagnostics in a single 8 
color test. It includes markers for T-cells (CD3, CD4, CD8, 

TCRγδ), including their naïve (CD62Lpos, CD45ROneg) and 

RTE (CD31pos) stages, as well as their activated forms (HLA- 
DR). Detailed composition and volumes of antibodies used are 
listed in Table 2. 

The samples were processed in four EuroFlow laboratories 

(Charles University, Prague, Czech Republic; Erasmus MC, 

Rotterdam, The Netherlands; Ghent University, Ghent, 

Belgium; University of Salamanca, Salamanca, Spain) following 

standardized EuroFlow approaches (29, 30) (detailed protocols 

are publicly available at www.EuroFlow.org). In short, peripheral 

blood (n = 66) or cord blood (n = 4) (up to 2 ml) was mixed 

with ammonium chloride lysing solution (48 ml) and incubated 

for 15 min at room temperature in order to lyse erythrocytes. 
Obtained WBC were washed twice with phosphate buffered 
saline (PBS) containing 0.5% bovine serum albumin (BSA) and 
0.09% sodium azide (NaN3) and subsequently stained with 

the antibodies listed in Table 2 in a final volume of 100 µl for 

30 min at room temperature in the dark. Whenever possible, 
up to one million cells were processed, or all cells available 

in lymphopenic PID patients. In each case, at least 2 × 105
 

cells were stained. Next, the cells were incubated with 2 ml BD 

FACSTM Lysing Solution (BD Biosciences) for 10 min at room 

temperature in the dark, washed and resuspended in 250 µl 
washing solution. 

 

 

Data Acquisition and Analysis 
Data acquisition was performed on BD FACSCanto II, BD LSR 

II or BD FACSLyric instruments (BD Biosciences) equipped 

with 405, 488, and 633/640 nm lasers and PMT detectors, 

following the EuroFlow instrument set-up Standard Operating 

Protocol (29, 31). Data were analyzed using Infinicyt (Cytognos, 

Salamanca, Spain) and FlowJo (FlowJo LLC, Ashland, Oregon) 

software. Normal values for all T-cell subsets were determined 

as numbers above the 5th percentile of the healthy controls. 

In case of HLA-DR positive activated T-cells, we determined 

normal values as below the 95th percentile of the healthy controls 

(see Table 3). Therefore, specificity was by definition 95%. For 

sensitivity calculations we divided the number of patients with an 

abnormal value by the total number of patients measured in each 

parameter/subset separately (see Table 3). For statistical analysis, 

GraphPad Prism software Mann-Whitney test was used. 
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TABLE 1 | Characteristics of patients, WBC and lymphocytes subsets (TBNK) reported by the referring clinician (x 10e3/µl). 
 

Category Case no. Gender Disease Mutation Protein WBC T-cells (abs) B-cells (abs) NK-cells (abs) Age 

SCID Case_1 F SCID, CD3E deficiency CD3E exon 6 c.173delT p.Leu58HisfsX9 13.9 0.32 2.6 1.4 0.3 

SCID Case_2 M SCID, ADA deficiency ADA exon 4 homozygous p.Arg101Gln 2.5 0.03 0 0.01 1.3 
    c.302G > A       

SCID Case_3 M SCID, JAK3 deficiency with JAK3 heterozygous c.561delT, p.Val188SerfsX14, p.Pro689Leu 11.8 6.31 3.02 0.02 1.8 

   mat.engr. c.2066C > T       

SCID Case_4 F SCID, JAK3 deficiency JAK3 exon 12 homozygoot p.Gly589Ser 6.5 0.03 0.8 0.08 0 

    c.1765G > A (NM_000215)       

SCID Case_5 F SCID, JAK3 deficiency with 

mat.engr. 

JAK3 exon 5 c.578G > A, exon 

19 c.2712C > A 

p.Cys193Tyr 15.5 1.68 0.37 0.1 0.2 

SCID Case_6 M SCID, Cernunnos/XLF NHEJ1 exon 5 homozygoot p.Arg178X 3.4 0.22 0.04 0 0.9 

   deficiency c.532C > T       

SCID Case_7 F SCID, Artemis deficiency DCLRE1C c.1A > C c.401C > 

G (compound heterozygote) 

M1V, T134R (Met1Val, 

Thr134Arg) 

3.6 0.00132 0 0.0018 0.4 

SCID Case_8 M SCID, RAG2 deficiency RAG2 homozygous p.Asn428GlyfsX12 33.1 0.04 0.01 1.61 0.2 
    c.1280_1281insTGGATAT       

SCID Case_9 M SCID, RAG2 deficiency RAG2 c.107G > A p.Trp36* 2.8 0.04236 0.0444 0.0678 0.2 

SCID Case_10 M Omenn syndrome, RAG1 

deficiency 

RAG1 c.983G > A/c.1186C > T 

(compound heterozygote) 

pCys328Tyr/pArg396Cys 27.9 6.767 0.0303 1.818 0 

SCID Case_11 M Omenn syndrome, RAG1 RAG1 exon 2 c.519del p.Glu174Serfs*27 8.05 2.15 0 0.429 0.3 

   deficiency        

SCID Case_12 M SCID, IL2RG deficiency with 

mat.engr. 

IL2RG c.270-1G > A n.d. 3.6 0.04 0.57 0 0.7 

SCID Case_13 M SCID, IL2RG deficiency IL2RG c.613G > A p. Trp174* 9.5 0.001045 0.22325 0.022895 0.7 

SCID Case_14 M SCID, IL2RG deficiency with 

mat.engr. 

IL2RG c.269+3A > T n.d. 5.4 0.6804 0.783 0.00891 0.5 

SCID Case_15 M SCID, IL2RG deficiency IL2RG exon 5 hemizygoot n.d. 8.6 0 0.6 0.02 0.3 
    c.595-1G > T       

other PID Case_16 M CID, PNP deficiency PNP c.700C > T p.Arg234X 6.1 0.5 0.07 0.01 1.6 

other PID Case_17 M ZAP70 deficiency ZAP70 exon 10 homozygoot p.Ile398Ser 11.3 2.18 1.03 0.17 0.6 

    c.1193C > T       

other PID Case_18 M Wiskott-Aldrich syndrome WAS c. 1271_1295del p.Gly424Glufs*13 8.4 1.47 0.95 0.25 0.3 

other PID Case_19 M Wiskott-Aldrich syndrome WAS c.344A > G p.His115Arg 4 1.271 0.4305 0.3075 1.1 

other PID Case_20 M Complete DiGeorge syndorme del22q11.2  6.7 0.48776 0.003819 0.1206 1.6 

other PID Case_21 F Complete DiGeorge syndorme del22q11.2  5.1 0.00126684 0.655 0.504 0.2 

other PID Case_22 F DiGeorge syndrome del22q11.2  9.9 0.914354 1.342852 1.008826 0.6 

other PID Case_23 M DiGeorge syndrome del22q11.2  6.7 0.97 1.29 0.7 0.3 

other PID Case_24 M Takenouchi-Kosaki syndrome CDC42 c.191A > G p.Tyr64Cys 2.4 0.436 0.094 0.094 1.5 

other PID Case_25 M IPEX syndrome FOXP3 c.721T > C S241P (p.Ser241Pro) 15.135 2.42353 1.013115 0.349624 0.2 

other PID Case_26 M Autoimmune lymphoproliferative FAS exon 7 heterozygous n.d. 29.8 20.818 2.146 0.226 0.3 

   sy (frameshift)       
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TABLE 2 | Composition of the EuroFlow SCID-RTE tube*. 

 

Marker Fluorochrome Clone Source Catalog number µl/test 

CD3 APC SK7 BD Biosciences 345767 2.5 

CD4 BV510 OKT4 Biolegend 317443 1.5 

CD8 APC-Alexa750 B9.11 Beckman Coulter A94683 1.5 

CD31 PE MEM-05 Exbio 1P-273-T100 5 

CD45RO FITC UCHL1 Exbio 1F-498-T100 10 

CD62L BV421 DREG-56 Biolegend 304827 2 

HLA-DR PerCP-Cy5.5 L243 Biolegend 307629 1.5 

TCRγδ PE-Cy7 11F2 BD Biosciences 649806 2.5 

*Both the SCID-RTE tube and the PIDOT tube have originally be designed for application in 8-color format. However, because of their strong complementarity, it can be efficient and 

cost-effective to use a 12-color “combined PIDOT & SCID-RTE variant” by supplementing the PIDOT tube with the CD45RO, CD31, HLA-DR, and CD62L markers. 

 

RESULTS 

Composition of the SCID-RTE Tube 
The SCID-RTE tube was designed with the purpose of 
identifying the relevant lymphoid subpopulations important in 
PID diagnostics of severe PID in newborns, using a single 

8-color test. It identifies naïve CD4+ T cells and among 

them, the RTEs. The definition of naïve T-cells includes a 

selection of non-activated (HLA-DR negative) cells, together 

with absence of CD45RO (a memory T-cell marker) and the 

presence of the naïve T-cell marker L-selectin (CD62L). The 

definition of RTE uses the naïve T-cell gate and is further 

complemented by CD31, Platelet endothelial cell adhesion 

molecule (PECAM-1) (Table 2, Figure 1). After gating T-cells 

as CD3+ and lymphocytes on FSC and SSC, four markers 

(CD3, TCRγδ, CD4, and CD8) were used to define TCRγδ+ 

and TCRγδ- CD4+, CD8+ and double negative (DN) T-cells 

(Figure 1A, Supplemental Figure 1). The CD4+ T-cells were 
further subdivided into RTE, naïve, central memory (CM), 
effector memory CD45RO+ (EMRO+) and CD45RO- (EMRO-) 

and activated memory T-cells (Figures 1B,D); for CD8+ T- 
cells the same subsets were defined except for the RTEs 

(Figures 1C,D). The total set and hierarchy of T-cell subsets 

that was identified is listed in Figure 1D. To offer intuitive and 

fast interpretation of the complete lymphoid compartment we 

developed a new analysis and visualization strategy for the SCID- 

RTE tube using principle component analysis (PCA)-based 

multidimensional views (APS graphs). First, reference plots were 

generated using a set of 10 samples of healthy donors in Infinicyt 

software. The lymphocyte populations were manually analyzed 

and subsequently, the most discriminating projection into a 

single APS graph was determined (Figure 1E). A software tool 

for automated identification of the cell populations present in 

the SCID/RTE tube was built, containing normal blood samples 

stained with the same antibody combination. 

 
Identification of RTEs by the SCID-RTE 
Tube in PID Patients 
The SCID-RTE tube allows analysis of the naïve and memory 

subsets of T-cells (Figure 2A) that are abnormally distributed 

in patients with PID (Figure 2B). Typically, their numbers are 

different in childhood compared to the adult age (Figure 3), 
however within 2 years of age a general threshold for CD4+ 

RTE (<800 cell/µl), naïve CD4+ (<1,000 cell/µl) and naïve 

CD8+  lymphocytes  (<290  cell/µl)  is  justified.  Notably,  the 

number of RTEs are abundant in childhood, whereas the 
numbers of activated memory CD4+ and CD8+ T-cells are low 
(Figures 2A, 3). 

SCID patients that present without T-cells (Figure 2B, IL2RG) 

are straightforwardly identified by the SCID-RTE tube, but they 

never pose a diagnostic dilemma even in a simple T-B-NK 

flow cytometric assay. However, in SCID and Omenn syndrome 

patients with paradoxically normal or even increased total 

absolute numbers of T-cells, the SCID-RTE tube allows detection 

of the activation status of T-cells (HLA-DR positive). These 

activated T-cells can be of maternal origin in SCID with maternal 

engraftment (Figure 2B, JAK3 with maternal engraftment) or 

can be oligoclonal, expanded T-cells in Omenn syndrome 

patients (Figure 2B, RAG1 Omenn syndrome). RTE cells are 

virtually absent in these patients with T-cell production defects 

(SCID and Omenn patients). Patients with PNP deficiency 

and complete DiGeorge syndrome also lack RTEs, but patients 

with ZAP70 deficiency, Wiskott-Aldrich Syndrome and ALPS 

have detectable RTEs (Figure 2B, detailed dot plots shown in 

Supplemental Figures 2, 3). 

 

 
Absence of RTEs in SCID Patients 
In our current study, we analyzed 15 SCID patients and 11 other 
PID patients diagnosed before 2 years of age. SCID patients had 

disease-causing mutations in RAG1 or RAG2 (n = 4, two of 

them presented with Omenn syndrome), IL2RG (n = 4, one of 

them with confirmed maternal engraftment), NHEJ1 (n = 1), 

CD3E (n = 1), ADA (n = 1), JAK3 (n = 3, two of them with 

maternal engraftment) and DCLRE1C (n = 1) (see Table 2 and 

Supplemental Figure 2). 

In the SCID patients, the absolute levels of CD3+ T-cells were 

strongly reduced (n = 7) or undetectable (n = 5), but for three 

patients (20% of our cohort) the absolute CD3+ T-cell counts 
were in the normal range (see Table 3). These patients were 
proven to have maternal engrafted T-cells (n = 2) or oligoclonally 

expanded cells characteristic for Omenn syndrome (n = 1). 
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TABLE 3 | Lymphocytes subsets evaluated by SCID-RTE tube. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Absolute counts (abs) as 10e3/µl. Values outside the normal range are in bold. Range obtained in controls (5th and 95th percentile) is given below the table. Sensitivity to disclose abnormal values in other PID and SCID group is given 

for each measurement in the bottom two rows. Most informative parameters are highlighted in gray. 
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Case_1 CD3E SCID 7 246 0 0 5 13 93 228 0 0 0 0 2 5 93 12 83 188 

Case_2 ADA SCID 55 18 13 2 1 0 83 15 0 0 0 0 0 0 n/a n/a 93 14 

Case_3 JAK3 SCID 69 5,610 1 67 4 210 94 5,256 0 0 0 1 2 117 64 134 95 4,967 

Case_4 JAK3 SCID 2 15 3 0 1 0 85 12 0 0 0 0 0 0 n/a n/a 99 12 

Case_5 JAK3 SCID 80 2,247 0 4 98 2,202 1 23 0 0 0 1 0 0 86 1,896 86 19 

Case_6 XLF SCID 38 294 89 263 0 1 2 7 0 0 0 0 0 0 n/a n/a 64 5 

Case_7 Artemis SCID 18 84 55 46 38 31 1 1 6 2 6 2 31 0 88 28 44 0 

Case_8 RAG2 SCID 2 40 1 1 71 29 1 0 0 0 0 0 17 0 91 26 n/a n/a 

Case_9 RAG2 SCID 32 78 5 4 86 67 5 4 0 0 0 0 3 0 66 44 77 3 

Case_10 RAG1 SCID 68 4,621 3 158 43 1,964 44 2,024 0 0 0 0 0 1 85 1,661 86 1,739 

Case_11 RAG1 SCID 69 1,916 6 109 88 1,690 3 64 0 0 0 2 1 1 68 1,154 83 53 

Case_12 IL2RG SCID 12 92 0 0 71 65 28 25 0 0 0 0 4 1 94 61 81 20 

Case_13 IL2RG SCID 0 1 5 0 31 0 1 0 0 0 0 0 0 0 n/a n/a n/a n/a 

Case_14 IL2RG SCID 45 677 25 171 48 325 23 156 0 0 1 3 7 11 87 282 94 147 

Case_15 IL2RG SCID 0 1 17 0 58 0 0 0 0 0 0 0 0 0 n/a n/a n/a n/a 

Case_16 PNP other PID 63 281 3 7 48 134 37 105 0 0 0 0 0 0 63 84 99 103 

Case_17 ZAP70 other PID 51 1,661 3 47 89 1,482 2 29 24 357 34 505 19 5 17 246 30 9 

Case_18 WAS other PID 50 1,092 4 41 82 891 13 138 53 470 82 730 56 78 3 23 3 4 

Case_19 WAS other PID 57 978 28 271 31 303 38 376 18 55 40 122 6 23 39 119 85 319 

Case_20 del22q11.2 other PID 50 328 37 122 15 47 3 9 0 0 0 0 1 0 43 21 65 6 

Case_21 del22q11.2 other PID 0 1 10 0 0 0 70 1 0 0 0 0 14 0 n/a n/a 58 1 

Case_22 del22q11.2 other PID 27 1,592 9 138 65 1,030 22 344 56 579 71 729 87 300 5 56 4 14 

Case_23 del22q11.2 other PID 33 756 8 63 65 493 22 169 50 246 72 356 87 147 4 20 4 7 

Case_24 CDC42 other PID 63 465 39 180 34 159 23 107 40 63 66 105 58 63 6 10 21 22 

Case_25 FOXP3 other PID 61 1,664 1 22 70 1,157 22 363 40 465 66 765 81 295 4 48 5 19 

Case_26 FAS other PID 86 12,833 3 444 26 3,324 15 1,912 58 1,938 81 2,692 92 1,761 11 356 5 88 

Controls                     

5th percentile   52 2,010 0.7 20 54 1,201 13 335 58 840 72 1,030 60 287 0 9 0 2 

95th percentile   86 6,626 7 340 82 4,094 35 2,204 86 2,393 96 3,149 96 1,614 3 66 11 80 

Sensitivity other PID   55% 91% 55% 20% 55% 82% 27% 64% 91% 91% 73% 91% 64% 73% 90% 40% 55% 27% 

Sensitivity SCID   67% 80% 33% 60% 60% 80% 53% 87% 100% 100% 100% 100% 100% 100% 100% 50% 100% 33% 
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FIGURE 1 | Gating T-cell subsets and generation of a reference principal component analysis representation in an n-dimensional space for SCID-RTE tube. (A) After 

gating T-cells as CD3+ and FSClo and SSClo, the markers TCRγδ+, in combination with CD4 and CD8 were used to define TCRγδ+ T-cells (light blue), 

CD4+CD8-TCRγδ- T-cells (pink); CD4-CD8+TCRγδ- T-cells (dark blue) and CD4-CD8- TCRγδ- double negative T-cells (green). (B) The CD4+ T-cell subsets were 

further subdivided into recent thymic emigrants (RTE; CD62L+CD45RO-HLDR-CD31+; red), naïve (CD62L+CD45RO-HLDR-CD31-; purple), central memory (CM; 

CD62L+CD45RO+HLDR-; orchid), effector memory CD45RO+ (EMRO+; CD62L-CD45RO+HLDR-; mauve), effector memory CD45RO- (EMRO-; 

CD62L-CD45RO-HLDR-; pink) and activated memory (CD45RO+HLDR+; burgundy) CD4+ T cells. (C) The CD8+ T-cell maturation subsets were further subdivided 

into naïve (CD62L+CD45RO-HLDR-; blue), central memory (CM; CD62L+CD45RO+HLDR-; blue-green), effector memory CD45RO+ (EMRO+; 

CD62L-CD45RO+HLDR-; periwinkle blue), effector memory CD45RO- (EMRO-; CD62L-CD45RO-HLDR-; cyan) and activated memory (CD45RO+HLDR+; navy 

blue) CD8+ T cells. (D) Definition and hierarchy of the defined subsets. (E) Principal component analysis representation (APS view) based on the most discriminating 

parameters for T-cell populations, and CD4+ T-cells and CD8+ T-cell subsets. 

 

 

Application of the SCID-RTE tube showed that all SCID 
patients completely lacked RTE cells and other forms of naïve 

CD4+ and CD8+ T cells (Figure 4A), even the patients with 

normal T-cell counts (due to maternal T-cells or oligoclonal 
expansion). The T-cells that could be detected had signs of 

massive activation (64–94% HLA-DR+ in CD4+ and 44–99 

% in CD8+ T cells) (Figure 4B). Overall, the SCID-RTE tube 
detected severely decreased or absent numbers of RTE and naïve 

CD4+ and CD8+ T-cell subsets in all SCID patients. In the 

SCID patients with detectable levels of T-cells, the phenotype 

was characterized by activation (HLA-DR+) and had a memory 

phenotype (CD45RO+). 

RTEs in Other Severe PID Diagnosed 
Before 2 Years of Age 
Patients diagnosed with other severe forms of PID (Other PID, 

n = 11) had diverse molecular defects [ZAP70 (n = 1), WAS (n 

= 2), PNP (n = 1), FOXP3 (n = 1) del22q11.2 (DiGeorge n = 
2; complete DiGeorge n = 2), CDC42 (n = 1) and FAS (n = 1)] 

(see Table 2 and Supplemental Figure 3). Except for the patient 
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FIGURE 2 | PCA representation of SCID-RTE tube results, showing the distinct blood T-cell subsets in the supervised PCA analysis of blood samples from healthy 

donors of different age (A) and SCID and CID patients (B). From the top down, APS plots of gated total, CD4+ and CD8+ T-cells are shown. Lines depict a 2 

standard deviation boundary of all controls combined. (A) PCA (APS views) of all T-cell subsets of cord blood and peripheral blood from donors of different age. 

(B) PCA (APS views) of all T-cell subsets of the following patients: a IL2RG-deficient patient, a JAK3-deficient patient with maternal engraftment, a RAG1-deficient 

Omenn syndrome, a ZAP70-deficient patient, a PNP-deficient patient, a complete DiGeorge syndrome, a Wiskott-Aldrich syndrome (WAS) and an autoimmune 

lymphoproliferative syndrome (ALPS) patient. 
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FIGURE 3 | Flow cytometric analysis of T-cell populations using the EuroFlow SCID/RTE tube in 56 healthy controls of five different age ranges. All values of this 

reference data set are displayed as bar graphs representing the median, and p10, p25, p75, and p90 percentiles. For data visualization package gplot2 for the 

statistical language R was used. 
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with autoimmune lymphoproliferative syndrome (ALPS) due to 

FAS mutation, all had decreased absolute counts of CD3+ T-cells 

compared to controls. However, only one complete DiGeorge 

patient had <300 T-cells/µl in the conventional TBNK test, 
which is considered a diagnostic threshold in SCID patients. 

When assessed by the SCID-RTE tube the patients showed 

a heterogeneous pattern of T-cell subset abnormalities ranging 

from strongly reduced/absent to normal numbers. However, 

all of the patients showed at least one abnormality. With the 

exception of the ALPS patient who presented with normal 
proportion of naïve CD4+ T-cells (and elevated naïve CD8+ 

T-cell counts) (32), all had reduced naïve CD4+ T-cells and 

RTEs below 5th percentile of healthy (Figures 2B, 4A, Table 3). 

The ALPS patient was characterized by massively increased T- 
cells especially of double negative T-cells (56% of CD3+TCRγδ- 

cells) and activated CD4+ T-cells (11%). As previously described 

(33), we found a high frequency of TCRγδ+ T cells (9–39 

% of CD3+ cells), in patients with Wiskott-Aldrich syndrome 

(WAS) as well as in DiGeorge (n = 2) and complete DiGeorge 

patients. We also identified a high frequency of TCRγδ+ T-cells 

in CDC42 deficiency. Four had normal total CD8+ T-cell counts, 

but reduced naïve CD8+ T-cells and showed signs of activation: 

WAS, immune dysregulation, polyendocrinopathy, enteropathy, 

X-linked syndrome (IPEX), DiGeorge (Table 3). 

On top of reduction or absence of naïve and RTE subsets 
of CD4+ T-cells (Table 3), three of the four DiGeorge 

patients showed decreased CD8+ T cells and their naïve 

subsets. Activation of T cells (as measured by HLA-DR+) 
ranged from mild to high. Both patients with WAS had 
profoundly reduced naïve CD8+ T-cells, reduced naïve 

CD4+ T-cells and RTE, activation was found in both 

CD4+ and CD8+ T cells in one of the WAS patients. The 
complete dataset of findings for all patients is provided 

in Table 3. 

Added Value of SCID-RTE on Top of the 
PIDOT Tube 
The proposed SCID-RTE tube is both a confirmation and 

extension of the PIDOT tube. As the reduction of naïve 

T-cells was one of the most important hallmarks of (S)CID 

and PID in our cohort, as well as in the large group of 

PID patients published previously (18), we investigated 

whether the definition of naïve T-cells in the PIDOT tube 

(CD45RA+CD27+) corresponds to the SCID-RTE tube 
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FIGURE 4 | T-cell subset counts determined using the EuroFlow SCID-RTE tube. (A) Absolute values of CD3+ T-cells, RTE CD4+ cells, naïve CD4+ or CD8+ T-cells. 

(B) Relative values of activated T-cells based on the expression of HLA-DR molecule on CD4+ T-cells (HLA-DR+CD4+) or CD8+ T-cells (HLA-DR+CD4+). SCID 

patients (n = 15) are represented as red circles where open circles show patients with maternal engraftment, other PID patients (n = 11) as orange squares and 

healthy controls (n = 44) as gray triangles. Detailed gating strategy is shown in Supplemental Figure 1. ***P ≤ 0.0005. 
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definition (CD45ROnegCD62L+HLA-DRneg). Indeed, we 

found that both approaches yield correlating values in the 
PID patients (Figure 5). Thus, the PIDOT tube is capable of 

detecting reduction of naïve T-cells and directing the testing 

toward confirmation with the SCID-RTE tube, which also allows 

the specific detection of RTEs and activation status, which is 

particularly important in patients with normal or close to normal 

T-cell counts. 

Both the PIDOT tube and the SCID-RTE tube have originally 

been designed for application in an 8-color format. However, 

because of their strong complementarity, it can be efficient and 

cost-effective to use the 12-color combined PIDOT & SCID- 

RTE variant in cases suspicious of (S)CID, by supplementing 

the PIDOT tube with the CD45RO, CD31, HLA-DR, and 

CD62L markers. 

Specificity and Sensitivity 
Next, we determined the sensitivity of the SCID-RTE tube to 

find abnormal values (defined as below the 5th percentile, thus 

allowing for specificity 95%) in our cohort of 15 (S)CID and 11 

other PID patients. 

The sensitivity of values of naïve CD4+, CD8+, and CD4+ 
RTE yielded 100% sensitivity to detect (S)CID (see Table 3). 

This was despite the fact that several (S)CID patients presented 
with close to normal total T-cells and their basic subsets 

(CD4+ and CD8+ T-cells). Whenever T-cells were detectable, 

their activation status (percentage of HLA-DR) was an equally 
sensitive marker for (S)CID, as the naïve T-cells and RTEs. 

However, naïve T-cells and RTEs were also abnormal in the 

group of other PID, implying that these patients could also 

be recognized and referred for genetic testing. Thus, it can be 
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FIGURE 5 | Correlation between the SCID-RTE and the PIDOT tube in determining the levels of naïve CD4+ and CD8+ T-cell subsets in PID patients. (A) Absolute 

counts or (B) Relative counts for each PID patient (n = 24) of naïve CD4+ T-cells (blue) and naïve CD8+ T-cells (green) measured by the SCID-RTE tube (x axis) and 

the PIDOT tube (y axis). SCID (closed circles), other PID (open circles) patients. Detailed gating strategy is shown in Supplemental Figure 1. 
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concluded that in case of reduced naïve T-cells and RTEs fast 

genetic testing is urgently needed. 

 

DISCUSSION 

There have been multiple initiatives for establishing 

comprehensive and detailed reference values of human 

lymphocyte subsets in children by several groups (34–36). 

These studies were done by using two to four color flow 

cytometry. There was no attempt to standardization and no clear 

indication about the utility of individual subsets’ abnormalities 

for PID diagnostics. Recently, Takashima et al. reported on a 

detailed set of seven 8–10 color flow cytometry panels used 

to investigate 75 PID patients, where they also found lack 

of naïve T-cells in SCID (also with maternal engraftment), 

Ataxia Telangiectasia and CMCD (37). However, this 7-tube 

approach would be demanding to use at large scale, and it 

requires relatively high sample volume for the seven tube- 

aliquots. With the EuroFlow PID consortium, we developed a 

standardized approach for flow cytometry testing in PID (38), 

which includes a tube for screening and orientation (PIDOT) 

(18), two 8-color tubes for analysis of pre- and post-germinal 

center B-cells, and an additional isotype tube allowing full 

characterization of B-cells, including analysis of IgH isotype 

and subclass distribution within the memory B-cell (MBC) and 

plasma cell (PCs) compartments (39). The EuroFlow approach 

offers a systematic approach to diagnostics with a modular 

design (37). 
Here we focused on the feasibility and performance 

characteristics of the EuroFlow SCID-RTE tube for diagnostic 

use in (S)CID and severe PID in a cohort of 26 patients, 

genetically diagnosed before the age of 2 years. The challenge 

in revealing SCID patients comes from the fact that a large 

portion of them presents with detectable T-cells that are either 

autologous oligoclonal T-cells as seen in Omenn syndrome 

(40, 41), or arise from maternal engraftment [40% of SCID 

according to Mueller et al. (19)]. The EuroFlow SCID-RTE tube 

overcomes the limitations of the basic T, B, NK test that cannot 

evaluate the nature of the T-cell subsets. In particular, the CD4+ 

naïve, CD8+ naïve, and CD4+ RTE subsets are shown to be 
decreased in all SCID and a great majority of other PID in 

our cohort. The RTE subset was reported as a useful proxy 

for thymic output measurements (25, 42–45), correlating to 

TREC levels (43, 45–47), that are used in newborn screening 

programs for SCID. 

Since (S)CID patients harbor deleterious mutations that 

prevent normal T-cell development, any T-cells in their 

bloodstream must be expanded T-cells of either autologous 

oligoclonal origin or maternal origin. In order to improve the 

RTE definition for patients with putative peripheral expansion 

of T-cells, we gated not only on CD31+CD45RO-CD4+ T- 

cells, but we additionally excluded TCRγδ+ and HLA-DR 

positive cells and restricted the gate to include CD62L positive 
cells only. Thus, only naïve, non-activated CD4+ T-cells (non- 

TCR γδ+) are counted as RTE. This improved the accuracy 

of the RTE measurements, particularly in other PID patients 

with massive presence of HLA-DR, where some activated 

(HLA-DR+) cells would be otherwise considered RTE. HLA- 

DR was reported as a marker of residual T-cells in Omenn 

syndrome patients by Saint Basil et al. (27) already in 1991. 

The biological significance and mode of HLA-DR acquisition 

by T-cells is thought to be explained by acquisition of the 

molecule from antigen presenting cell (APC) after T-cell-APC 

contact (48). 
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A difficult PID category to be diagnosed with the SCID- 

RTE tube would be DiGeorge syndrome patients who present 

with near-normal counts of T-lymphocytes and their subsets. 

DiGeorge patients have variable clinical presentations, TREC 

levels and T-cell counts that are generally lower than normal, 

but vary considerably from patient to patient (14). However, 

their clinical course rarely requires HSCT. Rare cases of 

complete DiGeorge patients resembled SCID patients in their 

immunophenotype and thus pose no diagnostic challenge. 

While in other PID patients in our cohort, T-cell production 

(thymopoiesis) is not the mechanism responsible for the 

immunodeficiency, but their mutation leads to more complex 

changes broadly termed as dysregulation (WAS, ALPS, IPEX, 

ZAP70, CID), the SCID-RTE tube was also able to find 

abnormalities, mainly in the naïve/RTE compartments and in 

the T cell subset activation status. A CDC42 mutation in a 

Takenouchi-Kosaki syndrome (49, 50) patient was accidentally 

found in an infant with failure to thrive, lymphopenia and 

lymphedema by whole exome sequencing for PID suspicion. 

Abnormalities in lymphoid cells were clearly revealed by the 

PIDOT and SCID-RTE tube. 
The SCID-RTE tube can also be used in patients with 

Combined Immunodeficiency (CID), where severe clinical 

presentation together with laboratory findings indicative of CID 

can be used for HSCT indication. ESID criteria for CID diagnosis 

require that apart from severe infection or immune dysregulation 

or affected family members, two of the four following T-cell 

criteria must be met: (a) reduced CD3 or CD4 or CD8 T- 

cells, (b) reduced naïve CD4 and/or CD8 T-cells, (c) elevated 

TCRγδ+T-cells, (d) reduced proliferation to mitogen or TCR 

stimulation (51). All three immunophenotypic criteria can be 
readily obtained from the SCID-RTE tube, furthermore the 
threshold counts of CD4+ RTE (<800 cell/µl), naïve CD4+ 

(<1,000 cell/µl) and naïve CD8+ lymphocytes (<290 cell/µl) 

are established in mutli-center and standardized diagnostic 

test. We would propose that the SCID-RTE tube can be used 

whenever there is a high clinical suspicion for SCID or CID. 

The SCID-RTE tube should be measured together with the 

PIDOT tube to obtain insight in the lymphocytes’ compartment 

and to screen and diagnose (S)CID in a fast, standardized and 

efficient manner. It can also be used in a sibling of a SCID 

patient, immediately after birth or in children with low or absent 

TRECs as identified via newborn screening. SCID-RTE and 

PIDOT can yield the required information confirming severe T- 

cell abnormality or disproving it in a pre-symptomatic phase, 

but a separate study is needed to validate this approach in a 

newborn screening program. SCID-RTE can be used in patient 

where some abnormalities in the T-cell compartment were found 

by PIDOT tube. Finally, SCID-RTE and PIDOT can serve as 

a complementary immunophenotyping test for patients with 

positive TREC findings, where immunophenotyping information 

can serve to confirm the diagnosis of PID and direct subsequent 

genetic testing. Moreover, it can offer hints for the decision 

making process on appropriate conditioning regimen before 

HSCT. Importantly, the two 8-color SCRID-RTE and PIDOT 

tubes can also be combined into a single 12-color tube for more 

efficient testing. 

In conclusion, we have shown that the EuroFlow SCID-RTE 

tube is a well-performing, fast and standardized diagnostic test 

for (S)CID that can be deployed in any laboratory with 8-color 

flow cytometer. 
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Supplemental Figure 2 | Detailed flow cytometry dot plots for SCID patients. 
 

Supplemental Figure 3 | Detailed flow cytometry dot plots for other PID patients. 
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Background: Predominantly antibody deficiencies (PADs) are 

the most prevalent primary immunodeficiencies, but their B-cell 

defects and underlying genetic alterations remain largely 

unknown. 

Objective: We investigated patients with PADs for the 

distribution of 41 blood B-cell and plasma cell (PC) subsets, 

including subsets defined by expression of distinct 

immunoglobulin heavy chain subclasses. 

Methods: Blood samples from 139 patients with PADs, 61 

patients with common variable immunodeficiency (CVID), 68 

patients with selective IgA deficiency (IgAdef), 10 patients with 

IgG subclass deficiency with IgA deficiency, and 223 age- 

matched control subjects were studied by using flow cytometry 

with EuroFlow immunoglobulin isotype staining. Patients were 

classified according to their B-cell and PC immune profile, and 

the obtained patient clusters were correlated with clinical 

manifestations of PADs. 

Results: Decreased counts of blood PCs, memory B cells 

(MBCs), or both expressing distinct IgA and IgG subclasses 

were identified in all patients with PADs. In patients with 

IgAdef, B-cell defects were mainly restricted to surface 

membrane (sm)IgA1 PCs and MBCs, with 2 clear subgroups 

showing strongly decreased numbers of smIgA1  PCs with 

mild versus severe smIgA1  MBC defects and higher 

frequencies of nonrespiratory tract infections, autoimmunity, 

and affected family members. Patients with IgG subclass 

deficiency with IgA deficiency and those with CVID showed 

defects in both smIgA1  and smIgG1  MBCs and PCs. 

Reduced numbers of switched PCs were systematically found 

in patients with CVID (absent in 98%), with 6 different 

defective MBC (and clinical) profiles: (1) profound decrease 

in MBC numbers; (2) defective CD271  MBCs with almost 

normal IgG3
1 MBCs; (3) absence of switched MBCs; and (4) 

presence of both unswitched and switched MBCs without 

and; (5) with IgG2
1 MBCs; and (6) with IgA1

1 MBCs. 

Conclusion: Distinct PAD defective B-cell patterns were 

identified that are associated with unique clinical profiles. (J 

Allergy Clin Immunol 2019;144:809-24.) 

Key words: Immunodeficiency, primary antibody deficiency, selec- 

tive IgA deficiency, common variable immunodeficiency, immuno- 

phenotyping, immunoglobulins, immunoglobulin subclasses, 

memory B cells, plasma cells, flow cytometry, diagnosis, 

classification 

 

 
 

 
Predominantly antibody deficiencies (PADs) are the most 

prevalent primary immunodeficiencies (50% to 70% of all 

primary immunodeficiencies)1,2 and comprise a heterogeneous 

spectrum of disorders with defective production of 1 or more 

immunoglobulin isotypes and/or immunoglobulin subclasses; 

the underlying pathogenic mechanisms remain largely un- 

known.1,2 Current classification of PADs strongly relies on the 

affected serum immunoglobulin heavy chain (IgH) isotype and 

subclass levels and includes (1) selective IgA deficiency (IgA- 

def) characterized by an isolated defect of serum IgA (preva- 

lence, approximately 1:100-1,000  subjects)3-5;  (2)  IgG 

subclass deficiency with IgA deficiency (IgG/Adef) with 

reduced IgA and 1 or more IgG subclass serum levels (approxi- 

mately 15% to 20% of IgA deficiencies)6; and (3) common var- 

iable immunodeficiency (CVID), which is characterized by low 

(total) IgG serum levels, decreased IgA and/or IgM levels, and a 

more severe clinical presentation but a lower prevalence 

(approximately 1:25,000-50,000 subjects).4,5 Although recur- 

rent bacterial infections of the respiratory tract are the clinical 

hallmark of PADs, clinical manifestations vary substantially 

among patients, from (almost) asymptomatic cases to patients 

presenting with recurrent severe infections associated with other 

noninfectious disorders, such as autoimmunity, allergy, lympho- 

proliferation and organomegalies, enteropathy, and granuloma- 

tous disease.1,3,7-10 
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Despite extensive efforts, genetic (ie, monogenic) alterations 

responsible for PADs are detected in less than 10% of cases.1,2,11 

In such settings altered distributions of distinct blood B- and T- 

cell subpopulations determined by using flow cytometry might 

provide key (complementary) diagnostic information, particu- 

larly for patients with low serum antibody isotype levels and 

nonspecific clinical features.5,12,13 Thus controversial results 

have been reported in patients with CVID concerning the poten- 

tial association between specific B-cell alterations, such as 

decreased (relative) numbers of CD271 (antigen-experienced) 

switched B cells in blood and relevant clinical manifestations 

(eg, splenomegaly, granulomatous disease, and autoimmu- 

nity),14-18 whereas preservation of CD271 class-switched mem- 

ory B cells (MBCs) has been considered a surrogate marker for 

the ability to respond to vaccination.5 Similarly, decreased 

CD271 (antigen-experienced) switched B-cell counts in blood 

have been associated with a worse clinical outcomes in patients 

with IgAdef,19 whereas decreased percentages of CD211 B cells 

and increased proportions of immature/transitional B-cells have 

both been correlated to distinct CVID clinical profiles.15,18,20 

Despite all the above associations, the actual clinical relevance 

of these B-cell defects in patients with PADs still remains elusive. 

In addition, a significant clinical and functional B-cell heteroge- 

neity is still observed among patients who present with similar 

patterns of alteration of B cells by using flow cytometry (eg, 

reduced numbers of switched MBCs).18,21 This is probably due to 

the limited number of B-cell populations investigated, the lack of 

appropriate age-matched reference ranges, or both in most 

studies. For example, in many studies focused on antigen- 

experienced B cells, no distinction is made between (relative 

long-living) MBCs and (newly generated) circulating plasma 

cells (PCs),14,15,19 and very few reports have investigated the pre- 

cise relationship between defects in specific immunoglobulin iso- 

types and the number of blood B cells and PCs that express 

them.22,23 Moreover, thus far, no study has investigated the  IgG1 

to IgG4 and IgA1 and IgA2 subclass distribution within the 

Immunodeficiencies (ESID)5 criteria into 68 and 42 patients with IgAdef 

(mean age, 24 6 17 years), respectively; 10 patients with IgG/Adef (mean 

age, 24 6 14 years); and 61 patients with CVID (mean age, 41 6 17 years). 

Twenty-six asymptomatic patients with IgAdef (mean age, 24 6 15 years) 

with serum IgA levels of less than 7 mg/dL did not fulfill the ESID criteria5 

for IgAdef and are referred to hereafter as ESID2 versus ESID1 IgAdef cases. 

EDTA-anticoagulated blood samples were collected at 8 different sites and 

centrally processed in 2 of them after informed consent was provided by 

each subject, their legal representatives, or both. The study was approved by 

local ethics committees. 

 
 

Flow cytometric identification of blood B cells and 
their subsets 

Total B-cell counts and distribution of 41 distinct B-cell subsets were 

analyzed by using flow cytometry after staining 107 nucleated cells with the 

EuroFlow 12-color immunoglobulin isotype B-cell tube (see Table E1 in 

this article’s Online Repository at www.jacionline.org) and bulk-lyse standard 

operating procedure (www.EuroFlow.org), as described elsewhere.25,26 Per 

sample, 5 3 106 or more leukocytes were measured in LSRFortessa X-20 

flow cytometers (Becton Dickinson Biosciences, San Jose, Calif). Instrument 

set-up and calibration were performed according to EuroFlow standard oper- 

ating procedures (www.EuroFlow.org).27 For data analysis, Infinicyt software 

(Cytognos S.L., Salamanca, Spain) was used. 

CD191 B-cells and PCs were both identified by using low-to-intermediate 

forward light scatter and sideward light scatter and subsequently subclassified 

into 41 different subpopulations based on their maturation stage and expres- 

sion of distinct immunoglobulin isotypes and immunoglobulin subclasses, 

as previously described,24 by using the gating strategy detailed in the 

Methods section and Fig E1 in this article’s Online Repository at www. 

jacionline.org. Briefly, the following B-cell subpopulations were defined 

based on their staining profile for CD19, CD38, CD24, CD21, CD27, CD5, 

surface membrane (sm)IgM, and smIgD: (1) CD272CD38hi 

CD24hiCD51smIgM11IgD1 immature/transitional B-cells, (2) CD272 

CD38loCD24hetCD5hetsmIgM1IgD11 naive B lymphocytes; (3) CD271 

CD38loCD52CD24hetsmIgM11IgD1 unswitched MBCs; (4) CD271/ 
2CD38loCD52CD24hetsmIgM2IgD2 switched MBCs; and (5) CD2711 

CD38hiCD52CD212CD242 PCs. MBCs and PCs were further subclassified 

according to their immunoglobulin isotypes and immunoglobulin subclasses 
into (1) smIgM11IgD1, smIgD1-only, smIgA 1, smIgA 1, smIgG 1, PC and MBC compartments of patients with PADs. Finally, 1 1 1 1 2 1 1 

1,7,9,13 smIgG2 , smIgG3 , and smIgG4 MBCs and (2) smIgM -only, smIgD1- 
despite the fact that PADs can present at any age and major only, smIgA 1, smIgA 1, smIgG 1, smIgG 1, smIgG 1, and smIgG 1 

1 2 1 2 3 4 

age-related differences exist in the distribution of blood B-cell 

subsets throughout life,24 most reports on B-cell compartments 

in patients with PADs do not consider (normal) age-associated 

variations, and only a few studies subdivided healthy donors 

(HDs) and patients with PADs into a few (n 5 3-4) age 

groups.17,20,23 Altogether, this reflects the potential relevance of a 

more in-depth evaluation of the B-cell compartment and its al- 

terations in patients with PADs versus age-matched control sub- 

jects for improved diagnosis and classification of PADs. 

Here, for the first time, we investigated the distribution of 41 

distinct blood B-cell and PC subsets in 139 patients with PADs 

versus 223 age-matched control subjects. Based on the B-cell and 

PC defects encountered, distinct defective immune profiles were 

identified that are associated with both the diagnostic subtype and 

clinical manifestations of PADs. 
 

 
METHODS 

Patients and control subjects 
Overall, 139 patients with PADs4 (mean age, 32 6 19 years; range, 4- 

87 years) and 223 HDs (mean age, 39 6 28 years; range, 4-99 years) were 

studied. Patients with PADs were subclassified by the International Union  

of    Immunological    Societies    (IUIS)4    and    European    Society    for 

PCs, respectively. Finally, the above subpopulations of naive B lymphocytes 

and MBCs were placed in further subsets based on CD21 (CD211 vs  

CD212 naive and MBC subsets) and CD27 expression (CD271 and CD272 

MBCs, see Fig E1). Absolute counts were calculated by using total B-cell 

counts based in a double-platform assay28 and used throughout the study. In- 

tralaboratory and interlaboratory variability was assessed at the participating 

centers based on replicate measurements of the same samples to ensure com- 

parable results at distinct sites (see Fig E2 in this article’s Online Repository at 

www.jacionline.org). 

 
 

Statistical analyses 
Statistical analyses were performed with either the R (version 3.2.3; https:// 

www.r-project.org/)29 or SPSS (version 23.0; IBM, Armonk, NY) software 

packages. Kruskal-Wallis and Mann-Whitney U tests (for continuous variables) 

and x2 and Fisher exact tests (for categorical variable) were used, respectively, 

to investigate the statistical significance (set at P <_ .05) of differences observed 

between groups in B-cell subset counts and clinical features. Unsupervised 

clustering analysis of patient data based on the K-means learning algorithm30 

and Euclidean distances was performed by using blood B-cell subset absolute 

counts normalized by age group (see Table E2 in this article’s Online Reposi- 

tory at www.jacionline.org) based on (previously reported) reference values of 

140 age-matched subjects24 and extended here to 223 individual 2log10 values 

(patient value/minimum normal value)2. Age-normalized B-cell/PC subset 

values per patient were represented in heat maps by using gplots (R package),31 

http://www.jacionline.org/
http://www.euroflow.org/
http://www.euroflow.org/
http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
https://www.r-project.org/
https://www.r-project.org/
http://www.jacionline.org/
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and 5th to 95th percentile values were used to define normal ranges per age 

 
smIgG 1 and smIgG 1 MBC counts were normal in 80% and 

1 3 

group defined by a minimum of 20 subjects (see Table E3 in this article’s Online 

Repository at www.jacionline.org). Those B-cell and PC subsets with absolute 

counts that were less than the method’s limit of detection (undetectable; 

<0.01 cells/mL) in at least 1 subject for more than 1 reference (HD) age group 
were excluded from the analysis (ie, IgD-only and IgG 1 PCs and MBCs and 

90% of patients with IgG/Adef, respectively (Fig 1 and see Fig 

E3 and Table E4). 

Based on these results, the observation of undetectable PCs 

combined with decreased smIgG2
1 MBC counts also showed a 

IgG 1, IgG 1, and IgG 1 

 

 
RESULTS 

PCs). 
4 

high sensitivity (90%), specificity (96%), and NPV (100%) for 

IgG/Adef in addition to those MBC and PC populations that iden- 

tified IgAdef. In contrast, the PPV was only 50% because of the 

low number of patients with IgG/Adef analyzed (Fig 1 and see 

Tables E6 and E7 in this article’s Online Repository at www. 
Blood B-cell and PC subset defects in patients with 
IgAdef 

Once compared with age-matched HDs, most patients with 

IgAdef displayed normal total B-cell counts (93%), including 

normal immature/transitional (90%), naive (94%), and MBC 

(87%) counts (see Table E4 in this article’s Online Repository at 

www.jacionline.org). In contrast, numbers of (total) PCs, 

although  being  detected  in  every  case  (>_0.07  PCs/mL),  were 

decreased in 49% of patients (Fig 1 and see Table E4). When 

MBCs and PCs were dissected according to their pattern of 

expression of immunoglobulin subclasses, a greater frequency 

of altered cases was observed. Thus smIgA1
1 and/or smIgA2

1 
PC counts were found to be reduced in blood in 97% of cases, 

with still detectable residual smIgA1 PCs in 38% of the patients 

(PCs expressing both IgA subclasses were found in 26%, 

smIgA11-only subclasses were found in 9%, and smIgA 1- 

only subclasses were found in 3% of all patients with IgAdef). 
In line with these findings, reduced smIgA 1 and/or smIgA 1 

MBC counts were also observed in virtually all patients with IgA- 

def (99%), although still present in half (50%) of them (both 

smIgA1
1 and smIgA 1 MBCs were detected in 40% and 

smIgA11-only MBCs were detected in 10% of all patients with 

IgAdef; Fig 2 and see Table E4). Thus decreased smIgA1
1 or 

smIgA2
1 MBC counts showed a sensitivity of 99% with a nega- 

tive predictive value (NPV) of 100% (see Table E5 in this article’s 

Online Repository at www.jacionline.org), although when com- 

bined with decreased smIgA 1 or smIgA 1 PC counts, reached 

a 100% sensitivity and NPV (see Table E6 in this article’s Online 

Repository at www.jacionline.org). In turn, absence of the above 

MBC or PC subpopulations showed a specificity of 100% and 

positive predictive value (PPV) of 98% for identification of pa- 

tients with IgAdef (see Table E6). In contrast, smIgG1  PCs 

were present in virtually every patient with IgAdef (91%), with 

normal smIgG1 PC counts in 71% of  them. Similarly, smIgG1 

to smIgG3
1 MBC counts were only decreased in 13% or fewer pa- 

tients (Fig 1 and see Fig E3 and Table E4). 
 

 
Blood B-cell and PC subset defects in patients with 
IgG/Adef 

Similarly to patients with IgAdef, total peripheral blood B-cell 

counts, including immature/transitional, naive and MBC counts, 

were within the normal range in most patients with IgG/Adef 

(90%, Fig 2 and see Table E4); in contrast, decreased PC counts 

were observed in 90% of patients with IgG/Adef, mostly because 

of a significant decrease in both smIgA1 and smIgG1 PC  counts 

jacionline.org). 
 

 

 

Blood B-cell and PC subset defects in patients with 
CVID 

In contrast to patients with IgAdef, total B-cell and PC counts 

were decreased in around half (51%) and the majority (98%) of 

patients with CVID, respectively (P <.001 vs patients with IgA- 

def). In addition, immature/transitional and naive B lympho- 

cytes were decreased in 42% and 43% of patients with CVID, 

mostly at the expense of CD211 B cells (Fig 2 and see the 

Results section, Fig E4, and Table E4 in this article’s Online Re- 

pository at www.jacionline.org), with only 10% and 3% of pa- 

tients with CVID showing undetectable immature/transitional 

and naive B cells, respectively (Fig 2 and see Table E4). Reduced 

smIgA1
1 and/or smIgA2

1 PC counts were found in all patients 

with CVID, being undetectable in virtually every (98%) case.  

In line with these findings, only 2% of patients with CVID 

showed circulating smIgG1 PCs (Fig 1 and see Fig E3 and 

Table E4). Thus the absence of switched PCs was highly accu- 

rate (100% specificity, 100% PPV, and 100% NPV, with a sensi- 

tivity of 98%) for identification of CVID (see Table E8 in this 

article’s Online Repository at www.jacionline.org).  Of  note, 

no other parameter or combination of parameters showed an 

improved sensitivity, specificity, PPV, and NPV for identifica- 

tion of CVID than the absence of switched PCs or the lack of 

smIgA2
1 PCs (see Table E6). However, the lack of switched 

PCs was not specific enough for an accurate differential diag- 

nosis among distinct PAD subgroups because 9% of patients 

with IgAdef and 50% of patients with IgG/Adef also had unde- 

tectable switched PCs. Because of this, for a clear-cut discrimi- 

nation among distinct PAD diagnostic categories, the lack of 

switched PCs needs to be combined with the absence or decrease 

in other B-cell subsets in patients with CVID that are typically 

normal among patients with IgAdef and those with IgG/Adef 

(eg, smIgG1
1 or smIgG2

1 MBCs, or total PCs; Fig 1 and see 

Table E4). Interestingly, the (small) subgroup of patients with 

IgAdef who had undetectable switched PCs also had lower 

serum IgG levels at diagnosis (data not shown). 

Finally, despite abnormally low total MBC counts being 
observed in most patients with CVID (70%) and being undetect- 

able (<0.01 MBCs/mL) in only 13% of cases, the degree of 

involvement  of  MBCs   expressing  different  immunoglobulin 

isotypes and immunoglobulin subclasses varied significantly. 

Thus reduced smIgA 1 and/or smIgA 1 MBC counts were 
1 2 

(100% and 90%, respectively), which were undetectable in 90% 

and 50% of cases, respectively. Although total blood MBC counts 

were within the normal range in 70% of patients with IgG/Adef 

showed decreased smIgA1
1 MBC and/or smIgA2

1 MBC counts 

in association with decreased smIgG2
1 MBC counts; meanwhile, 

observed in virtually all patients with CVID (98%), being absent 

in most of them (80%). Regarding MBC subsets expressing 

distinct IgG subclasses, patients with CVID more frequently 

showed decreased or absent smIgG 1 (95% and 67% of patients, 

respectively) than smIgG1
1 MBC counts (90% and 33% [P > .05 

http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
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FIG 1. Alterations in blood B-cell and PC subset counts useful for the diagnosis of PADs and for the 

differential diagnosis of IgAdef versus IgG/Adef versus CVID. A, Scheme illustrating the most useful periph- 

eral blood B-cell subset alterations for the diagnosis of PADs (vs HDs; strongly reduced: absolute numbers 

lower than the minimum value in HDs) and the differential diagnosis of patients with IgAdef versus patients 

with IgG/Adef versus patients with CVID are shown. As displayed, these criteria showed a 100% and approx- 

imately 98% accuracy in the diagnosis of PADs and the discrimination between IgAdef and CVID, respec- 

tively, whereas approximately 10% of cases within both diagnostic subgroups overlapped with 10% and 

10% of patients with IgG/Adef, respectively. B, Most useful peripheral blood B-cell subset criteria for the 

diagnosis of PAD versus HDs and the distinction between patients with IgAdef versus patients with CVID, 

patients with IgAdef versus patients with IgG/Adef, and patients with CVID versus patients with IgG/Adef 

are shown, together with the number of cases within the different diagnostic categories that fulfilled these 

criteria. 

CVID 
n=61 

54 

 

 
7 

 
 

8 60 

IgAdef 
n=68 

Healthy donors (n=223) 
Normal smIgA1+/smIgA2+ PCs or MBCs 

Criteria for differential diagnosis HD IgAdef IgG/Adef CVID 
(n=223) (n=68) (n=10) (n=61) 

HD vs. PAD    

Strongly ↓ smIgA1+/smIgA2+  PCs or MBCs 
NO

 YES YES YES 

(0/223) (68/68) (10/10) (61/61) 

TOTAL 0/223 68/68 10/10 61/61 

IgAdef vs. CVID    

Undetectable smIgG2+ MBCs NO NO YES 

or (0/68) (3/10) (41/61) 

Undetectable total PCs (<0.01 cells/μL) 
NO 

(0/68) 
YES 

(5/10) 
YES 

(55/61) 

TOTAL 0/68 6/10 59/61 

IgAdef vs. IgG/Adef    

↓ smIgG2+ MBCs NO YES YES 
 (8/68) (8/10) (58/61) 

Undetectable total PCs (<0.01 cells/μL) 
NO 

(0/68) 

YES 

(5/10) 

YES 

(55/61) 

TOTAL 8/68 9/10 61/61 

CVID vs. IgG/Adef    

Undetectable switched PCs (<0.01 cells/μL) NO YES YES 
 (6/68) (5/10) (60/61) 

↓ smIgG1+ MBCs 
NO 

(9/68) 

NO 

(2/10) 

YES 

(55/61) 

TOTAL 0/68 1/10 54/61 
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FIG 2. Absolute counts of distinct maturation-associated subpopulations of blood B cells and PCs (A) and 

total switched, total IgA, and IgA subclass subsets of MBCs (B) and PCs (C) in patients with IgAdef (n 5 68), 

patients with IgG/Adef (n 5 10), and patients with CVID (n 5 61) versus HDs (n 5 223) grouped by age. In- 

dividual cases are represented as green dots (IgAdef), yellow dots (IgG/IgAdef), red dots (CVID), and gray 

dots (HDs). Dotted gray lines represent age-associated reference 5th and 95th values. Percentages of pa- 

tients with reduced numbers compared with reference values per age  group  are depicted  above  each 

plot by using the same color code. 
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and P < .001], respectively) and smIgG3
1 MBC counts (61% and 

23%, respectively; P < .001; Fig 1 and see Fig E3 and Table E4). 
 
 

Classification of patients with PADs based on blood 
B-cell and PC subset immune profiles 

Unsupervised clustering analysis identified 5 major immune 

profiles of altered blood B-cell and PC subset counts in patients 

with PADs (classification criteria are provided in Table I), which 

were closely related to the IUIS diagnostic categories of PADs 

and are termed hereafter PAD-1 to PAD-5 (Fig 3, A).4 Thus pa- 

tients with IgAdef were split between the PAD-1 and PAD-2 clus- 

ters (with 1 outlier in PAD-3), and patients with IgG/Adef were 

split between the PAD-1, PAD-2, and PAD-3 groups, whereas 

most (54/61) patients with CVID fell into the PAD-3, PAD-4, 

and PAD-5 clusters, with 7 of 61 outliers falling into the PAD-1 

and PAD-2 groups (Fig 3, A). 

In detail, PAD-1 included 40 patients with reduced but detect- 

able numbers of smIgA1 PCs and/or smIgA1 MBCs (smIgA1 
MBCs and smIgA1 PCs ranging from <12-fold below the lower 

limit of normal [LLN] and undetectable to virtually normal 

counts, respectively). Thirty-two (80%) of 40 PAD-1 cases had 

been given a previous diagnosis of IgAdef and 2 (5%) of IgG/ 

Adef, and 6 (15%) were patients with CVID with decreased but 

detectable numbers of IgA1
1 or IgA  1 MBCs with limited effect 

on the overall number of smIgA1 MBCs (never decreased >12 

times the LLN) and virtually normal IgG 1 to IgG 1 MBC 

subgroups did not show a strong association with the ESID diag- 

nostic criteria5 for clinical IgAdef, which were met in 53% of 

IgAdef-1 cases versus 69% of IgAdef-2 cases (P > .05; see 

Table E9, A, in this article’s Online Repository at www. 

jacionline.org). Of note, IgAdef-1 cases were older than IgAdef-

2 cases both at the time of analysis (31 6 19 years vs 

17 6 13 years, respectively;  P  5 .001)  and  at  diagnosis 

(28 6 19 years vs 14 6 13 years, respectively; P 5 .006), with 

a similar male/female distribution. Despite no differences being 

observed in IgM serum levels at diagnosis, serum IgG levels 

were slightly lower in IgAdef-1 versus IgAdef-2  cases  

(1305 6 290 vs 1467 6 232 mg/dL, P 5 .03). In turn, although 

around one third of both IgAdef-1 and IgAdef-2 cases had a 

past history of recurrent respiratory tract infections at presenta- 

tion, IgAdef-2 cases showed a greater frequency of other (recur- 

rent) infections (17% vs 0%, respectively; P 5 .02), tissue- 

specific autoimmunity (31% vs 6%, respectively; P 5 .01), and 

other family members affected (22% vs 3%, respectively;   

P 5 .03; Fig 5, A, and see Table E10 in this article’s Online Re- 

pository at www.jacionline.org). 
 
 

Blood B-cell and PC immune profiles in patients 
with CVID 

Overall, 6 subgroups of CVID (designated hereafter as CVID-1 

to CVID-6) with different patterns of altered B-cell subsets and 

complete absence of switched PCs in 98% of cases (classification 

counts. 
1 3 

criteria are provided in Table I) were identified (Figs 3, C, and 4, 

PAD-2 was characterized by severely decreased numbers of 

smIgA1 MBCs (>40 times below the LLN; absent in 37 of 39 pa- 

tients) and absence of smIgA1 PCs but (similarly to PAD-1) virtu- 

ally normal smIgG 1 to smIgG 1 MBC counts. This PAD-2 

C, and see Figs E5, B, and E6). 

The CVID-1 and CVID-2 groups included patients with both 

detectable smIgMD1 MBCs and switched MBCs of all smIgG1 to 
smIgG  subclasses, with CVID-1 (but not CVID-2) cases also 

1 3 3 

cluster included 35 (90%) patients with IgAdef, 3 (7.5%) patients 

with IgG/Adef, and 1 (2.5%) patient with CVID who lacked PCs 

and smIgA1 MBCs but had normal smIgG1 MBC numbers. 

PAD-3 cases consisted of patients with severely decreased 

switched smIgG1 and smIgA1 PC counts (absent in 34/35 cases) 

and smIgA 1/smIgA 1 MBC counts (absent in 30/36 cases) but 

presenting normal or slightly reduced IgA 1 MBC counts. In 

contrast, CVID-3 cases showed a more severe smIgG2
1 MBC 

defect (>4-fold below the LLN), frequently with undetectable 

(<0.01 cells/mL) smIgG 1 MBCs (17/22 cases). CVID-4 cases 

had no switched MBCs, whereas CVID-5 cases showed more se- 
vere defects involving all CD271 MBC subsets (>_6-fold below 

1 2 

presenting with a heterogeneous defect on IgG1 MBCs, consist- 

ing of severely reduced smIgG2
1 MBC counts (absent in 19/36), 

with a milder decrease in smIgG 1 (86% of cases) and particu- 

larly smIgG3
1 (39% of cases) MBC counts. This subgroup 

included 30 patients with CVID (83%), 5 patients with IgG/ 

Adef (14%), and 1 patient with IgAdef (3%). 

Finally, all PAD-4 and PAD-5 cases had undetectable smIgG2
1 

MBCs (14/14 cases) with severely reduced smIgG 1 MBC counts 

(14/14; absent in 9/14 cases; PAD-4) or no MBCs at all (PAD-5), 

except for 2 PAD-5 cases who showed detectable IgG3
1 MBCs at 

levels of greater than 15-fold below the LLN; all PAD-4 and PAD- 

5 cases corresponded to CVID. 
 
 

Blood B-cell and PC immune profiles in patients 
with IgAdef 

Patients with IgAdef were split into 2 subgroups termed 

hereafter IgAdef-1 and IgAdef-2 (classification criteria are pro- 

vided in Table I) with different patterns of alteration of smIgA1 
MBCs (Fig 3, B): smIgA1

1 and/or smIgA 1 MBCs were present 

in the IgAdef-1 group, whereas they were virtually absent in 

IgAdef-2 cases (Fig 4, B, and Figs E5, A, and E6 in this article’s 

Online Repository at www.jacionline.org). Interestingly, these 2 

the LLN) but almost normal CD272 smIgG3
1 MBC counts. 

Finally, CVID-6 cases had severely decreased switched and un- 

switched MBC counts, including 0.06 or fewer IgG 1 MBCs/ 

mL (>15-fold below the LLN; Figs 3, C, and 4, C). 

Overall, a close association between the CVID-1 and CVID-6 

clusters and the EUROclass classification (see Table E11 in this 

article’s Online Repository at www.jacionline.org)18 of CVID 

was observed. Thus EUROclass smB1 patients were subclassified 

here into the CVID-1 (58%), CVID-2 (17%), and CVID-3 (25%) 

clusters, depending on their normal versus low smIgA1 and 

smIgG2
1 MBC counts. EUROclass B2 patients were included  

in our CVID-6 cluster, except for 2 cases with less than 1% pe- 

ripheral blood B cells but preserved MBC counts, who were 

thereby classified as CVID-4 and CVID-5, respectively. In fact, 

in 8 of 9 patients classified as B2, we could identify naive B cells, 

and in 4 of 9 cases we could also identify MBCs, despite these 

cells being severely decreased in 2 of them. In contrast, EURO- 

class smB2 patients split across the different CVID-1 to CVID- 

6  clusters:   CVID-1,   2.5%;  CVID-2,   10%; CVID-3,  47.5%; 

CVID-4,  12.5%;  CVID-5,  20%;  and  CVID-6,  7.5%  of smB2 
cases (Fig 3, C, and see Table E9, B). Inclusion of other EURO- 

class parameters, such as CD21 expression (see Table E9, B) or 

immature/transitional B-cell counts did not result in significantly 

http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
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TABLE I. Criteria used for subclassification of patients with PAD, patients with IgAdef, and patients with CVID into the PAD-1 to PAD-

5, IgAdef-1 to IgAdef-2, and CVID-1 to CVID-6 clusters, respectively 
 

MBCs 

Clusters Total MBCs CD271 MBCs CD211 MBCs smIgM11IgD1 MBCs Switched MBCs smIgA1 MBCs 
       

PAD-1 Normal or Y<2-fold   Normal or Y<1.4-fold Normal or Y<3-fold Normal or 

Y<12-fold 

PAD-2 Normal or Y<1.4-fold   Normal or Y<1.1-fold Normal or Y<2-fold Y>40-fold or 

undetectable 

 
PAD-4 Y1.4-46 fold Y>_2-fold or 

undetectable§ 

Y>12-fold or 

undetectable 

Undetectable 

PAD-5 Y>500-fold or 

undetectable 

Undetectable Y>190-fold or 

undetectable 

Undetectable 

IgAdef-1 Normal or 

Y<12-fold 

IgAdef-2 Y >40-fold or 

undetectable 

CVID-1 Normal Normal or Y<1.4-fold Normal or 

Y<1.8-fold 

Normal or Y<1.4-fold Normal or Y<3-fold 

CVID-2 Normal Normal Normal Normal Normal or Y<5-fold 

CVID-3 Normal or Y<5-fold# Normal or Y<6-fold# Normal or 
Y<8-fold# 

Normal or Y<3-fold Y>3-100 fold 

CVID-4 Y1.4-30 fold Y1.3-30 fold Y1.5-35 fold Normal or Y<14-fold Undetectable 

CVID-5 Y5-45 fold Y>_6-fold or 
undetectable 

Y8-1000-fold Y>_3-fold or 
undetectable 

Y>2-80 fold 

CVID-6 Y>500-fold or 

undetectable 

Undetectable Y>780-fold to 

undetectable 

Undetectable Y>185-fold or 

undetectable 
      

B-cell subpopulations that were not required for patient subclassification are plotted as empty cells. Undetectable is defined as less than 0.01 cells/mL. The most relevant subsets for 

discrimination between 2 or more subgroups are highlighted in boldface. 

*Less than 15% of cases showed reduced smIgG 1 MBC counts systematically associated with the presence of switched PCs or normal to less than 2-fold reduced smIgA1 MBC 

counts. 

tThose cases with smIgMD1 MBC counts reduced more than 2-fold systematically had normal smIgG 1 MBC or detectable smIgG 1 MBC counts. 

tOne case had detectable switched PCs (55-fold below the LLN) associated with decreased smIgG 1 (>1.5-fold) and smIgG 1 MBC counts and undetectable smIgA1 MBCs. 

§One case had normal values associated with undetectable switched MBCs. 
1 1 

kReduced smIgA1 or smIgA PC counts were observed in all patients with IgAdef except 2 patients who had decreased smIgA MBC counts. 

One CVID case showed detectable but reduced switched PC counts. 
#When smIgG 1 MBCs were present, these subsets were systematically decreased. 

 

different distributions of smB2 patients across our CVID-1 to 

CVID-6 clusters (data not shown). 

When considering the 6 CVID clusters, no overall differences 

were observed among them regarding age (at time of study and at 

diagnosis) and immunoglobulin serum levels, whereas significant 

differences  were  found  in  the  frequency  of  autoimmunity 

(P 5 .02), autoimmune cytopenias (P 5 .02), and (a statistical 

trend) hepatomegaly (P 5.06). Subsequent pairwise comparisons 

confirmed a similar age and sex distribution and frequency of 

recurrent infections (range, 83% to 100%) was observed among 

the 6 CVID clusters, except for CVID-6 cases, who were signifi- 

cantly older than CVID-2 cases (P 5 .04). In addition, no differ- 

ences were observed regarding serum immunoglobulin levels at 

diagnosis and the clinical manifestations of the disease among pa- 

tients with preserved smIgG 1 MBCs (CVID-1, CVID-2, and 

CVID-3 cases). Conversely, all CVID-4 cases presented with 

autoimmunity versus 25% in CVID-1 (P 5 .009), 33% in 

CVID-2 (P 5.03), and 50% in CVID-3 (P 5.04) cases, including 

a greater frequency of autoimmune cytopenias (67% vs 0% in 

CVID-1 and CVID-2 cases and 20% in CVID-3 cases, P <_ .05) 

and a tendency (P > .05) toward a greater frequency of systemic 

autoimmunity (50% vs 25% in CVID-1, 0% in CVID-2, and 

10% in CVID-3 cases). Although systemic autoimmunity was 

not detected among CVID-5 cases (P 5 .04 vs CVID-4 cases), 

these cases more frequently had other adverse clinical features, 

such as hepatomegaly (44% vs 5% in CVID-3 cases, P 5 .02), 

autoimmunity (89% vs 25% in CVID-1 cases [P 5 .01], 33% in 

CVID-2 cases [P < .05], and 50% in CVID-3 cases [P 5 .05]), 

and cytopenias (44% vs 0% in CVID-1 cases, P 5 .05). 

Finally, CVID-6 cases displayed a mixed clinical profile 

between CVID-4 and CVID-5 cases, with a high frequency of 

autoimmune cytopenias (50%), as well as hepatomegaly (56%), 

bronchiectasis (80%), and enteropathy (78%; Fig 5, B). Addition- 

ally, CVID-6 cases presented with granulomatous disease more 

frequently than all other CVID patient groups (30% vs 0% to 

15%, P 5 .06; Fig 5, B, and see Table E12 in this article’s Online 

Repository at www.jacionline.org). 
 

 

DISCUSSION 
Current IUIS and ESID guidelines for diagnosis and classifi- 

cation of PADs rely on antibody serum levels, response to 

Y>2-fold or 

undetectable 

Normal or Y<2-foldt Normal or 
Y<100-fold 

PAD-3 Normal or Y<10-fold 
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MBCs PCs 

smIgA1
1 MBCs smIgG3

1 MBCs smIgG1
1 MBCs smIgG 1 MBCs Switched PCs smIgA1 PCs 

     

Normal or Y<2-fold Normal or Y<3-fold Normal* Detectable in 

>80% of cases 

Y or undetectable in 

>90% of cases 

Normal or Y<2-fold Normal or Y<1.3-fold Normal* Detectable in Undetectable 

 
Y>1.2-fold or 

undetectable 

Y>13-fold or 

undetectable 

Undetectable Undetectable 

 
Y or undetectablek 

 

Normal or Y<2-fold Normal or Y<3-fold Normal or Y<11-fold Undetectable{ 
 

 
Y>9-fold or 

undetectable 

Y2-65-fold Y>4-fold or 

undetectable 

Undetectable 

Undetectable Undetectable Undetectable Undetectable 

Y>20-fold or 

undetectable 

Y>9-fold or undetectable Y>80-fold or 

undetectable 

Undetectable 

Undetectable Undetectable Undetectable Undetectable 

 
 

 

 

 

 

 

 

 
 

vaccination, and clinical manifestations of PADs4,5,7 in the 

absence of well-defined genetic markers32,33; in addition, an 

increased susceptibility to infections and autoimmunity or the ex- 

istence of affected family members is required for the diagnosis of 

IgAdef per the ESID5 (but not IUIS) criteria. Although the num- 

ber of affected serum antibody isotypes provides a rough estima- 

tion of susceptibility to less (eg, IgAdef) versus more severe 

(CVID) disease complications in the short term in patients with 

PADs,4,5 it cannot accurately predict the longer-term outcome  

of individual patients within each PAD subgroup, particularly af- 

ter immunoglobulin replacement therapy. In these settings B-cell 

maturation–associated defects identified by using flow cytometry 

have proved useful for the diagnosis and classification of patients 

with CVID5,18,20 because they more precisely reflect the 

medium-term B cell–associated protective potential than their 

corresponding serum antibody isotype levels. However, some of 

the relationships observed in these studies between B-cell subset 

defects in blood and clinical manifestations of the disease14,15,18 

have not been confirmed in other studies.16 Moreover, patients are 

usually classified based on relative B-cell subset numbers,14,15,18 

which might be modified by changes in the other subsets,20 and no 

reference values per age group are used,14,15,18 which might limit 

the applicability of these classifications in, for example, chil- 

dren.34 In addition, such B-cell defects have been poorly explored 

in patients with IgG/Adef and those with IgAdef,19,35 whereas the 

blood distribution of B cells and PCs expressing distinct immuno- 

globulin subclasses has not been investigated thus far in either pa- 

tients with CVID or those with IgAdef. 

Here, for the first time, we investigated the distribution of MBC 

and PC subsets that express distinct immunoglobulin isotypes and 

IgH subclasses in the blood of patients with PADs and correlated 

the altered immune profiles identified with the diagnostic sub- 

groups and clinical manifestations of the disease. Because the 

blood B-cell compartment is highly dynamic across a patient’s 

lifetime,24,36-39 B-cell defects were defined per age group. 

Overall, every patient with CVID, IgG/Adef, or IgAdef studied 

here showed decreased counts for 1 or more B-cell subsets. This 

contrasts with previous flow cytometric studies that detected B- 

cell defects in only 6% to 86% of patients with PADs, namely 

77% to 86% in patients with CVID,14,15,18,20,23,40,41 6% to 25% in 

patients with IgAdef,19,35 and 30% in patients with selective IgG 

subclass deficiency (with or without IgAdef).41 This high 

Undetectable Normal or Y<12-fold Normal or Y<4-fold Y>34-fold or 

undetectable 

Undetectable Undetectable Undetectable Y>15-fold or 

undetectable 

Normal or Y<12-fold Normal or Y<65-fold Y>1.4-fold or 

undetectable 

>80% of cases 

Undetectablet 
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FIG 3. Clustering analysis–based heat map representing all patients with PADs (A) and those with IgAdef (B) 

and CVID (C) grouped according to their (altered) blood MBC and PC subset immune profiles. Each heat map 

represents absolute counts of the different B-cell subsets normalized by the LLN in HDs for the correspond- 

ing age group (columns) versus individual cases (rows). Higher red color intensities represent a deeper de- 

gree of deficiency in a log10 scale compared with the corresponding age-matched LLN. Individual patients 

(rows) are identified by (1) their IUIS (clinical) diagnosis (Fig 3, A; light green for patients with IgAdef, inter- 

mediate green for patients with IgG/Adef, and dark green for patients with CVID); (2) their corresponding 

ESID IgAdef diagnosis (Fig 3, B), including IgAdef cases that fulfilled (black) or not (gray) the ESID criteria 

for IgAdef; and (3) CVID EUROclass classification subgroup (Fig 3, C), smB1CD21normal, smB1CD21lo, 

smB2CD21normal, smB2CD21lo, and B2 cells from lighter to darker violet. The here-defined PAD-1 to PAD-    

5 (Fig 3, A), IgAdef-1 and IgAdef-2 (Fig 3, B), and CVID-1 to CVID-6 (Fig 3, C) clusters identified by using 

the K-means algorithm, as well as the main  characteristics of these groups, are depicted at the right side  

of each heat map. Black arrows indicate those MBC and PC subsets that contributed most to the specific 

identification of each patient cluster. 

↓↓↓ ↓↓↓ 

↓↓↓ ↓↓↓ 

  
 

↓↓↓ 

 
 

↓↓↓ 

 

   
↓↓↓ 

  
↓↓↓ 

  

↓↓ ↓ 

 

 

↓↓ ↓ 
  

↓      

 



 

J ALLERGY CLIN IMMUNOL 

VOLUME 144, NUMBER 3 

BLANCO ET AL 819 

 

 
 

FIG 4. Illustrating dot plot examples of the numeric distribution of blood unswitched and switched MBC and 

PC subsets expressing different immunoglobulin isotypes and subclasses in a representative HD (A) and in 

representative patients with IgAdef (B) and CVID (C). Each plot corresponds to 3-dimensional Automated 

Population Separator (APS) views of principal component 1 (PC1) versus PC2 versus PC3 of the distinct sub- 

sets of MBCs and PCs defined by the immunoglobulin isotype and subclass expressed: IgM(D 1) in green, 

IgG1 in light blue, IgG2 in intermediate blue, IgG3 in dark blue, IgG4 in black, IgA1 in orange, IgA2 in yellow, 

and IgD in violet. Additional cases from each group of patients with PADs are displayed in Figs E5 and E6. 
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FIG 5. Frequency of distinct clinical manifestations of PADs and the existence (vs absence) of affected 

family members among the distinct clusters (ie, groups) of patients with IgAdef and those with CVID defined 

by their distinct patterns of altered blood B-cell and PC subset counts. Radar charts represent the percentage 

of patients with IgAdef (A) and patients with CVID (B) presenting with each type of clinical manifestation of 

the disease and the presence of family members affected by PADs. Colored lines indicate the distinct patient 

groups as defined by clustering analysis based on the B-cell and PC subset defects identified (see also Fig 3). 

#P <_ .05 for patients with IgAdef-1 versus IgAdef-2. a
P <_ .05 for CVID-1 versus CVID-4. b

P <_ .05 for CVID-1 

versus CVID-5. cP <_ .05 for CVID-1 versus CVID-6. dP <_ .05 for CVID-2 versus CVID-4. eP <_ .05 for CVID-2 versus 

CVID-6. fP <_ .05 for CVID-3 versus CVID-4. gP <_ .05 for CVID-3 versus CVID-5. hP <_ .05 for CVID-3 versus CVID-6. 
i
P <_ .05 for CVID-4 versus CVID-5. jP <_ .05 for CVID-5 versus CVID-6. AI, Autoimmunity. 

 

frequency of B-cell defects most likely reflects the more detailed 

dissection of the blood B-cell and PC compartments together with 

the greater sensitivity of our method versus previous methods, use 

of age-matched reference ranges, or both. However, despite the 

high sensitivity of the flow cytometric approach used here (similar 

to  that  of  minimal  residual  disease  detection  by  using next- 

generation flow25,42), several minor B-cell subsets, particularly 

within the smIgG1 PC compartment (ie, smIgG 1 to smIgG 1 
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PCs), were undetectable (<0.01 cells/mL) in 1 or more HDs from 

2 or more age groups, limiting their potential diagnostic utility. 

Consequently, these subsets were not considered in the present 

study. Acquisition of greater numbers of cells with a greater sensi- 

tivity will become feasible soon with the new generation of high- 

speed cytometers and might overcome this limitation. 

Recently produced short-lived blood PCs,43 particularly IgA1 
PCs, emerged as the most sensitive population for diagnosis of 

PADs, followed by switched and nonswitched MBCs, with pro- 

gressively more severe immunologic defects in the spectrum of 

IgAdef to IgG/Adef and CVID. Thus decreased smIgA 1 and/ 

or smIgA 1 PC counts were found in all patients with PADs, 

except in 2 patients with IgAdef, who showed reduced smIgA1
1 

and smIgA2
1 MBC counts. In addition, decreased total and/or 

switched PC counts emerged as a hallmark of CVID, which is 

in line with previous bone marrow and lymph node findings.44,45 

Of note, patients with IgAdef showed cellular defects typically 

restricted to smIgA1 PCs and MBCs, despite  IgG1 MBC and  

PC counts also being decreased in 15% and 29% of patients 

with IgAdef versus 30% and 90% patients with IgG/Adef and 

90% and 98% patients with CVID. Nevertheless, compared 

with a previous study22 in which less than 10% of patients with 

IgAdef had smIgA1 MBCs, a greater percentage of our patients 

with IgAdef showed circulating smIgA1 MBCs (50%), PCs 

(approximately 40%), or both. This discrepancy is probably 

caused by the greater sensitivity of our EuroFlow strategy and 

method with 5 3 106 or more (vs 5 3 104) cells analyzed.22 

Our findings are in line with those of previous studies 

demonstrating Sa-switch recombination in blood B cells from 2 

of 4 patients with IgAdef.46 Interestingly, patients with IgAdef 

who showed a preserved IgA-switching capacity (IgAdef-1 cases) 

displayed a milder clinical phenotype, with less risk factors for 

CVID progression (eg, autoimmunity)47 but a similar prevalence 

of recurrent respiratory tract infections. In addition, they were 

younger (both at presentation and at time of analysis) than 

IgAdef-2 cases, which could potentially reflect progressive accu- 

mulation of more severe defects in blood IgA1 MBCs and PCs in 

parallel to a greater frequency and severity of clinical manifesta- 

tions. However, all cases categorized as IgAdef-1 that have been 

re-evaluated (11/32) after a median follow-up of 25 months 

(range, 10-52 months) continue to show preserved IgA- 

switching capacity (data not shown), and none of the 26 IgAdef-

2 cases followed since their inclusion in this study have evolved 

to CVID (median follow-up, 2 years; data not shown). 

Nonetheless, longer follow-up times are needed to rule out an ef- 

fect of age at diagnosis on the altered blood B-cell immune profile 

and clinical manifestations of patients with IgAdef. Altogether, 

these findings suggest that detailed evaluation of blood B-cell 

and PC defects might contribute to an improved classification 

and clinical management of IgAdef patients. 

Complete lack of blood switched PCs was the hallmark of 

CVID. Although reduced switched MBC counts have been 

extensively reported in patients with CVID,14-16,18,20 this is the 

first time that these cells were dissected at the immunoglobulin 

subclass level, similar to what is routinely done for serum IgG1- 

4 levels. Progressive deterioration in IgG-switching  capacity 

was observed in MBCs of patients with CVID, which directly 

correlated with their consecutive location in the IGHC gene locus: 

IgM < IgG3 < IgG1 < IgG2. In line with these results, Piqueras  

et al14 showed a similar pattern of reduced mRNA expression 
for   the   different   immunoglobulin  isotypes/immunoglobulin 

subclasses: IgM > IgG3 >_ IgG1 > IgG2 > IgA1 > IgA2 > IgG4. 

At present, it is well established that downstream IgG subclasses 

are produced, at least in part, by consecutive switching of B-cells 

during repeated rounds of MBC response,48-51 leading to a greater 

frequency of somatic hypermutation48,50,51 and switch regions 

bearing remnants of indirect class-switching50 in cells expressing 

downstream immunoglobulin isotypes/immunoglobulin sub- 

classes. Interestingly, we recently identified a similar pattern of 

sequential production of MBC expressing distinct immunoglob- 

ulin subclasses during a lifetime.24 

These findings, together with recent observations using 

genome-wide sequencing approaches, suggest that consecutive 

switching along the IGHC locus might deteriorate in patients with 

PADs, possibly because of combined hypomorphic/deleterious 

variants,52-54 haploinsufficient genes,55-58 and epigenetic modifi- 

cations59 involving B-cell response pathways rather than a single 

genetic defect. Progressive deterioration of sequential class- 

switching along the IGHC locus, along with reduced MBCs and 

lack of PCs, leads to a progressively more restricted repertoire 

and decreased functional capacity of MBCs expressing down- 

stream IgG subclasses. Of note, previous flow cytometric ap- 

proaches typically excluded patients with CVID with less than 

1% B cells from further analyses (and subclassification) caused 

by insufficient B-cell numbers for robust dissection of its major 

subsets.15,18 However, here we were able to identify B cells also 

in all patients with CVIDs presenting less than 1% B cells, 

including circulating blood naive B cells in 8 of 9 cases and 

MBCs in 4 of 9 cases; this is in contrast to BTK-deficient patients 

evaluated with this same highly sensitive approach, who system- 

atically showed undetectable peripheral blood B cells (data not 

shown). 

Among different approaches used to categorize CVID, the 

EUROclass classification (see Table E11) is the most widely used 

because of its clinical utility. This classification allows us to relate 

alterations in the distribution of peripheral blood B-cell subsets 

with the presence of clinical manifestations, such as a decrease 

in MBC counts (smB2 group) and the occurrence of splenomeg- 

aly, as also confirmed here (see Table E13 in this article’s Online 

Repository at www.jacionline.org). In this regard our proposed 

stratification criteria for CVID into CVID-1 to CVID-6 clusters 

based on MBC immunoglobulin isotype and IgH-subclass subset 

immune profile in blood also showed association with other dis- 

ease features (eg, autoimmune cytopenias and hepatomegaly) 

that have been related to a lower survival in patients with 

CVID10 but that did not correlate with the EUROclass classifica- 

tion either in the present or other larger previously reported CVID 

patient series.18 In addition, the highly sensitive approach used 

here allowed detection of low blood MBC and PC counts express- 

ing IgG1 to IgG4 and IgA1 to IgA2 subclasses, demonstrating that 

most patients with CVID retain the ability for class-switching, 

including the great majority (>70%) of smB2 cases presenting 

with dramatically reduced numbers of switched MBCs.18 This  

is consistent with more laborious functional studies that demon- 

strated the (residual) capacity of B cells to produce IgG, also 

among smB2 patients.21 In fact, our EuroFlow strategy for highly 

sensitive immunoglobulin subclass analysis of blood B cells and 

PCs identified 6 CVID subgroups with different IgG-switching 

patterns and clinical profiles, even within smB2 patients with 

CVIDs. The 3 clinically milder subgroups included patients 

capable of producing MBCs of the (first 3) IgM/IgD, IgG3, and 

IgG1 immunoglobulin isotypes/subclasses located upstream in 

http://www.jacionline.org/
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Key messages 
 

d Evaluation of blood B cells and PCs expressing distinct 

immunoglobulin subclasses provides a new highly sensi- 

tive approach for identification of specific B-cell defects 

of potential diagnostic relevance in patients with PADs. 

d Detailed dissection of blood MBC and PC subsets express- 

ing different immunoglobulin subclasses identifies distinct 

deficient immune profiles in patients with primary anti- 

body deficiencies, which correlate with both the diag- 

nostic subtype and clinical manifestations of the disease. 
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the IGHC locus (independently of smIgG2
1 and IgA1 MBC 

counts), who might require less IgG substitution therapy.21 In 

fact, despite patients of all groups having a greater frequency of 

infection, those within the CVID-1 to CVID-3 groups required 

less hospital care (data not shown). CVID-4 cases were still 

capable of CD271 unswitched MBC production and typically 

presented with cytopenias, such as in patients with hyper-IgM 

syndromes.60-62 However, they had no PCs (including no IgM1 
PCs in all but 1 case), and they showed a typical CVID-related 

serum antibody profile in the absence of in vitro functional defects 

associated with hyper-IgM syndromes (data not shown).63 Inter- 

estingly, 3 of 4 patients with rheumatoid arthritis (an immune 

complex–mediated autoimmune disease64) in our series clustered 

together in the CVID-4 cluster (data not shown), which only has 

preserved IgM11IgD1 MBCs. 

The 2 clinically more severe CVID-5 and (particularly) CVID- 

6 patient subgroups had dramatically decreased CD271 un- 

switched and switched MBC counts, except for 

CD272CD212IgG3
1 MBC counts, which were found to be 

almost normal in CVID-5 (but not CVID-6) cases. From the clin- 

ical point of view, CVID-5 and CVID-6 cases specifically showed 

disease symptoms (eg, organomegalies) reflecting an impaired 

ability to mount germinal center (GC) responses.24,50,65 Alto- 

gether, these findings suggest that even if the residual 

CD272CD212smIgG 1 MBCs could offer some immune protec- 

tion in CVID-5 cases, in CVID-5 and CVID-6 cases the underly- 

ing immune dysregulation leads to a polyclonal lymphocytic 

infiltration of secondary lymphoid tissues previously associated 

with increased risk for lymphoid malignancy in patients with 

CVID.66 In fact, all patients with hematologic tumors were clus- 

tered as CVID-5 and CVID-6 cases (see Table E12). Although it is 

tempting to hypothesize that such stepwise deterioration of IgG- 

switching capacity might reflect disease progression, no signifi- 

cant differences in age (or time from diagnosis) were observed 

among the above CVID patient subgroups (except for CVID-6 

cases who were older at the time of analysis than CVID-2 cases 

and the time from diagnosis, which was greater in CVID-6 vs 

CVID-2 and CVID-3 cases, data not shown). 

The most severe CVID immunologic phenotype, CVID-6, also 

showed significantly reduced pre-GC B-cell counts, reflecting a 

markedly defective bone marrow B-cell production.18,20,45 Most 

blood B cells in these patients showed an immature/transitional 

phenotype, reflecting their premature egress from bone marrow,43 

whereas residual naive B cells were enriched in the minor CD21lo 

naive B-cell subset. Reduced pre-GC B-cell counts, together with 

the low in vitro response of both immature and CD21lo naive B 

cells,43,67 might explain the marked antigen-experienced B-cell 

defect involving all immunoglobulin isotypes found in CVID-6 

cases. In line with previous observations,20 these patients also 

had decreased naive T CD41 and T CD81 counts versus age- 

matched HDs and other patients with CVID (data not shown), 

but they did not fulfill the diagnostic criteria for late-onset com- 

bined immunodeficiency.5 The potential existence of underlying 

hypomorphic defects and variants of genes related to the produc- 

tion of lymphocytes (RAG, DCLRE1C, and NHEJ1) previously 

related to CVID-like clinical phenotypes remains to be more 

deeply investigated in these CVID-6 cases.52-54 

In summary, detailed dissection of circulating MBCs and PCs 

in patients with PADs into subsets expressing distinct immuno- 

globulin subclasses provides complementary information to 

serum antibody isotype levels and might contribute to a better 

 

understanding of the pathogenesis of PADs and an improved 

diagnosis, subclassification, and monitoring (particularly in case 

of immunoglobulin replacement therapy) of the disease. Blood 

PCs emerged here as the most sensitive diagnostic blood cellular 

compartment, whereas analysis of blood MBC subsets appeared 

informative to discriminate patients with different clinical pro- 

files. However, further multicentric studies in large age-matched 

case-control cohorts are needed to replicate and validate the 

clinical utility and feasibility of our proposed approach for 

detailed and sensitive dissection of blood B-cell and PC subsets 

for the diagnosis and classification of PADs. At the same time, use 

of EuroFlow databases and tools for automated gating and 

reporting of flow cytometric data will facilitate its implementa- 

tion in routine diagnostics.68,69 
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Abstract 

 
Detailed knowledge of the human B-cell development is crucial for proper interpretation of inborn errors of 

immunity and for malignant diseases. It is of interest to understand the kinetics of protein expression 

changes during the B cell development, but also to properly interpret the major and possibly alternative 

developmental trajectories. We have investigated human bone marrow and peripheral blood samples from 

healthy individuals with the aim to describe all B-cell developmental trajectories across the two tissues. We 

validated a 30-parameter mass cytometry panel and demonstrated the utility of “vaevictis” visualization of 

B-cell developmental stages. We used our recently developed trajectory inference tool “tviblindi” to 

exhaustively describe all trajectories leading to all developmental ends discovered in the data. Focusing on 

Natural Effector B cells, we demonstrated the dynamics of expression of nuclear factors (PAX-5, TdT, Ki- 

67, Bcl-2), cytokine and chemokine receptors (CD127, CXCR4, CXCR5) in relation to the canonical B-cell 

developmental stage markers (CD34, CD10, sIgM, IgD, CD20, CD27). Lastly, we performed analysis of the 

expression changes related to developmental branching points (Natural Effector versus Switched Memory 

B cells, marked by up-regulation of CD73). 

In conclusion, we developed, validated and presented a comprehensive set of tools for investigation of B- 

cell development. 

 
Keywords 

 
B cell development, mass cytometry, trajectory inference, CD73 
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Introduction 

 
B-cells, together with T-cells, are adaptive immunity constituents responsible for antigen-specific responses 

and immune system memory. Mature and terminally differentiated B-cells produce high affinity antibodies. 

B-cells develop from hematopoietic stem cells in the bone marrow, exit to peripheral blood, enter the 

secondary lymphoid organs upon antigen encounter to mature in the germinal center and recirculate to 

peripheral blood and eventually home back to the bone marrow as antibody secreting cells. 

These principles, key developmental stages and molecular mechanisms are largely known and surface 

molecule expression defining the immunophenotype of each stage are published extensively 1. 

 
B-cell development abnormalities or complete blocks are found as a result of monogenic lesions in primary 

immunodeficiency disorders (PIDD) 2. Leukemia and lymphoma of B-cell origin is the most common 

neoplasia in children, defects in B-cell development and regulation are frequent causes of immune 

dysregulation diseases in both children and adults, making the B-cell development and function an 

attractive therapeutic target. As B-cell targeted therapies (e.g. anti-CD20 monoclonal antibodies, anti-CD19 

CAR-T) become available and their usage is increasing, iatrogenic B-cell developmental failures are 

becoming common conditions 3. 

 
However, our understanding of the particularities of B-cell developmental abnormalities in those conditions 

is still incomplete. We currently lack detailed knowledge of the dynamics of additional, non-canonical 

molecules (new phenotype markers, signaling molecules, therapeutic targets, in vivo response to therapy 

markers). Second, we lack detailed insight into within-a-stage changes, details of transitions or intermediate 

stages. Third, we lack tools to disclose additional, alternative or non-dominant trajectories potentially 

present in human patients. 

 
Recent advances in single cell analysis extended the capabilities of clinical flow cytometry beyond 10 

parameters, and in another quantum leap forward, spectral 4 or mass cytometry 5 enabled us to investigate 

40 parameters on each cell 6. In a proof of principle work of Bendall et al. 2014 7, Wanderlust algorithm was 

applied to B-cell developmental mass cytometry data, showing assembled progression of markers in a 

single pathway. We have previously proven that a single 10-color flow cytometry tube is capable of 

describing the crucial stages of B-cell development and its abnormalities found in PIDD with monogenic 

lesions in the scope of EuroFlow consortium standardized protocol 8. This knowledge is essential, since the 

inherent assumption of a single-cell trajectory inference is that data contain all markers needed to 

distinguish all stages and their transition points. Recently, Saelens et al. 2019 9, benchmarked 45 trajectory 

inference algorithms out of 70 available, concluding that only several would allow for multiple endpoints 

discovery. Most are built for single-cell RNA data, where the number of cells analyzed is low (10 000) but 

the number of parameters is high, which contrasts with the mass cytometry dataset, where tens of millions 

of cells are analyzed with several dozens of parameters. Our objective was to limit the amount of prior 

information to the starting cell subset, generate all putative random walks and allow for their graphical and 

user-friendly interrogation and in depth analysis of the selected trajectories. 

 
In the current study, we set out to develop mass cytometry protocol and analytical tools that would allow us 

to interrogate the B-cell developmental pathways in more detail. We use the 10-color EuroFlow tube as a 

benchmark. We interrogate the pathways of development leading to terminal cell types expressing either κ 

light chain or λ light chain across two tissue types. 
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Methods 

 
Sample cohort composition and preparation 

 
Fresh human bone marrow samples (n=3) were obtained from pediatric patients with excluded 

hematological disease or immunological disorder or (n=1) from fully recovered patient 1 year after 

successful B-cell precursor leukemia therapy. Only leftover part of the clinical material was used where 

Informed consent was given. Study was conducted within a project approved by University hospital Motol 

ethical board. B cells were isolated from the samples using RosetteSep Human B cell Enrichment Cocktail 

(Stemcell Technologies, Vancouver, BC, Canada) following manufacturer’s instructions. Isolated bone 

marrow B cells and precursors were cryopreserved in fetal bovine serum containing 10% DMSO in liquid 

nitrogen. Peripheral B cells were isolated using the same method either from fresh human peripheral blood 

(n=1) or from buffy coats (n=3), washed with MaxPar Cell Staining Buffer (Standard BioTools, South San 

Francisco, CA, USA) and used immediately for staining. Bone marrow B cells were thawed for 1 min in 

37°C water bath and rested for 30 min in RPMI medium at 37°C in an incubator and washed. Individual 

samples were barcoded 10 with a combination of anti-CD45 and anti-HLA-I metal-tagged antibodies listed 

in (Supplementary table 1) as described previously 11, pooled and further processed in individual tubes. 

 
Sample staining and acquisition 

 
Metal-tagged antibodies were either purchased (Standard BioTools) or conjugated in-house using Maxpar 

X8 Antibody Labeling Kit (Standard BioTools) according to manufacturer’s instructions. Antibodies were 

validated and titrated for the appropriate concentrations and are listed in (Supplementary table 1). The 

samples were stained as described previously 12 and according to the MaxPar Nuclear Antigen Staining 

with Fresh Fix (Standard BioTools) protocol as described by the manufacturer. Mass cytometry sample 

acquisition was performed on Helios instrument (Standard BioTools, CyTOF 6.7.1014 software) after 

preparation according to the manufacturer’s recommendation. Flow cytometry measurement of B-cell 

precursors was performed exactly as in Wentink et al. 2019 8. 

 
Data analysis 

 
Acquired samples were exported into FSC format and analyzed manually using sequential bivariate gating 

in FlowJo (v10.5, FlowJo LLC) software. First, we gated nucleated cells positive for DNA intercalator tagged 

with 191/193Ir and next the cells positive for particular CD45 and MHC-class I antibody reagent 

combinations were gated to resolve the barcodes of the individual bone marrow or peripheral blood 

samples. Next, cell populations for both mass and flow cytometry panels were defined as described 

previously 8, 13, 14, gating strategy shown in Supplementary figure 1 and 2. When markers differently 

expressed by subsets were sought, we used “population comparison” tool in FlowJo, with probability binning 

and Cox chi-square statistics. 

 
Projection with vaevictis 

 
For visualization of the mass cytometry data, we used the deep learning-based dimensionality reduction 

technique using the vaevictis model 15, one of the autonomous modules integrated in the tviblindi. For the 

projection, the healthy bone marrow (n=4) and healthy peripheral blood (n=4) samples were manually 

debarcoded and exported as individual FCS files. Next, only cells defined as CD34+ or CD19+ were 

concatenated into one FCS file and subsequently used for training of the vaevictis algorithm, where all 
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panel markers were used for the calculation. Such a trained vaevictis model was then applied separately 

to either the set of bone marrow or the set of peripheral blood cells. 

 
Trajectory inference in tviblindi 

 
For trajectory inference (TI), we used our recent framework called tviblindi 15, an algorithm integrating 

several autonomous modules - pseudotime inference, random walk simulations, real-time topological 

classification using persistence homology, and autoencoder-based 2D visualization using the vaevictis 

model. For the TI, the same concatenated FCS file as for the vaevictis projection was used. As a point of 

origin, stem cells (CD19-CD79α-TdT-CD34+) were used. In total, 5000 random walks were probed across 

the single cell space. Endpoints for further investigation were selected in tviblindi graphical user interface 

(GUI). Topological landmarks were selected in the persistence homology graph in the GUI. Next, walks 

clustering together were selected on the dendrogram of persistence homology and visually inspected on 

the vaevictis plot. The pseudotime vs. marker line plots were created and exported from the tviblindi GUI. 

For manual analysis of the data in FlowJo, an enhanced FCS file was exported from the tviblindi GUI 

containing all calculated parameters. 

 
Results 

 
In order to study human B-cell development, we designed a 30-parameter mass cytometry panel allowing 

for simultaneous measurement of B-cell specific phenotypic surface markers and functional intracellular 

proteins (Supplementary table 1). We validated the correct assignment of the B-cell precursor subsets by 

the Euroflow 10-parameter flow cytometry diagnostic panel 8. We found a similar distribution of B-cell 

subsets (gated as in Supplementary Figure 1) measured in four bone marrow samples by mass cytometry 

and Euroflow flow cytometry, confirming that the mass cytometry panel can describe the basic stages of 

the B cell development in the bone marrow (Supplementary Figure 3). 

 
Next, we visualized the B-cell precursor subsets using vaevictis, a representation learning dimensionality 

reduction tool built for development visualization. We could observe that the expected main features of the 

B-cell precursor to mature B-cell development were apparent on four bone marrow and four peripheral 

blood samples (Figure 1). Vaevictis plots of all of the samples individually can be found in Supplementary 

Figure 4. Using information of all 30 markers, vaevictis positioned the mature B-cells adjacent to the B-cell 

precursors (Figure 1A and 1B), where the aforementioned gated subsets were ordered from the progenitors 

to mature cell types. Also, the light chain expression highlighted the κ and λ branching (Figure 1C). 

Progression of the canonical markers (CD34, TdT, CD10, surface IgM (sIgM), κ chain, λ chain, IgD and 

CD27) in the plot corresponds with the expected course of B cell development (Figure 1C). 

Thus, the B-cells and their precursors measured by mass cytometry panel and visualized using vaevictis 

provided bases for interpretation of the putative trajectories of B-cell development. 

 
On the concatenated dataset we selected the developmental point of origin at CD34+ Stem cells. The 

tviblindi algorithm 15 was tasked to construct 5000 random walks directed away from the origin (CD34+ 

Stem cell) with respect to the calculated pseudotime on the nearest neighbor graph (KNNg) of all single cell 

events. As the KNNg is directed by the pseudotime, endpoints are automatically detected when a random 

walk reaches a vertex (single-cell event) with no out-going edges. Sixteen endpoints were located in the 6 

B-cell subsets corresponding to mature Naive, Natural Effectors and Switched Memory B-cells expressing 

either κ or λ light chain (Figure 2A). We have selected all endpoints leading to each subset individually. 

Next, we assembled random walks into different coherent trajectories leading to Natural Effector κ and λ 

(Figure 2B and C) and to Switched Memory κ and λ (Figure 2D and E) on dendrograms of groups of walks, 
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grouped with respect to the persistent homology classes (Supplementary figure 5 and 6). In parallel we 

visualized them on the vaevictis plot. Since tviblindi algorithm and vaevictis visualization operate 

independently in the dataset, we have prioritized abundant walks with particular topology in all dimensions 

(selected on persistent homology diagram and dendrogram) and those that were transiting through 

expected cell subsets in a logical sequence (compare Figure 2B, C, D, E to Figure 1A). 

 
For further analysis, we selected the trajectory leading to Natural Effector κ. We aimed to investigate 

changes of expression of the markers along the selected developmental trajectory manually. The tviblindi 

interface (GUI, Supplementary Figure 7) allowed us to add all calculated parameters (vaevictis 1, vaevictis 

2, pseudotime, cell assignment to trajectory) and manually investigate the enhanced FCS file for the 

expression of selected markers along the pseudotime of the selected trajectory (κ, λ and TdT markers 

shown) (Supplementary Figure 8). Next, we aligned the relative expression values of TdT, CD10 and sIgM 

in manually gated (as in Supplementary Figure 2) populations of B cell development (Figure 3A) to their 

expression over the course of pseudotime in the trajectory (Figure 3B). In agreement between manual 

analysis and pseudotime inference, we found the maximum level of nuclear TdT in ProB/PreB-I stage, 

CD10 in PreB-I stage and sIgM in Transitional B-cells (Figure 3B), however, the pseudotime plots showed 

single cell data with all gradual transitions. Thereafter we examined the dynamics of expression of other 

markers in the early (Stem cells to Pre-BII) (Figure 3C), mid (Pre-BII to Transitionals) (Figure 3D), and late 

(Transitionals to Natural Effectors) (Figure 3E) phases of B-cell development. See Supplementary Figure 

9 for a continuation of the expression to the Switched Memory subset. 

 
TdT expression in the Pro-B cells was followed by the CD127 (IL-7R), CXCR4, PAX-5, Ki-67 and CD10 

expression at Pro-B to Pre-BI transition. Notably, CD127 raised and declined before Ki-67 peaked in Pre- 

BI while a second (smaller) CD127 peak followed by Ki-67 was seen in Pre-BII, in line with the reported 

role of IL-7 signaling inducing proliferation in humans 16. Similarly, PAX-5 peak follows the CD127 peak 

(Figure 3C). The Bcl-2 and CD44 present bimodal expression, peaking at Pro-B stage first and again in 

mature stages in the peripheral blood (Figure 3D). CD9 peaks within the Immature stage, followed by sIgM, 

while CD20 and IgD peak at Transitional B-cell stage (Figure 3D). Finally, the CD22 and CXCR5 increase 

to their peaks at Naive and Effector stage (Figure 3E), respectively, followed by CD73, which is down 

modulated in the Natural Effector cells and upregulated again in the Switched memory B cells 

(Supplementary figure 9C). CD27 is known as a B-cell memory marker, but in fact has also bi-modal 

expression with a first peak at Pre-BI and Pre-BII stages and second peak at memory stages. The 

expression of CD24 is first elevated in the Pro-B to the Transitional stage only to reach its highest level in 

Natural Effectors (Figure 3E). 

 
Analyzing the two compartments separately (Figure 4A, 4B), we could see that Transitional, Naive and 

Natural Effector cells were present in both the bone marrow and the peripheral blood. Their pseudotime 

position was slightly different suggesting there is a phenotypic difference. Indeed, we found higher 

expression of CXCR4 and lower expression of CXCR5 in the subsets in the bone marrow compartment 

(Figure 4C). The comparison of the Switched Memory subsets is shown in Supplementary Figure 10. 

 
Finally, we set out to find and describe the branching points of discovered trajectories. We easily identified 

the position of the branching of trajectories to Naive κ and λ endpoints when plotting the κ light chain versus 

pseudotime (Figure 5A). As expected, the branching point was located at the Pre-BII to Immature transition 

on a vaevictis projection (Figure 5B). Following analogous principle, we investigated the branching point in 

the development of cells into natural effector and Switched Memory cells (the selection of random walks on 

dendrograms can be seen in Supplementary figure 11). After selecting the two trajectories based on the 

respective endpoints, we sought differentially expressed markers by the endpoint subsets. CD73 was the 

most different of all markers measured. Plotting the two trajectories versus CD73, we found a branching 
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point at a trajectory segment were CD73 started to increase on the way to the switched memory B-cells 

(Figure 5C). The branching point was topologically located at the Naïve B-cells (Figure 5D). While 

examining the trajectory to natural effector B-cell endpoint, we noticed that CD73 was heterogenous and 

investigating of the dendrogram of walks we found two similar trajectories, one devoid of CD73 expression 

and a second with only transient increase of CD73 expression (Supplementary figure 12). The expression 

of CD73 was preceded by CXCR5, a germinal center homing marker. 

 
Conclusions and discussion 

 
We presented a single cell analysis solution for interrogation of B-cell developmental trajectories on multiple 

samples of relevant tissues (bone marrow and peripheral blood). We designed and validated a mass 

cytometry panel capable of evaluating 30-markers plus 5 sample barcodes. We compared its performance 

to a benchmark of EuroFlow 10-color cytometry assay. We showed a practical, feasible and scalable 

vaevictis projection calculation based on deep learning. 

This tool is designed to create a continuous representation of the data rather than isolated clusters allowing 

a clear interpretation of the dynamics in the data (as compared of other currently used methods t-SNE 17 or 

UMAP 18. Due to the naïve importance sampling, numerically dominant populations are not overrepresented 

in the 2D plot and the running time is basically insensitive to the size of the original dataset. The deep 

learning architecture allows for direct reuses of the trained representation on a newly acquired sample (if 

performed in a standardized manner). 

Thus, uniquely, samples of different donors (affected and unaffected) and of multiple tissues (central and 

peripheral) can be probed with thousands of putative pathways, that are defined only by a starting point, 

markers used and the overall definition of cells belonging to the pool of relevant cell type (here stem cells 

and B-cell lineage). 

All trajectories found are visually presented for interrogation, diverse terminal ends can be selected and 

individual trajectories are assembled into relevant pathways for further exploration. Recent mathematical 

apparatus based on persistence homology calculations is used to quantitatively describe similarities of 

trajectories that can be assembled together. 

Notably, trajectories found in our dataset correspond to the known theory of B-cell development, they 

logically transit from the central organ of hematopoiesis (bone marrow) to the periphery (blood). When 

dissected in detail, they show expected sequences of canonical markers, but add detail to the transition 

points and provide dynamic information about the expression of markers within known stages. For example, 

CD127 peaking before PAX-5 is in line with a recent study showing an important role of CD127 (IL-7RA) 

signaling in promoting PAX-5 expression 16. While CD27 is conventionally used for phenotypic description 

of memory B cell subsets in the periphery, we show its upregulation also in the Pre-B stages, as shown 

earlier by Vaskova et al. 2008 19. The transient downregulation of CXCR4 and simultaneous CD9 

upregulation which we see within the Pre-BI stage is in line with Leung et al. 2011 20, who observed that 

CD9 levels are enhanced after SDF-1 stimulation suggesting that CD9 plays a role in the SDF-1/CXCR4 

axis known to be essential in HSC/progenitor homing. The expression profile of CD24 along the calculated 

pseudotime follows the experimental findings of studies 21, 22 showing the highest peak of expression in 

Transitional B cells (followed by a decrease in Naive cells) and the second in memory B cells. While the 

mature B-cell stages were immunophenotypically similar in the bone marrow and peripheral blood (found 

in the same regions on vaevictis plot), we could find quantitative difference in the CXCR4 and CXCR5 

expression, known homing receptors 23, 24. Our approach allowed us to investigate multiple developmental 

endpoints resulting from trajectories’ branching. The CD73, a known marker of switched memory B-cells 25 

gradually increased until the switched memory B-cell stage, while it remained negative or only transiently 

increased towards the natural effector B-cell stage. While the branching point was found at naïve B-cell 

stage, the heterogenous expression of CD73 together with CXCR5 expression suggested that there are 
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still alternative trajectories among the natural effector B-cells. One extrafollicular trajectory seems defined 

by the absence of CXCR5 and CD73 (CXCR5 and CD73 negative), while a second trajectory, defined by a 

transient expression of CXCR5, may describe cells that passage transiently in the germinal center. Indeed, 

the distinction between extrafollicular B cells and natural effector-B cells is still unclear 26, and our analysis 

can provide insights on marker definition to dissect distinct cell fates. 

Unlike the so far published algorithms that oversimplify the trajectory inference showing single dominant 

trajectory or two trajectories with a single branching point (e.g. Wishbone 27), we could analyze multiple 

branching points and bring quantitative expression information as well as topological information about the 

branching point. The theoretical limitation is the number of investigated markers and choice of tissues and 

samples. This can be overcome by using tviblindi on a single-cell RNASeq or better yet CITE-Seq dataset 

combining the protein markers with gene expression and enriching the mass cytometry panel in the next 

iteration. We can generalize, that tviblindi algorithm can reliably show the sequence of expression of surface 

markers as well as nuclear transcription factors. We could anticipate that our mass cytometry panel and 

tviblindi could be used to compare healthy reference with affected (intrinsic or extrinsic factors) development 

to discover alternative pathways, new branching points or alternative endpoints. These deviations could 

potentially disclose targetable processes for therapy of PIDD and/or B-cell neoplasia. 
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Figure 1. Vaevictis dimensionality reduction of BCPs and B cells in bone marrow and peripheral 

blood. (A) Healthy bone marrow (n=4, concatenated) and (B) peripheral blood (n=4, concatenated) BCPs 

and B cells with manually gated populations applied to the visualization in color, with annotation and counts 

of the individual subsets. Dotted arrows highlight kappa and lambda B cells (compare to panel C) (C) 

Visualization of the entire merged data with the expression of chosen canonical markers using a heatmap 

color gradient where green represents the lowest expression and red the highest. 
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Figure 2. B cell developmental endpoints and trajectories leading to Natural Effector and Switched 

memory κ and λ B cells constructed by tviblindi. (A) Groups of endpoints (1-6) represented as gray 

dots are located in clusters corresponding to Naïve (1;4), Natural Effector (2;5) and Switched memory (3;6) 

cells in the vaevictis visualization colored by pseudotime. Yellow color indicates the earliest pseudotime, 

bright red color indicates the latest pseudotime. The purple dot indicates the Point of origin at gated CD34+ 

Stem cells. Vaevictis visualization with displayed trajectories to (B) Natural Effector κ and (C) λ B cells and 

(D) Switched Memory κ and (E) λ B cells constructed by tviblindi (for a selection of trajectory group see 

(Supplementary figure 5 and 6). 
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Figure 3. Detailed analysis of the trajectory leading to Natural Effector κ cells. (A) Median expression 

of TdT (orange), CD10 (yellow) and sIgM (green) from manually gated populations correlate with (B) the 

expression of TdT, CD10 and sIgM on the pseudotime vs. marker dot plots with manually gated populations 

overlaid in color. Pseudotime line plots showing the average expression of markers upregulated in the 

early (C), mid (D) and late (E) phase of the development, manually annotated by the gated stages. 
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Figure 4. Contribution of the BCP and B-cell stages to the bone marrow and peripheral blood 

compartments. Individual populations are shown as histograms in the data set divided into (A) bone 

marrow (n=4, concatenated) and (B) peripheral blood (n=4, concatenated). (C) Differential expression of 

the markers CXCR4 (top row) and CXCR5 (bottom row) in the populations which are present in both of the 

compartments. Solid line histograms indicate subsets present in the peripheral blood (PB). Filled 

histograms indicate subsets present in the bone marrow (BM). 
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Figure 5. Identification of branching points in trajectories leading to the selected endpoints. (A) 

Pseudotime line plot showing expression of the κ chain for the selected trajectories leading to Naive κ (blue) 

and Naive λ (red) ends. The green rectangle indicates the branching point of trajectories and is projected 

as green dots in the vaevictis plot. (B) Vaevictis plot showing trajectories to Naive κ (blue) and Naïve λ (red) 

subsets with projection of cells (green) located in the branching point. (C) Pseudotime line plot showing the 

expression of the CD73 for the selected trajectories leading to Switched memory λ (blue) and Natural 

Effector λ (red) ends. The green rectangle indicates the branching point of trajectories and is projected as 

green dots in the vaevictis plot. (D) Vaevictis plot showing trajectories to Natural Effector λ (red) and 

Switched memory λ (blue) endpoints with projection of cells (green) located in the branching point. 
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Supplemetary data 
 
 

 
Supplementary Figure 1. Gating strategy for the flow cytometry (A) and CyTOF (B) data. Representative 

results from the same healthy bone marrow sample measured in parallel. 
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Supplementary figure 2. Gating strategy for the CyTOF data from healthy donor bone marrow and 

peripheral blood samples. 

 

 
Supplementary Figure 3. Distribution of B-cell precursor populations correlates between the novel mass 

cytometry panel (left) and previously validated flow Euroflow panel (right). Colors indicate individual 

populations with percentage representation within both of the panels. Stem cells were defined as CD19- 

CD79α-TdT-CD34+, Pro-B cells as CD19-TdT+CD34+, Pre-BI cells as CD19+TdT+CD34+, Pre-BII cells 

as CD19+CD10+iIgM+IgM- and Immature cells as CD19+CD10+iIgM+IgM+. Results from 4 different 

healthy bone marrow samples measured in parallel. 
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Supplementary Figure 4. Vaevictis dimensionality reduction of BCPs and B cells in bone marrow and 

peripheral blood for the individual samples. Visualization of the four healthy donor bone marrow samples 

(top row, BM1-BM4) and the four healthy donor peripheral blood samples (bottom row, PB1-PB4) with 

manually gated populations applied to the graph in color, with annotation and counts of the individual 

subsets. 
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Supplementary Figure 5. Hierarchical clustering dendrogram for Natural Effector κ and λ developmental 

trajectories. Dendrograms show clustering of all random walks leading to developmental endpoints located 

in the (A) Natural Effector κ and (B) Natural Effector λ clusters. Leaves represent the groups of random 

walks with similar topology. In blue is highlighted the selected group of walks representing developmental 

trajectory to Natural Effector κ cells. In red is highlighted the group of walks representing developmental 

trajectory to Natural Effector λ cells. 

 

Supplementary Figure 6. Hierarchical clustering dendrogram for Switched Memory κ and λ developmental 

trajectories. Dendrograms show clustering of all random walks leading to developmental endpoints located 

in the (A) Switched Memory κ and (B) Switched Memory λ clusters. Leaves represent the random walks 

and their abundance. In blue is highlighted the selected group of walks representing developmental 

trajectory to Switched Memory κ cells (A) and Switched Memory λ cells (B). 
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Supplementary Figure 7. tviblindi graphical user interface (GUI). (A) vaevictis plot with selected terminal 

endpoints located in the Natural Effector kappa cluster, (B) hierarchical clustering dendrogram with 

selection of random walks forming the trajectory leading to Natural Effector kappa cluster, (C) vaevictis plot 

with random walks selected in (B), (D) lineplot with the expression of TdT along pseudotime of the selected 

trajectory. 

 
Supplementary Figure 8. Manual analysis of trajectories constructed by tviblindi (at the cellular level) using 

enhanced FCS file. Vaevictis visualization of (A) the entire data set and (B, C) with colored cells belonging 

to the selected trajectory ending at the Natural Effector κ (blue) and λ (red) subsets in FlowJo. Expression 

of κ, λ and TdT markers along pseudotime. 
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Supplementary Figure 9. Detailed analysis of the trajectory leading to Switched memory κ cells. 

Pseudotime line plots showing the average expression of markers upregulated in the early (A), mid (B) and 

late (C) phase of the development. 
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Supplementary Figure 10. Differential expression of the markers CXCR4 (A) and CXCR5 (B) in Switched 

memory cells present in both bone marrow (BM) and peripheral blood (PB) compartments. Solid line 

histograms indicate subsets present in the PB. Filled histograms indicate subsets present in the BM. 

 

Supplementary Figure 11. Hierarchical clustering dendrograms. For the developmental branching of (A) 

Naive κ and λ cells and (B) Natural Effector λ and Switched memory λ cells. In blue are highlighted the 

groups of random walks representing the developmental trajectories to (A) Naive κ and λ cells and (B) 

Natural Effector λ and Switched memory λ cells. 
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Supplementary Figure 12. Differential expression of the markers CD73 and CXCR5 in trajectories leading 

to Natural Effector and Switched memory cells. (A) Dendrogram with selection of random walks forming the 

trajectory to Natural Effector λ #1(blue), #2 (pink) and Switched memory λ (green). The trajectory to Natural 

Effector λ #1 shows no upregulation of CD73 (B, top) and transient expression of CXCR5 (C, top). The 

trajectory to Natural Effector λ #2 (B, mid) shows heterogeneous expression of CD73 and upregulation of 

CXCR5 (C, mid). The trajectory to Switched memory λ shows clear upregulation of both CD73 (B, bottom) 

and CXCR5 (C, bottom). (D) Lineplots for the different trajectories with dynamics of expression of CD73, 

CXCR5 and CD27. 
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marker clone tag µl per 100 µl cell 

suspension 
manufacturer 

BARCODES 

CD45 HI30 Y89 1 Fluidigm 

CD45 MEM-28 110Cd 2 Exbio 

CD45 MEM-28 113In 1 Exbio 

HLA-I W6/32 116Cd 2 Bxcell 

HLA-I W6/32 175Lu 1 Bxcell 

SURFACE MARKERS 

CD38 HIT2 141Pr 2 Exbio 

IgM MHM-88 144Nd 1 Biolegend 

CD24 ML5 145Nd 2 Biolegend 

IgD IA6-2 146Nd 1 Fluidigm 

CD20 2H7 147Sm 1 Fluidigm 

CD34 581 148Nd 2 Fluidigm 

CD127 A019D5 149Sm 2 Fluidigm 

Ig light chain lambda MHL-38 151Eu 1 Fluidigm 

CD135 BV10A4 156Gd 4 Exbio 

CD10 HI10a 158Gd 1 Fluidigm 

CD22 HIB22 159Tb 2 Fluidigm 

Ig light chain kappa MHK-49 160Gd 1 Fluidigm 

CD9 MEM-61 161Dy 2 Exbio 

CD25 MEM-181 162Dy 4 Exbio 

CD44 MEM-85 163Dy 2 Exbio 

CD27 L128 167Er 1 Fluidigm 

CD19 HIB19 169Tm 2 Fluidigm 

CXCR5 REA103 171Yb 2 Miltenyi 

CXCR4 REA649 173Yb 2 Miltenyi 

HLA-DR L243 174Yb 1 Fluidigm 

CD73 AD2 176Yb 2 Exbio 

INTRACELLULAR MARKERS 

Caspase 3 (Cleaved) D3E9 142Nd 2 Fluidigm 

cPARP F21-852 143Nd 1 Fluidigm 

PAX-5 1H9 150Nd 2 Biolegend 

Caspase 7 (Cleaved) D6H1 152Sm 1 Fluidigm 

BCL-2 Bcl-2/100 153Eu 2 Exbio 

Tdt E17-1519 164Dy 1 Fluidigm 

Biotin 1D4-C5 165Ho 1 Fluidigm 

Ki-67 B56 168Er 1 Fluidigm 

CD79a HM57 170Er 2 Exbio 

IgM MHM-88 172Yb 1 Fluidigm 

LINEAGE NEGATIVE MARKERS 

CD3 UCHT1 biotin 2 Exbio 

CD16 3G8 biotin 2 Biolegend 

CD33 HIM3-4 biotin 2 Exbio 

CD66b G10F5 biotin 2 Biolegend 

DNA INTERCALATOR 

  191Ir/193Ir 1 Fluidigm 

Supplementary table 1. Mass cytometry panel of markers used for staining of the samples. The marker in 

brackets (iIgM) was excluded from the manual analysis due to poor performance. 
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Non-apoptotic FAS signaling controls mTOR activation 
and extrafollicular maturation in human B cells 
Julian Staniek1,2, Tomas Kalina3, Geoffroy Andrieux4,5, Melanie Boerries4,5, Iga Janowska1, 
Manuel Fuentes6, Paula Díez6,7, Marina Bakardjieva3, Jitka Stancikova3, Jan Raabe1, 
Julika Neumann1, Sabine Schwenk1, Leonardo Arpesella1, Jan Stuchly3, Vladimir Benes8, 
Rodrigo García Valiente6, Jonatan Fernández García6, Rita Carsetti9, Eva Piano Mortari9, 
Albert Catala10, Oscar de la Calle11, Georgios Sogkas12, Bénédicte Neven13, 
Frédéric Rieux-Laucat14, Aude Magerus14, Olaf Neth15, Peter Olbrich15, Reinhard E. Voll1,16,   
Laia Alsina10,17, Luis M. Allende18, Luis I. Gonzalez-Granado19,20, Chiara Böhler1, Jens Thiel1,21, 
Nils Venhoff1, Raquel Lorenzetti1,21, Klaus Warnatz1,16,22, Susanne Unger1,16, Maximilian Seidl23,24, 
Dirk Mielenz25, Pascal Schneider26, Stephan Ehl16,27,28, Anne Rensing-Ehl16, 
Cristian Roberto Smulski16,29, Marta Rizzi1,16,28,30* 

Defective FAS (CD95/Apo-1/TNFRSF6) signaling causes autoimmune lymphoproliferative syndrome (ALPS). Hyper- 
gammaglobulinemia is a common feature in ALPS with FAS mutations (ALPS-FAS), but paradoxically, fewer con- 
ventional memory cells differentiate from FAS-expressing germinal center (GC) B cells. Resistance to FAS-induced 
apoptosis does not explain this phenotype. We tested the hypothesis that defective non-apoptotic FAS signaling 
may contribute to impaired B cell differentiation in ALPS. We analyzed secondary lymphoid organs of patients with 
ALPS-FAS and found low numbers of memory B cells, fewer GC B cells, and an expanded extrafollicular (EF) B cell 
response. Enhanced mTOR activity has been shown to favor EF versus GC fate decision, and we found enhanced 
PI3K/mTOR and BCR signaling in ALPS-FAS splenic B cells. Modeling initial T-dependent B cell activation with 
CD40L in vitro, we showed that FAS competent cells with transient FAS ligation showed specifically decreased 
mTOR axis activation without apoptosis. Mechanistically, transient FAS engagement with involvement of caspase-8 
induced nuclear exclusion of PTEN, leading to mTOR inhibition. In addition, FASL-dependent PTEN nuclear exclu- 
sion and mTOR modulation were defective in patients with ALPS-FAS. In the early phase of activation, FAS stimu- 
lation promoted expression of genes related to GC initiation at the expense of processes related to the EF response. 
Hence, our data suggest that non-apoptotic FAS signaling acts as molecular switch between EF versus GC fate 
decisions via regulation of the mTOR axis and transcription. The defect of this modulatory circuit may explain the 
observed hypergammaglobulinemia and low memory B cell numbers in ALPS. 
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INTRODUCTION 

Disrupted FAS (also known as CD95, TNFRSF6, or APO-1) signaling 
due to dominant-negative mutations in FAS or loss of FAS expression 
is linked to autoimmune lymphoproliferative syndrome (ALPS-FAS) 
in humans (1) and to an ALPS/systemic lupus erythematosus (SLE) phe- 
notype in MRL/lpr mice (2). Beyond the development of autoimmunity 
with autoantibodies and lymphoproliferation, most patients with ALPS 
show hypergammaglobulinemia, fewer circulating class-switched 
memory cells, and marginal zone (MZ)–like B cells but normal num- 
bers of transitional and naïve B cells as well as plasmablasts (3, 4). 
Histological analysis revealed defective MZ areas and rare, small ger- 
minal centers (GCs) (3). Conditional Fas deletion in B cells in mice is 
sufficient to induce B and T cell lymphoproliferation, defects in B cell 
memory repertoire, disruption of secondary lymphoid organ (SLO) 
structure, and autoimmunity (5, 6). Fas-deficient MRL/lpr mice show an 
enhanced extrafollicular (EF) response with proliferative plasmablast 
production and somatic hypermutation outside of GCs (7–9). In ad- 
dition, akin to the polyreactive nature of the memory compartment 
in ALPS (10), immunoglobulin G (IgG) autoantibodies in MRL/lpr 
mice have characteristics of an EF response, with lower affinity, dom- 
inant IgG3 isotype, and a broader antigen recognition profile (11). 
The enhanced EF response in MRL/lpr mice and reduced memory 
cells in ALPS suggest an involvement of FAS in the regulation of 

cell fate decisions that cannot be fully explained by its apoptosis- 
inducing function. 

After initial activation at the T-B border, naïve B cells will either 
rapidly differentiate into antibody-secreting cells (ASCs) or EF mem- 
ory cells in the EF space (12, 13) or move into the GC and give rise to 
conventional memory cells (14) and long-lived plasma cells (15). The 
human EF response comprises CD11c+ activated naïve B cells (aN) 
and their double negative 2 (DN2) descendants, which express the 
transcription factor T-bet and lack CD21, CD27, IgD, and CXCR5 
(16). EF B cells are comprised in the CD21low/ age-associated B cell 
population, reported in other conditions (16–19). aN and DN2 
are precursors of bona fide short-lived ASCs and enriched in self- 
reactive specificities (20, 21). Whereas both T-dependent and 
T-independent signals can drive EF B cell activation and maturation, 
it is unclear which receptors contribute to B cell rewiring to GC matu- 
ration in humans. The GC fate is regulated by the differential expres- 
sion of transcription factors IRF4 (22) and IRF8 (23) and requires 
MYC (24), which is indispensable in early GC B cells before the ex- 
pression of GC master regulator BCL6 (24). The phosphoinositide 
3-kinase (PI3K)/mammalian target of rapamycin (mTOR) pathway 
(25, 26) guides B cell fate decisions. Upon PI3K activation, 
3-phosphoinositide–dependent kinase 1 (PDK1) and the mTOR com- 
plex 2 (mTORC2) mediate site-specific Akt phosphorylation, which 
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results in mTORC1 activation (27) and phosphorylation of ribosomal 
protein S6. PTEN is an inositol phosphatase that directly counter- 
acts PI3K activity by dephosphorylating phosphatidylinositol 
3,4,5-trisphosphate (PIP3). PTEN expression and function is regu- 
lated by subcellular localization (28). Hyperactivation of mTOR 
promotes rapid plasma cell differentiation (29), and mTORC1 in- 
activation in B cells abrogates the generation of ASCs in mice (30). 
Available data suggest that high PI3K/Akt/mTOR signaling favors 
EF B cell differentiation. In SLE, reduced PTEN expression corre- 
lates with disease activity (31), and EF atypical memory cells show 
hyperactive mTOR signaling pathway (32). Increased proportions of 
EF B cells in blood have been described in active SLE and in severe 
coronavirus disease 2019 (COVID-19) (21, 33, 34). Expansion of EF 
B cells in patients with gain-of-function mutations in the PI3K sig- 
naling pathway (17) suggests a role for the mTOR pathway in direct- 
ing fate decisions during initial B cell activation. On the basis of the 
enhanced EF response in MRL/lpr mice and reduced GC-derived 
memory cells in patients with ALPS-FAS, we hypothesize that FAS 
may play a role in EF versus GC fate decisions. 

FAS can mediate apoptotic and non-apoptotic signaling (35, 36). 
Membrane-bound multimeric FAS ligand (FASL; also known as 
TNFLSF6, CD95L, or CD178) binding to FAS recruits FAS-associated 
protein with death domain (FADD), pro–caspase-8, and c-FLIP to 
form the death-inducing signaling complex (DISC). This induces 
auto-proteolytic activation of caspase-8 and the activation of down- 
stream executioner caspases (e.g., caspase-3) that promote apoptosis. 
In activated B cells, FAS-mediated apoptosis is counterbalanced by 
CD40-induced signals that require nuclear factor κB (NF-κB) or PI3K 
activation (37, 38). However, the components of the DISC can induce 
activation of the NF-κB, mitogen-activated protein kinase (MAPK), 
and PI3K pathways (39). The soluble form of FASL can induce cell 
migration via PI3K signaling (40) in activated T cells and promotes 
memory B cell development into plasmablasts without affecting na- 
ïve B cells (41). In the context of T-B interactions, membrane-bound 
FASL expressed by T cells (42) seems to be more relevant. In mice 
carrying the palmitoylation-defective Fas C194V mutation, cells are 
unable to undergo apoptosis but can mediate non-apoptotic signaling. 
When the MRL/lpr mouse is reconstituted with C194V Fas, the auto- 
immune phenotype is reverted (43). Hence, non-apoptotic signaling 

   through FAS may be involved in regulation of self-reactive B cells. 
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Here, we analyzed spleens and lymph nodes (LNs) of patients 
with ALPS-FAS and found an expansion of the EF B cell compart- 
ment associated with a reduced frequency of GC and conventional 
class-switched memory B cells. In-depth signaling studies showed 
increased B cell receptor (BCR) and mTOR signaling especially in EF 
B cells. We demonstrated that FAS signaling can modulate CD40- 
induced mTOR activation in healthy naïve B cells by regulating 
PTEN nuclear exclusion and that activation of caspase-8 contributes 
to this process. In ALPS-FAS B cells, FASL-dependent PTEN nucle- 
ar exclusion and mTOR modulation were defective. Last, in healthy 
CD40L-activated naïve B cells, transient stimulation of FAS changes 
expression of genes favoring the GC fate over the EF response. To- 
gether, our findings describe a physiological role of non-apoptotic 
FAS signaling in modulating the EF versus GC commitment upon 
early activation in human B cells. 

 
RESULTS 
Human spleens and tonsils show distinct compositions of EF 
and GC B cell populations 
To allow a meaningful comparison of the B cell compartment in 
ALPS-FAS SLOs, we first profiled SLOs from healthy donors (HDs) 
(n = 14) and included markers for isotype specificity, homing and 
complement receptors, memory and plasma cells, and differentia- 
tion and activation status (fig. S1A and table S1). We compared B 
cell composition within tonsils (n = 7) and spleens (n = 7) (Fig. 1A). 
Uniform Manifold Approximation and Projection (UMAP) algo- 
rithm (44) for dimensionality reduction showed a phenotypic sepa- 
ration between tonsil and spleen (Fig. 1B). Primary populations 
such as naïve, pre-GC, GC, memory-like B cells (containing conven- 
tional CD27+ memory cells), and ASCs (Fig. 1, C and D, and fig. S1, 
B to D) were projected onto the composite UMAP and found to be 
only partially overlapping in location and size between tonsil and 
spleen (Fig. 1C). In particular, low memory-like but high GC B cell 
frequency was found in tonsils compared with spleen (Fig. 1E), in 
line with published data (45, 46). Primary populations were further 
delineated in nonredundant secondary populations. Describing the 
EF B cell populations (21), in the naïve compartment, we identified 
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Fig. 1. Predominance of EF response in spleen and of GC response in tonsils in HDs. (A) experimental overview. generated with BioRender.com. (B) umaP projection 

of composite hD samples from cD19+ cells of tonsils (n = 7) and spleens (n = 7) analyzed by spectral flow cytometry (table S1). composite sample was derived from 10,000 

representative cells from each sample. overlaid regions indicate the outermost boundaries of 90% equal probability contouring. (C) overlay of indicated primary B cell 

populations (gated as in fig. S1B) on composite umaP projection. (D) illustration of analyzed populations of the eF and gc pathways in human Slos. (E) Frequencies of 

cD19+ cells and primary B cell populations within indicated parent gates in hD tonsils and spleens. (F) Secondary B cell populations (gated as in fig. S1, B to D) overlaid on 

the composite umaP projection of respective tissues. (G) Frequencies of secondary B cell populations within indicated parent gates in hD tonsils and spleens. (e and g) 

median. Statistical significance was calculated using unpaired mann-Whitney test, and only significant results are indicated: *P < 0.05; **P < 0.01; ***P < 0.001. gcF, gc 

founder; cD27+ conv. mem., conventional cD27+ memory. 
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resting (CD11c−, rN) and activated (CD11c+, aN) naïve cells (Fig. 1, 
D and F, and fig. S1C). aN cells were more frequent in spleen sam- 
ples (Fig. 1G) and expressed FAS (fig. S1E). aN cells differentiate 
into DN2 cells (CD27−IgD−CXCR5−CD21−) that express CD11c and 
FAS (fig. S1, D and E). DN1 cells (CD27−IgD−CXCR5+CD21+FASlow) 
are transcriptionally and phenotypically very similar to their puta- 
tive descendant CD27+ conventional memory cells (Fig. 1F and 
fig. S1E) (21). DN1 and DN2 tended to show a higher frequency in 
spleen compared with tonsils (Fig. 1G and fig. S1D). The frequency 
of MZ-like B cells was similar between both compartments (fig. S1F). 
The pre-GC B cell population (IgD+CD38+) can be divided into GC 
founders (CD10−) that are more frequent in the spleen (Fig. 1, D, F, 
and G, and fig. S1D) versus more committed GC-like cells (CD10+) 
(47) present at a higher frequency in the tonsil (Fig. 1, D, F, and G, 
and fig. S1D). Therefore, we proceeded to study the EF pathway in 
the spleen and GCs in tonsil samples. 

The EF response is enhanced and class-switched memory B 
cell formation is reduced in patients with ALPS-FAS 
To investigate whether FAS mutation affects the composition of the 
B cell compartment and thus B cell differentiation in SLOs, we com- 
pared four ALPS-FAS spleens (table S2) with seven HD spleens 
using the above-described flow cytometric approach. We observed a 
lower B cell frequency in ALPS-FAS spleens compared with HDs. 
Patients with ALPS-FAS do not have B lymphopenia, and this is 
likely because of the relative expansion of the T cell compartment 
(fig. S2A). The composite UMAP projecting total CD19+ cells re- 
vealed a phenotypic separation between the two groups, and three 
regions of interest (ROIs) were identified (Fig. 2, A and B, and 
fig. S2B). In ROI 1, aN B cells and DN2 cells are mapped (Fig. 2B), 
and these subsets were more frequent in patients with ALPS, with an 
increased DN2/DN1 ratio in patients (Fig. 2C). The identity of aN 
and DN2 B cells was confirmed by reduced levels of follicular hom- 
ing receptor CXCR5 and increased expression of the tissue homing 
mediator CXCR3 (fig. S2C) (21). Memory and naïve B cells mapped 
in ROIs 2 and 3, respectively (Fig. 2A and fig. S2B). ALPS-FAS 
spleens showed decreased frequency of CD27+ conventional mem- 
ory cells (Fig. 2C) and an enrichment of naïve follicular B cells 
(Fig. 2C) compared with controls. Hence, the EF B cell maturation 
pathway is enhanced in spleens of patients with ALPS-FAS. 

Upon T-B cell interaction, a fraction of rN B cells develop into 
GC founder and GC-like cells that move into the GC and can be 
distinguished by the expression of CD10, IgD, and IgM (Fig. 1D and 
fig. S1D). We studied the early phase of GC maturation in LNs of 
two patients with ALPS-FAS. We compared healthy tonsils with 
ALPS-FAS LNs, as done in other studies (48, 49), because of the ab- 
sence of active GCs in healthy LNs (fig. S2D). The tissue UMAP 
overlay showed a large overlap between HD tonsils and ALPS-FAS 
LNs (fig. S2E) but identified two ROIs that showed considerable 
separation between the two groups (Fig. 2, D and E). ROI A com- 
prised GC B cells that were reduced in frequency in ALPS-FAS LNs 
(Fig. 2, E and F). In addition, within the pre-GC cells, ALPS-FAS 
LNs showed an accumulation of GC founder cells (CD10−IgM+) 
and a reduction of more committed CD10+IgM− GC-like cells 
(Fig. 2, E and F). The reduced ratio between GC-like and GC founder 
cells indicated a defective maturation of GC founder into GC B cells 
in ALPS-FAS, which is in line with the previously reported small 
size of GCs in patients with ALPS-FAS (3). In spleens, ALPS-FAS 
and control samples showed similar but very low frequencies of GC 

B cells (fig. S2F). We observed a positive correlation between aN and 
DN2 cells in both patients and controls. We also observed a negative 
correlation between aN and GC B cells in both groups (fig. S2G). 
These data support the concept that EF and GC responses represent 
alternative fates for activated naïve B cells, and in patients with ALPS, 
expansion of EF B cells occurs at the expense of the GC maturation 
pathway. In LNs and tonsils, ROI B mapped to CD27+ conventional 
memory B cells that were reduced in ALPS-FAS (Fig. 2, D and F). 
In ALPS-FAS spleens and LNs, we observed reduced frequencies of 
IgG1-2– and IgA1-2–expressing B cells and similar frequencies of 
IgG3+ and IgG4+ cells compared with controls (Fig. 2, G and H, and 
fig. S2H). By contrast, ASCs had a similar frequency between patients 
and controls both in spleen and in LN and tonsils (fig. S2I). Hence, 
conventional memory B cells are reduced in SLOs of patients with 
ALPS-FAS, indicating that their differentiation is defective in ALPS. 

To extend the observations from the SLOs, we studied peripheral 
blood of untreated patients with ALPS-FAS. We confirmed a normal 
frequency of B cells, and in line with previous reports (4), we found 
reduced class-switched memory and MZ-like B cells and normal 
frequencies of ASCs (fig. S3, A and B). We found significantly in- 
creased aN B cells and reduced DN1 cells (fig. S3, A and B). Al- 
though the increase in frequency of DN2 cells was not found in all 
patients, the increased ratio between DN2 and DN1 cells was point- 
ing to an EF expansion in patients with ALPS-FAS compared with 
controls (fig. S3B). As for isotype and subclass distribution within the 
B cells, we found a significant reduction of IgG1 and a lower, albeit 
not significant, IgG2-switched isotype frequency. No significant dif- 
ferences were found within the other isotypes, including IgG3 (fig. S3C), 
which is associated with EF origin (11, 21). Hence, deep phenotyping 
in peripheral blood of patients with ALPS-FAS confirmed the skewed 
maturation of B cells with a deficient development of conventional 
memory B cells and enhanced proportion of EF response. As for 
the T cell compartment, higher frequency of T cells was found in 
ALPS-FAS spleens, but the CD4 and CD8 frequency was similar in 
patients and controls (fig. S3, D and E). Proliferative FAS-controlled 
CD45RA+CD38+ double-negative T (DNT) cells (50) were expanded 
(fig. S3, D and E). We observed similar frequencies of both mature 
EF-resident CXCR5lowPD-1low T helper cells (42) and CXCR5+PD-1+ 

mature T follicular helper (TFH) cells in both groups (fig. S3, D and 
F). As expected, the two populations showed differential expression 
of interleukin-7R (IL-7R) and CCR7 (fig. S3G) and expressed FASL 
(fig. S3G), suggesting that FAS can be engaged by FASL-expressing 
T cells in situ in both the EF space and the GC. 

 
B cells from ALPS-FAS SLOs show enhanced BCR and 
mTOR signaling 
To identify signaling pathways involved in defective B cell matura- 
tion, we studied ALPS-FAS spleens ex vivo by mass cytometry [cy- 
tometry by time of flight (CyTOF)] with a panel including 11 
phosphoproteins downstream of major signaling pathways (fig. S4A 
and tables S3 to S5). The UMAP projection calculated including all 
phosphoproteins and the multivariate chi-square analysis (51) showed 
a substantial segregation between ALPS and HD splenic CD19+ 

cells (Fig. 3A). Increased mTOR signaling as identified by pS6 and 
pAkt (T308) and increased BCR signaling as identified by pBTK, 
pLyn, and pPLCγ2 (Fig. 3B and fig. S4B) mostly contributed to the 
difference between ALPS and controls. We focused our analysis on 
the EF response that was expanded in ALPS-FAS spleens. We found 
consistently enhanced mTOR and BCR signaling in rN, aN, DN1, 
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Fig. 2. Enhanced EF response, reduced conventional memory, and GC B cells in ALPS SLOs. (A) umaP projection of composite hD (n = 7) and alPS-FaS (n = 4; see 

table S2 for clinical information) samples from splenic cD19+ cells analyzed by spectral flow cytometry as in Fig. 1. overlaid regions denote the outermost boundaries of 

90% equal probability contouring from alPS and hD. Regions of interest: Roi 1, Roi 2, and Roi 3. (B) Zoom in on Roi 1. Disease state and B cell populations highlighted. 

overlay of indicated populations (gated as in fig. S1, B to e) on composite umaP projection. (C) Frequencies of B cell subpopulations in alPS and hD spleens. Ratio of the 

Dn2:Dn1 frequency in both groups. (D) umaP projection of composite tonsillar hD (n = 7) and ln alPS-FaS (n = 2) samples from cD19+ cells. Regions of interest: Roi a 

and Roi B. (E) Zoom in on Roi a. Disease state and B cell populations highlighted. (F) Frequencies of B cell subpopulations within indicated parent gates in hD tonsils and 

alPS lns. Ratio of the gc-like:gcF frequency in both groups. (G and H) Surface ig subclass distribution in spleen (g) and tonsils and lns (h) (gated as in fig. S2h) in hDs 

and alPS. (c and F to h) median. Statistical significance was calculated using unpaired mann-Whitney test when n ≥ 3, and significant results are indicated: *P < 0.05; 

**P < 0.01. ns, not significant. 
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Fig. 3. Dysregulated activation in B cells from ALPS SLOs. (A) umaP projection of composite hD (n = 6) and alPS-FaS (n = 4) samples from splenic cD19+ cells analyzed 

by cytoF. composite sample was derived from all cells analyzed with the panel outlined in tables S3 to S5. overlaid regions denote the outermost boundaries of 90% 

equal probability contouring from the indicated disease state. multivariate t(X) plot shows results from a chi-square test with modified binning of each individual sample 

against a concatenated hD sample. (B) cumulative distribution function (cDF) plots of indicated phosphoproteins from cD19+ cells of the concatenated hD sample (red 

line) and four samples from patients with alPS-FaS (blue shaded dotted lines). intersection of a given distribution, with the dashed line identifying its median metal in- 

tensity (mmi). (C) heatmaps of z scores of listed phosphoproteins in splenic B cell populations. Rows and columns were clustered using single agglomeration method on 

euclidean distance. (D) mmi of indicated phosphoproteins in indicated splenic B cell populations. median ± iQR. Statistical significance was calculated using unpaired 

mann-Whitney test, and significant results are indicated: *P < 0.05; **P < 0.01. 

 

and DN2 cells of patients with ALPS-FAS (Fig. 3C and fig. S4C). In 
particular, we observed a significant increase of pS6 in all ALPS-FAS 
B cell subpopulations (Fig. 3, C and D), whereas significantly in- 
creased pBTK levels were restricted to DN1 and DN2 cells. In con- 
trast, signal transducer and activator of transcription 5 (STAT5) and 
STAT3 phosphorylation was not globally dysregulated in ALPS-FAS 
splenic B cells, suggesting only a minor contribution of the cytokine 
microenvironment to the enhanced signaling in ALPS-FAS B cells. 
These data supported previous observations that the EF response is 
associated with increased mTOR and BCR signaling (52, 53), thus 
suggesting that non-apoptotic FAS signaling may contribute to the 
control of B cell activation. 

CD40L-activated human B cells are partially resistant to 
FAS-induced apoptosis 
Upon initial activation at the T-B border, B cells remain in the EF 
space for 2 to 3 days before moving into the GC (12). During this 
time, B cells get in contact with multiple T cells for a time span that 
can vary from 15 min to few hours (54), and FASL expressed by EF- 
resident T helper cells (42) can transiently engage FAS. Following 
the hypothesis that non-apoptotic FAS signaling contributes to the 
control of mTOR activity, we established an in vitro model of early 
B cell activation. Here, HD B cells were stimulated with CD40L 
overnight, resulting in FAS expression in naïve (CD27−) and mem- 
ory (CD27+) cells (Fig. 4A and fig. S5, A and B) so that every B cell 
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bound the multimeric form of FASL (Fig. 4B) (55). FASL stimula- 
tion induced activation of caspase-3 that corresponded with lower 
expression of CD19 (Fig. 4C) and was time and dose dependent 
(Fig. 4, D to F). Caspase-3 activation was initially detected after 
2 hours of incubation with FASL (Fig. 4D), and after 4 hours, only 
30% of activated naïve and memory B cells displayed early and/or 
late apoptotic features (Fig. 4, D and E, and fig. S5C). In a dose re- 
sponse to FASL incubation for 4 hours, active caspase-3 was detected 
at minimal intensity at 12.5 ng/ml of FASL concentration and pro- 
gressively increased, reaching a plateau between 100 and 200 ng/ml 
[Fig. 4F, median effective concentration (EC50) = 46.9 ng/ml]. All 
successive studies were then conducted with a FASL concentration 
of 100 ng/ml, by which the maximal activation of caspase-3 at 
4 hours was observed. To study whether FASL stimulation resulted 
in delayed apoptotic events, we loaded CD40L-stimulated B cells 
treated with FASL for 4 hours with PhiPhiLux G1D2, a fluorogenic 
quenched molecule linked to the caspase-3 substrate sequence 
DEVDGI (Fig. 4G). Survival of sorted active caspase-3–negative 
cells was comparable between FASL-treated and untreated cells after 
1 and 2 days of culture (Fig. 4, H and I), indicating that B cells that 
do not activate caspase-3 after 4 hours of FAS engagement are not 
prompted to undergo apoptosis at later times. CD40L stimulation 
induces expression of anti-apoptotic molecules (37, 56). Accordingly, 
comparison of the transcriptome between CD40L-activated and 
resting naïve B cells displayed enrichment in gene sets related to 
metabolism, biosynthesis, and apoptosis (table S6 and fig. S5D). 
Among the latter, we found increased expression of c-FLIP, an apop- 
tosis inhibitor that binds to FADD and caspase-8 (57), and of the 
BCL-2 family members BCL-2 and BCL-xL. Furthermore, we ob- 
served reduced levels of caspase-8 and caspase-10 compared with 
unstimulated cells (fig. S5D and table S6). We also found increased 
c-FLIP and stable caspase-8 and caspase-10 protein expression in 
CD40L-activated B cells (fig. S5E). Thus, in line with previous reports 
showing that B cells become sensitive to FASL-induced apoptosis 
after 2 days of activation (58), most recent CD40L-activated naïve 
B cells with short-term FAS engagement did not result in apoptosis. 

FAS engagement modulates mTOR signaling in 
non-apoptotic B cells 
On the basis of the above-described in vitro model, we studied sig- 
naling pathways triggered by FASL in apoptosis-protected B cells by 
CyTOF (tables S3 to S5). We compared overnight CD40L-activated 
primary HD B cells (CD40L) incubated for 4 hours with FASL 
(CD40L + FASL) or FASL in the presence of poly-caspase inhibitor 
Q-VD (CD40L + FASL + Q-VD). At 4 hours of FASL stimulation, 
we can readily distinguish apoptotic events on the basis of activation 
of caspase-3. Poly-caspase inhibitor Q-VD was used to assess the 
impact of caspase activity (fig. S6A). UMAP analysis comprising all 
markers included in the panel identified two clusters A and B 
(Fig. 5A, top). The size of cluster B was increased in unstimulated 
and FASL-treated cells and was associated with apoptosis markers 
(cPARP+, aCasp-3+, Bcl-2−, Bax+, CD20+), and cluster A represented 
non-apoptotic cells (cPARP−, aCasp-3−, Bcl-2+, Bax−, CD20+) (fig. 
S6, B and C). Hence, we analyzed signaling in non-apoptotic cPARP− 

naïve (CD27−) and memory (CD27+) B cells (fig. S6D). Induction of 
phosphorylation of S6, Akt (S473), NF-κB p65, and p38 MAPK was 
observed in CD40L-stimulated cells (Fig. 5B and fig. S6, E and F). 
Additional stimulation with FASL specifically reduced pS6 and pAkt 
(S473) levels, in particular in naïve B cells (Fig. 5B). To identify 

FASL-induced changes in HD B cells, we compared the median in- 
tensities of surface markers and phosphoproteins analyzed by CyTOF 
in CD40L + FASL– or CD40L + FASL + Q-VD–treated naïve (CD27−) 
or memory (CD27+) cells versus CD40L control cells (Fig. 5C). 
Heatmap analysis showed that most surface and intracellular mark- 
ers were stable upon 4 hours of FASL stimulation, including pNF-κB 
p65 and p-p38 MAPK in both populations. Expression of total Akt 
and S6 proteins was constant by both CyTOF and conventional flow 
cytometry, whereas pS6 and pAkt (S473) were consistently reduced 
(Fig. 5C and fig. S6, G to I). 4E-BP1 phosphorylation at residue 
T37/46 is mTORC1 dependent, but nonsensitive to the mTOR in- 
hibitor rapamycin (59), and was not modulated by FASL in our culture 
(Fig. 5C). Hence, FAS engagement resulted in a specific modulation 
of the CD40L-induced phosphorylation of Akt and S6, especially in 
naïve B cells, and less prominently in memory B cells, suggesting 
control of PI3K/Akt/mTOR pathway in B cells. We confirmed these 
data using conventional flow cytometry (Fig. 5E). Here, apoptotic 
cells were excluded combining CD19 expression, a fixable live/dead 
staining, cell size, and caspase-3 activation (fig. S6G; see Material 
and Methods for details). FASL-induced signaling modulation of pS6 
and pAkt (S473) was reversed by the poly-caspase inhibitor Q-VD 
(Fig. 5E). Naïve B cells from patients with ALPS-FAS were unable to 
modulate CD40-induced mTOR activation in response to FASL 
(Fig. 5, F and G). 

Looking at the dynamics of signaling modulation in HD CD40L- 
activated naïve B cells, reduction of S6 phosphorylation was ob- 
served already at very low concentrations of FASL [1.5 ng/ml, Fig. 5H, 
median inhibitory concentration (IC50) = 2.43 ng/ml], lower than 
what was required to induce caspase-3 activation (IC50 = 46.9 ng/ml, 
see Fig. 4F). Down-modulation of pS6 reached a plateau with FASL 
(25 ng/ml). These data suggest that mTOR modulation is indepen- 
dent of caspase-3 induction in naïve B cells. Activation of B cells via 
CD40 may result in bimodal distribution of pS6 (Fig. 5D). To study 
whether high pS6 activation corresponded to high FAS expression 
and enhanced susceptibility to apoptosis, we studied FAS expression 
and S6 phosphorylation in CD40L-activated B cells. In CD40L 
dose-response studies, low doses of CD40L readily induced FAS ex- 
pression, whereas higher concentrations of CD40L were required to 
induce S6 phosphorylation (Fig. 5I). Hence, expression of FAS and 
pS6 is independent in response to CD40L. Together, these data sug- 
gest that FAS-dependent reduction of pS6 is not due to early apop- 

tosis of pS6high cells. Functionally, mTOR signaling is often linked to 
cell proliferation (27, 60). To assess proliferation, naïve B cells were 
activated with CD40L overnight followed by stimulation with FASL 
for 4 hours, and subsequently, magnetically sorted non-apoptotic 
cells were cultivated with CD40L and IL-21. FASL stimulation for 
4 hours did not change the proliferation pattern of apoptosis- 
protected cells at day 3 or 6 of culture (Fig. 5J). 

FASL regulates both mTORC1 and mTORC2 signaling in 
CD40L-activated naïve B cells via active caspase-8 
We next analyzed the kinetic of FASL-mediated changes of CD40L- 
induced signaling pathways in non-apoptotic cells by phosphoflow 
and Western blot. The phosphorylation of Akt and the regulation of 
its activity are complex, and Akt is thought to be downstream and 
upstream of mTORC1 and mTORC2, respectively (27). The mecha- 
nisms of mTORC2 activation are not fully understood but likely in- 
volve PI3K-produced PIP3 (fig. S7A). As shown in Figs. 5 and 6, 
CD40L can induce Akt phosphorylation at S473 via mTORC2 and 
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Fig. 4. CD40L-activated human B cells are partially resistant to FAS-induced apoptosis. (A) cD40 and FaS expression in cD40l-activated cD27− and cD27+ hD B cells, depicted as 

log2-fold change of median fluorescence intensity (mFi) compared with expression at day 0. (B) Representative flag-tagged flag-FaSl binding at indicated concentrations in overnight (o/n) 

cD40l-activated B cells. (C) overnight cD40l-activated cD27− and cD27+ B cells were stimulated or not with FaSl for 4 hours. active caspase-3 and cD19 expression was analyzed by flow 

cytometry. (D) time course of FaSl-induced caspase-3 activation in overnight cD40l-stimulated cD27− and cD27+ B cells. Frequencies of active caspase-3+ cells in cD40l-stimulated 

controls were subtracted. (E) annexin V and DaPi staining in overnight cD40l-activated cD27− and cD27+ B cells in response to 4 hours of FaSl ± Q-VD. (F) Dose response of 4-hour FaSl- 

induced caspase-3 activation in overnight cD40l-activated cD27− B cells. Frequencies of active caspase-3+ cells in cD40l-stimulated controls were subtracted. nonlinear fit in black. 

(G) experimental setup. B cells were stimulated as indicated and loaded with fluorogenic caspase-3 substrate PhiPhilux g1D2. (H) B cells were sorted on the basis of PhiPhilux g1D2 signal 

(i.e., active caspase-3) and (I) cultured with cD40l + il-21, and live cells were analyzed 1 and 2 days later by flow cytometry. (a) n = 4 in triplicates; (B) representative of n = 5; (c and D) n = 3; 

(e) representative of n ≥ 3; (F) n ≥ 3; (h and i) n = 3 in duplicates. (a, D, and i) mean ± Sem. (i) two-tailed paired Student’s t test. (c to e and h) FaSl used at 100 ng/ml and Q-VD at 20 μm. 
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Fig. 5. FAS engagement modulates mTOR signaling in apoptosis-protected B cells. human B cells were activated with cD40l overnight or left untreated. cD40l-stimulated cells were 

cultured for 4 hours with FaSl ± Q-VD (see fig. S6a) and analyzed by cytoF or flow cytometry (Fc). (A) umaP projection of nucleated cD19+ cells; percentage of cells in clusters a and B is 

indicated. expression of active caspase-3 (acasp-3) and cleaved PaRP (cPaRP). colors express median intensity scaled to the maximal expression. (B) Representative histograms of indicated 

markers. (C) heatmap summarizes log2-fold change in the mmi of indicated markers in response to 4-hour FaSl± Q-VD normalized tocD40l-stimulated cells in indicated cells. each column 

represents a biological replicate. (D) Representative expression of indicated markers in overnight cD40l-activated B cells after 4-hour FaSl ± Q-VD (see fig. S6g for gating). (E) Percentages 

of pakt- and pS6-positive overnight cD40l-activated cD27− and cD27+ Bcells in response to 4-hour FaSl± Q-VD. (F) Representative expression of pS6 in cD27− overnight cD40l-activated 

alPS-FaS B cells after 4-hour FaSl± Q-VD. (G) Fc. Percentages of pS6-positive overnight cD40l-activated cD27− B cells derived from patients with alPS-FaS carrying distinct FAS mutations 

in response to 4-hour FaSl± Q-VD. each color identifies an individual patient. (H) Fc. Dose response of FaSl-induced changes of pS6 expression in overnight cD40l-activated cD27− B cells. 

Fold change of pS6 mFi to cD40l-treated control cells is depicted. nonlinear fit in black. (I) Fc. Dose response to overnight cD40l stimulation (dilution factor in the x axis) in cD27− and 

cD27+ B cells. expression of pS6 (red) and FaS (black) depicted as mFi. nonlinear fit in red (pS6) and black (FaS). (J) cD27− B cells were loaded with celltrace Violet (ctV) and then activated 

overnight with cD40l (cD40l) followed by 4 hours of stimulation with FaSl (cD40l + FaSl). annexin V+ apoptotic cells were magnetically depleted, and non-apoptotic cells were further 

cultivated in the presence of cD40l and il-21. top, representative histogram. Bottom, proliferation index reflects the number of divisions of cells that underwent at least one division. (a to 

c) concatenated data from n = 3; (D and e) n ≥ 3; (g) n = 8; (h) n ≥ 3; (i) n ≥ 2; (J) n = 4. (e and g) mean ± Sem. one-way anoVa, followed by Dunnett’s multiple comparison test; significant 

results are indicated: **Padj < 0.01; ***Padj < 0.001. (J) mean. FaSl used at 100 ng/ml and Q-VD at 20 μm, unless otherwise indicated. 
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phosphorylation of PDK1 at S241, which in turn promotes Akt 
phosphorylation at T308. Akt T308 phosphorylation is required for 
mTORC1 activation and S6 phosphorylation. Thus, Akt T308 phos- 
phorylation can be used as a proxy for mTORC1 activity and Akt 
S473 phosphorylation for mTORC2. To test whether non-apoptotic 
FAS signaling would modulate both mTORC1 and mTORC2, we as- 
sessed phospho-PDK1 S241, phospho-Akt T308, phospho-p70 S6K, 
phospho-S6 S240/244, phospho–4E-BP1 (S65) (reflecting mTORC1 
activity), and phospho-Akt S473 (reflecting mTORC2). As deter- 
mined by phosphoflow, phosphorylation of S6 and Akt S473 was 
reduced progressively upon FAS stimulation in CD40L-stimulated 
naïve B cells (Fig. 6A). Modulation of Akt S473 phosphorylation 
suggested an involvement of mTORC2 upon FAS engagement. Time 
course experiments showed that mTORC1 signaling was modulated 
at 3 to 4 hours (Fig. 6, B and C). PDK1 phosphorylation was also 
modulated, implying a role for PIP3 and PTEN upstream of Akt. In 
contrast, p38 MAPK and NF-κB signaling were induced by FASL 
stimulation within 30 min of incubation but were not followed by a 
signal down-modulation, and p42/p44 [extracellular signal–regulated 
kinase 1/2 (Erk1/2)] phosphorylation was unchanged by FAS en- 
gagement (Fig. 6, B and C, and fig. S7B). Hence, FASL modulates 
both mTORC1 and mTORC2 signaling, with a slight predominance 
for mTORC1. 

Poly-caspase inhibitor Q-VD protected from FAS-induced down- 
modulation of pAkt (S473) and pS6 (Fig. 5D), implicating proximal 
caspases in this non-apoptotic function of FAS. To understand 
which caspase mediated this effect, we used specific caspase inhibi- 
tors. Caspase-8 inhibitor IETD restored S6 phosphorylation and 
apoptosis induction already at low concentrations, similarly to Q-VD 
control. In contrast, 5 μM of executioner caspase-3 inhibitor DEVD 
inhibited apoptosis but was unable to restore S6 phosphorylation 
(Fig. 6D). At high DEVD concentration of 25 μM, pS6 levels were 
similar to the CD40L control. However, at this concentration, DEVD 
also inhibited caspase-8 activity (fig. S7, C and D), further evidence 
of the role of caspase-8 in this process. To corroborate the contribu- 
tion of caspase-8, we genetically deleted caspase-8 by CRISPR-Cas9 
in primary naïve B cells with a ribonucleoprotein (RNP)–based ap- 
proach (Fig. 6E). Caspase-8 expression was significantly reduced in 
CD40L-activated naïve B cells targeted with caspase-8 (Casp8) RNPs 
(Fig. 6F), resulting in increased resistance to FASL-induced apopto- 
sis (fig. S7E). Intriguingly, reduced caspase-8 expression was associ- 
ated with reduced down-modulation of pS6 in response to FASL 
(Fig. 6G and fig. S7F). Thus, FAS triggering in CD40L-activated na- 
ïve B cells results in modulation of mTORC1 and mTORC2 signal- 
ing and involves caspase-8. 

Changes in protein expression in response to FASL identify a 
cross-talk between FAS and CD40 signaling 
To understand the cross-talk between CD40L activation, FAS non- 
apoptotic signaling, and mTOR modulation, we studied changes in the 
proteome of activated primary HD B cells using a high-throughput 
tandem mass spectrometry (MS/MS) approach (61). We compared 
overnight CD40L-activated naïve B cells incubated for 4 hours with 
FASL (CD40L + FASL) or FASL in the presence of poly-caspase in- 
hibitor Q-VD (CD40L + FASL + Q-VD) (fig. S8A). Subcellular 
fractions were isolated and clustered closely together, respectively, 
acknowledging MS/MS dataset robustness (fig. S8B). Because the 
DISC is assembled in the cytoplasmic tail of FAS, we compared the 
cytoplasmic fractions of FASL- with CD40L-treated control cells and 

identified 278 differentially regulated proteins (absolute log2-fold 
change >5), of which 125 were down- and 153 up-regulated in FASL- 
treated cells (Fig. 7, A and B, and table S7). 

We found several proteins involved in the regulation of B cell sig- 
naling and function (Fig. 7C), and we focused on ubiquitin-specific 
processing protease 7 (USP7 or HAUSP) (Fig. 7C), which contains 
tumor necrosis factor (TNF) receptor–associated factor (TRAF) do- 
mains and binds TRAF family proteins (62). USP7 has been impli- 
cated in the ubiquitination and thereby subcellular localization of 
PTEN via a PML-DAXX molecular network (63, 64). Interaction 
between PML and DAXX has been shown in mouse B lymphocytes 
(65). In human myeloid leukemia, USP7-induced deubiquitination 
results in PTEN nuclear exclusion (66). Cytoplasmic USP7 abun- 
dance was significantly increased in FASL-treated compared with 
FASL-untreated cells (Fig. 7, C and D). In addition, the interactome 
of the main independent components identified by MS was obtained 
from the BioGRID database (67) and suggested a network linking 
CD40 and FAS signaling via members of the TRAF family, USP7, 
PTEN, and DAXX (Fig. 7E). We confirmed expression of USP7, 
DAXX, and PTEN in CD40L-activated naïve B cells (fig. S8C), indi- 
cating that all elements of this potential regulatory circuit are pres- 
ent in human B cells. DAXX has previously been reported to bind to 
the death domain of FAS (68, 69). In HD-derived lymphoblastoid 
cell lines (LCLs), FASL binding induced DAXX recruitment to FAS 
receptor complexes (fig. S8D), whereas this process was less evident 
in three of the four analyzed LCLs derived from patients with ALPS- 
FAS (fig. S8E). Following the hypothesis that active USP7 can deu- 
biquitinate PTEN favoring its translocation from the nucleus to the 
cytoplasm, we tracked PTEN localization in primary naïve B cells by 
confocal microscopy. We observed that 4 hours of FASL stimulation 
in overnight CD40L-activated naïve B cells induced nuclear exclu- 
sion of PTEN and, consequently, a significant reduction in the ratio 
of nuclear PTEN versus cytoplasmic PTEN (Fig. 7, F and G, and 
fig. S8F). Nuclear exclusion of PTEN in response to FASL stimula- 
tion was not observed in ALPS-FAS patients’ naïve B cells (Fig. 7G), 
and PTEN expression ex vivo was similar between patients with 
ALPS-FAS and controls in naïve B cells (Fig. 7H). These data are in 
line with the failure of ALPS-FAS B cells to modulate S6 phosphory- 
lation in response to FASL (Fig. 5, F and G). In HD CD40L-activated 
naïve B cells, FASL stimulation slightly but significantly reduced ex- 
pression of PTEN (Fig. 7I). In addition, phospho-PTEN was reduced 
in a subfraction of naïve B cells (Fig. 7J). Phosphorylation of PTEN 
reduces PTEN activity and increases stability (70, 71). Hence, together 
with PTEN nuclear exclusion, reduction of PTEN phosphorylation 
may contribute to FAS-induced modulation of PI3K signaling. 

On the basis of literature data, the presence of the signaling com- 
ponents in human naïve B cells, the recruitment of DAXX to FAS, and 
immunofluorescence detection of PTEN, we hypothesize that FAS 
engagement induces the recruitment of DAXX to FAS, which may 
release the PML-DAXX inhibition of USP7. USP7 could in turn 
deubiquitinate PTEN, resulting in its nuclear exclusion, licensing 
PTEN to counteract cytoplasmic activity of CD40-induced PI3K/ 
Akt/mTOR pathway (fig. S8G). 

FASL regulates transcription in recently activated 
naïve B cells 
Modulation of signaling can result in cell fate decisions that are driv- 
en by transcriptional changes. FAS signaling has been previously as- 
sociated with induction of gene expression (72, 73). We performed 
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Fig. 7. FAS-induced changes in protein ex- 

pression result in PTEN nuclear exclusion 

in CD40L-activated naïve B cells. over- 

night cD40l-stimulated cD27− B cells were 

cultured for 4 hours with FaSl ± Q-VD, fol- 

lowed by lc-mS/mS analysis. (A) Distribution 

of log2-fold change of iBaQ values between 

cD40l  + FaSl–treated  and  cD40l-treated 

control cells in the cytoplasmic fraction. 

(B) heatmaps display log2-fold change of 

iBaQ values of down-regulated and up- 

regulated proteins in cD40l + FaSl/cD40l. 

(C) heatmap shows log2-fold change of iBaQ 

values  of  selected candidate proteins. 

(D) iBaQ values of uSP7 in all in vitro condi- 

tions. each symbol represents a biological 

replicate. (E) Protein-protein interactions from 

the Biogrid interactome database based on 
experimental  data  and  curated  databases. 
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(F) Representative confocal image of over- 

night  cD40l-activated  cD27−  B  cells  ± 

4 - hou r  Fa Sl .  S t a i n i n g  o f  P ten  a nd 

DaPi. Dotted line indicates cytoplasmic 

membrane region. (G) Quantification of the 
ratio of  Pten  signal nucleus/cytoplasm. 
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activated overnight with cD40l ± 4-hour 

FaSl and statistical analysis of phospho- 

Pten mFi. gray histogram shows Fmo. (a to 
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(i and J) two-tailed paired Student’s t test; 
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RNA sequencing (RNA-seq) of overnight CD40L-activated primary 
human naïve B cells followed by FASL stimulation or by FASL and 
the caspase inhibitor Q-VD for 4 hours. Using Venn Upset diagrams, 
we explored differentially expressed genes (DEGs) in CD40L + 
FASL–stimulated versus CD40L control cells to the transcriptional 
changes dependent on FASL, in CD40L + FASL– versus CD40L + 

FASL + Q-VD–treated cells to find changes dependent on caspase 
activity, and in CD40L + FASL + Q-VD versus CD40L to dissect 
caspase activity–independent gene expression changes (fig. S9A). 
The scatterplots showed that genes that were up-regulated upon 
FASL stimulation were also positively regulated when comparing 
CD40L + FASL + Q-VD versus CD40L (R = 0.48, P < 0.001) and 
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Fig. 8. FAS transcriptionally regulates B cell signaling and cell-cell interaction–related genes and induces MYC and CXCR4 expression. (A) Rna-seq of 

overnight cD40l-stimulated cD27− B cells cultured for 4 hours with FaSl ± Q-VD. Kyoto encyclopedia of genes and genomes (Kegg) pathway analysis of Degs in 

indicated comparisons. gene sets were clustered using complete agglomeration method on euclidean distance. (B) heatmap shows Degs annotated to pathways 

included in the Kegg pathway analysis. Row-wise z score values are represented. genes were clustered using complete agglomeration method on euclidean dis- 

tance. each column represents a biological replicate. (C) qPcR analysis of genes selected from (B). (D) overnight cD40l-activated cD27− B cells were stimulated 

with FaSl for 4 hours. early apoptotic cells were magnetically depleted, and enriched non-apoptotic cells were further cultivated in the presence of cD40l and 

il-21 (see fig. S9D). expression of cXcR4, myc, and Bcl6 was assessed by Fc from days 0 to 2 of culture. Representative histograms show expression at day 2. Data 

are expressed as log2-fold change of cD40l control cells. (E) coexpression of myc and Bcl6 at day 2 of culture and statistical analysis of myc/Bcl6high-expressing 

cells. (a to c) n = 3; (D) n ≥ 4; (e) n = 4. (c) Bars indicate median. (D) Bars indicate mean. one-sample t test with Bonferroni’s post hoc correction; significant results 

are indicated: *Padj < 0.0167; **Padj < 0.01; ***Padj < 0.001. (e) Bars indicate mean ± SD. two-tailed paired Student’s t test. **P < 0.01. FaSl used at 100 ng/ml and 

Q-VD at 20 μm. 

CD40L + FASL versus CD40L + FASL + Q-VD (R = 0.68, P < 0.001) 
and vice versa (fig. S9B). These results suggested that most genes 
specifically regulated by FASL were caspase activity dependent. 
Gene Set Enrichment Analysis (74–76) revealed signatures that 

included Toll-like receptor (TLR) signaling, cytokine-cytokine re- 
ceptor interaction, MAPK signaling, and Janus kinase–STAT signal- 
ing pathways (Fig. 8A and table S8). FASL induced increased 
expression of cytokine and chemokine interactors (CXCR4, IL2RA, 
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IL10RA, and CD70), regulators of cytokine signaling (STAT4 and 
SOCS3), and key players of MAPK signaling (MAP2K3 and MYC) 
(Fig. 8B). We validated the expression of selected transcripts by 
quantitative polymerase chain reaction (qPCR) (Fig. 8C). FASL stim- 
ulation in CD40L-activated naïve B cells down-modulated genes 
related to the interferon (IFN) response (fig. S9F) and to TLR sig- 
naling (TLR7 and TLR10) (Fig. 8, A and C), which are key features 
of the EF B cell differentiation (77). At the same time, CD40L + FASL– 
treated cells showed enhanced IL-10RA expression (Fig. 8, B and C), 
which was reported to suppress T-bet expression (78). Gene Set Enrich- 
ment Analysis also showed strong up-regulation in CD40L + FASL– 
stimulated B cells of gene signatures associated with responses to 
MYC and TNF (fig. S9C and table S9). Up-regulation of MYC and 
BCL6 induction is linked to GC formation (24) and CXCR4 to GC 
polarization (79). We analyzed whether FASL-induced transcrip- 
tomic changes would also translate to the protein level. To this end, 
overnight CD40L-activated naïve B cells were stimulated with FASL 
for 4 hours, and non-apoptotic cells were then magnetically sorted 
and cultivated in vitro with CD40L and IL-21 (fig. S9D). In CD40L + 
FASL–treated cells, FAS expression decreased over 2 days (fig. S9E), 
acknowledging the initial 4 hours of FAS engagement and signaling 
in all cells. Transient FASL incubation induced rapid protein expres- 
sion of CXCR4 that persisted over 2 days and a progressive expres- 
sion of MYC (Fig. 8D). CD40L + FASL–treated cells acquired the 
phenotype of GC-like cells coexpressing MYC and BCL6 at a greater 
frequency (Fig. 8E), suggesting that non-apoptotic FAS signaling 
facilitates GC commitment. EF responses result in rapid plasmablast 
production (20, 77, 80). To substantiate the role of FAS signaling in 
regulating GC versus EF commitment, we monitored ASC differen- 
tiation in an identical setting as described above (fig. S9D). After 3 
and 6 days of activation, differentiation to plasmablasts occurred 
less frequently in FASL-treated naïve B cells compared with CD40L 
only–treated controls (fig. S9, F and G). In the absence of FASL sig- 
naling, rapid plasmablast differentiation occurs. Together, our re- 
sults suggest that FAS-induced non-apoptotic signaling contributes 
to the regulation of genes governing developmental decisions in ac- 
tivated B cells. 

 
DISCUSSION 

We found an expansion of the EF B cell response and a reduction of 
the GC pathway in SLOs of patients with FAS deficiency. The bias in 
development toward the EF pathway was associated with enhanced 
activation of the BCR, PI3K, and mTOR signaling pathway in ALPS- 
FAS B cells. In vitro modeling of initial T-dependent B cell activa- 
tion with CD40L in HDs showed that transient FAS signaling can 
modulate the mTOR pathway by mediating PTEN nuclear exclusion 
with an involvement of caspase-8. FAS-dependent regulation of the 
mTOR pathway and PTEN nuclear exclusion were defective in pa- 
tients with ALPS-FAS. Transient FAS signaling in CD40L-activated 
B cells resulted in transcriptional changes and affected plasmablast 
development. Hence, our data imply non-apoptotic FAS signaling 
as a molecular switch between EF and GC fates in activated na- 
ïve B cells. 

Early activated B cells spend 2 to 3 days in the EF space before 
moving into the GC (12), integrating signals derived from BCR, 
T cells, and cytokines. In this phase, the quantity of signal seems to 
be more important than the quality. In mice, mTORC1 signaling is 
required in the early phase of EF plasmablast differentiation because 

it induces unfolded protein response–related genes (81), and RAP- 
TOR mutation results in both disturbed mTORC1 activation and 
defective EF responses (30). In human activated PI3K-δ syndrome 
(APDS), caused by mutations in PIK3CD and PIK3R1, hyperactive 
mTOR is linked to defective class-switch recombination (CSR) and 
conventional memory formation and enhanced formation of EF 

(CD21lowT-bet+) B cells and ASCs (17, 82, 83). Defective CSR was 
also observed in mouse models with conditional deletion of the 
PI3K inhibitor PIK3IP1 (84). We showed that in FAS-competent B 
cells, FAS engagement can modulate mTOR activation in vitro, and 
this modulation was abrogated in ALPS-FAS patients’ B cells. In- 
depth ex vivo analysis of SLOs, the site where B cells are naturally 
activated, revealed hyperactive mTOR signaling in splenic EF B cells 
(aN and DN2). This increase in PI3K/Akt signaling has been indirectly 
confirmed in peripheral naïve B cells of patients with ALPS-FAS by 
increased expression of the phosphatase CD148 that can be used as 
proxy for previous PI3K/Akt activation (85). Therefore, high mTOR 
activity in ALPS may drive EF and ASC development at the expense 
of GC and memory formation, explaining hypergammaglobulinemia, 
enhanced EF B cell compartment, and low memory B cells (4, 10). 
Mechanistically, in CD40L-activated HD B cells, we showed that 
FAS engagement results in PTEN nuclear exclusion, a process that 
was defective in ALPS-FAS B cells. Dysregulation of PTEN activity 
and enhanced PI3K signaling has been linked in humans to autoim- 
munity (17, 31) and defects in memory formation (86). Further- 
more, CD40-FAS interaction could potentially contribute to the 
modulation of the mTOR axis as receptor heteromerization of CD40 
and FAS was shown to regulate CD40-induced NF-κB responses in 
human B cells (87). 

EF B cell differentiation is controlled by several signals. First, it is 
favored by intrinsic BCR affinity for the antigen (53, 80). Therefore, 
the enhanced BCR signaling, observed in EF B cells in ALPS-FAS 
spleens, may contribute to the expansion of the EF response in 
ALPS. Whether FAS contributes to the regulation of BCR signaling 
directly has not been addressed in this study. Second, T cell help 

plays a role, as shown by low frequencies of EF (CD21lowT-bet+) B 
cells in patients with disruptive mutations in CD40, IL-21 receptor, 
IFN-γ receptor, and STAT1 (loss of function) (17). In addition, TLR 
signaling favors EF development (33), and whereas IFN signaling 
promotes the expression of T-bet (88, 89), IL-10 signaling inhibits it 
(78). On the other side, expression of MYC marks GC initiation be- 
fore the induction of the GC master regulator BCL6 (24, 90). MYC 

is down-regulated in EF (CD21lowT-bet+) B cells (91). Our tran- 
scriptome analysis shows that FAS signaling down-regulated tran- 
scription of genes related to the EF response (IFN and TLR), and 
enhanced expression related to the GC fate, such as MYC, IL10RA, 
and CXCR4 in human CD40L-activated naïve B cells. These data, 
together with the changes in MYC and BCL6 protein expression in 
CD40L + FASL–stimulated B cells and the delayed in vitro plasma- 
blast development, substantiate the role of FAS in guiding GC versus 
EF differentiation. 

FAS expression is rapidly induced in all naïve B cells upon CD40L 
activation, and FASL-induced apoptotic and non-apoptotic signals 
have a different dynamic. Modulation of PI3K signaling occurs rap- 
idly at low concentration of FASL, whereas caspase-3 activation re- 
quires higher concentration of FASL and longer incubation. These 
data imply that modulation of signaling and apoptosis are two inde- 
pendent events and that the former does not require activation of 
caspase-3. Different factors guide apoptotic versus non-apoptotic 
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outcome of FAS signaling, for example, FAS expression and post- 
translational modifications (43), localization within the membrane 
[e.g., recruitment to lipid rafts (92)], concomitant signaling [e.g., 
BCR signaling (93)], and composition of the DISC (94). As for the 
latter, we analyzed the role of caspase-8 in the control of FAS- 
dependent mTOR modulation. Caspase-8 mediates non-apoptotic 
functions in a different cellular system, from activation of NF-κB to 
MAPKs (95). Patients deficient in caspase-8 show a main defect in T 
cell activation and immunodeficiency—not always associated with 
the classical ALPS phenotype (96, 97). We show that pharmacologi- 
cal inhibition of caspase-8 or (partial) genetic knockout of caspase-8 
restored S6 phosphorylation in CD40L-activated naïve B cells, 
implying a role for caspase-8 in this FAS function. 

The present study was limited by the rarity of patients with 
ALPS-FAS and the availability of patient material, in particular, of 
tissue specimens of LN and spleen. To overcome this limitation, we 
analyzed peripheral blood mononuclear cells (PBMCs) of a larger 
ALPS-FAS cohort. To corroborate our ex vivo studies, we estab- 
lished in vitro models of early B cell activation that can only par- 
tially reproduce in vivo processes. The mechanistic studies (e.g., 
proteomics, transcriptome, extensive phosphoflow, and Western 
blot signaling analysis) to study the role of FAS in modulating CD40 
activation in B cells were performed in healthy primary B cells. Be- 
cause of the paucity of samples from patients with ALPS-FAS, only 
selected features (e.g., pS6 phosphorylation, PTEN translocation, 
and DAXX recruitment) were confirmed in patient-derived sam- 
ples. We showed that caspase-8 is involved in non-apoptotic FAS 
signaling in this context using specific inhibitors and CRISPR- 
Cas9–mediated deletion of caspase-8 in primary B cells. The cyto- 
plasmic localization of caspase-8 did not allow the sorting of 
knockout cells for the experiments. Thus, a mixture of knockout and 
wild-type cells was used, limiting a definitive interpretation of the 
data and requiring further studies to dissect the molecular cues 
linking caspase-8 activation and the mTOR signaling pathway. In 
summary, we showed that FAS specifically regulates human B cell 
activation, by modulating CD40-induced mTOR signaling, and pro- 
motes the transcription of genes important for B cell fate decisions. 
These data suggest that non-apoptotic FAS signaling contributes to 
developmental decisions of activated B cells. In ALPS, the mTOR 
inhibitor rapamycin efficiently reduces both lymphoproliferation 
and autoimmunity (98, 99). Whereas the reduction of DNTs can be 
explained by their dependence on mTOR signaling (50), the effect 
on autoimmunity and B cells is not yet understood. The few memo- 
ry B cells formed in ALPS show high frequency of polyreactive spec- 
ificities and high somatic hypermutation (10). Hence, autoimmunity 
in ALPS may be a result of both, a bias toward the EF response and 
an impaired deletion of polyreactive GC-derived memory B cells. 
The dysregulation of non-apoptotic FAS signaling may explain the 
low frequency of memory cells, the enhanced EF response associat- 
ed with hypergammaglobulinemia, and the efficacy of rapamycin on 
autoimmunity in ALPS. In addition, it may pave the way for the de- 
velopment of new treatment strategies for autoimmune diseases 
specifically targeting the FAS/mTOR signaling pathway. 

 
MATERIALS AND METHODS 
Study design 
This study aimed to investigate FAS signaling in human B 
cell activation and differentiation. We performed ex vivo and 

in vitro experiments analyzing B cells from blood and SLOs of HDs 
and patients with ALPS-FAS. We studied the phenotype and signal- 
ing pathway activation in B cells derived from HDs and patients 
with ALPS-FAS ex vivo. Using in vitro modeling of human B cell 
activation, we corroborated these findings analyzing signaling path- 
ways, apoptosis, the proteome, and the transcriptome in response to 
FASL stimulation. Biological and technical replicates were used to 
validate the findings, and experiments were performed at least twice. 

Human material 
Buffy coats and leukocyte reduction system chambers were pur- 
chased from the blood bank of the University Medical Center 
Freiburg (University Freiburg Ethics Approval: 147/15). Healthy 
control PBMCs were provided from the IR and Freeze Biobank, 
University Medical Center Freiburg. Tonsillar cells and LN cells of 
healthy controls sourced from tonsillectomy or excisional biopsies 
(University Freiburg Ethics Approval: 121/11). Control spleens de- 
rived from patients who underwent splenectomy because of blood 
vessel malformations were used in the study. None of the patients 
had known immunodeficiency, autoimmune disease, tumors, and 
recent or acute infections. LNs, splenic samples, and blood were ob- 
tained under local ethics–approved protocols (University Freiburg 
Ethics Approval: 47/19; ethic committee of CPP Ile-deFrance: CPP 
IDF2 DC-2014-22722015-03-03 AF). In accordance with the Decla- 
ration of Helsinki, informed consent was obtained from all patients 
or parents, as well as healthy controls. 

Patients’ description 
PBMCs, LNs, and splenic cells were collected from patients with 
ALPS-FAS. Clinical characteristics are listed in table S2 (100). 
Epstein-Barr virus–immortalized LCLs from four patients with 
ALPS-FAS were used. 

PBMC and SLO cell isolation 
PBMCs were purified from blood by density gradient centrifuga- 
tion. Total (EasySep Human B Cell Isolation Kit), CD27− naïve B cells 
(EasySep Human Naive B cell Isolation Kit), or CD27+ memory B cells 
(EasySep Human Memory B Cell Isolation Kit) (all STEMCELL 
Technologies) were isolated following the manufacturer’s instruc- 
tions. Mononuclear cells were isolated from tonsillar, LN, and splenic 
specimens by mechanical disruption. Minced tissue was pressed 
through a 380-μm meshed sieve followed by filtration. 

Cell culture 
Magnetically isolated B cells were plated at the concentration of 0.75 × 

106 to 1.5 × 106 cells/ml in enriched Iscove’s modified Dulbecco’s 
medium (IMDM; Thermo Fisher Scientific) supplemented with 
10% heat-inactivated fetal calf serum (FCS), penicillin, streptomy- 
cin, insulin, apo-transferrin, nonessential amino acids, glutamine, 
and reduced glutathione as described earlier (101). Cells were acti- 
vated with CD40L and IL-21 as described (101) and Fc-hFASL (P.S.’s 
laboratory) or flag-tagged FASL (soluble) (Enzo). Working concen- 
trations of poly-caspase inhibitor Q-VD, caspase-3 inhibitor Z- 
DEVD-FMK, and caspase-8 inhibitor Z-IETD-FMK (all R&D 
Systems) were determined by analyzing FASL-induced apoptosis in 
overnight CD40L-activated B cells in the presence of serial dilutions 
of caspase inhibitors. Inhibitors were added at concentrations (1 to 
25 μM) indicated in figure legends. Apoptotic cells were magneti- 
cally depleted using the EasySep Dead Cell Removal (Annexin V) 
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Kit (STEMCELL Technologies) according to the manufacturer’s in- 
structions, or apoptotic active caspase-3+ cells were excluded by 
fluorescence-activated cell sorting (see the “Apoptotic cell exclusion 
and sorting of live cells” section). LCLs were maintained in IMDM 
supplemented with 10% FCS, penicillin, and streptomycin. 

Cell proliferation assay 
The cell proliferation assay was performed using the CellTrace Vio- 
let Cell Proliferation Kit (Thermo Fisher Scientific) according to the 
manufacturers’ instructions. Proliferation was monitored by flow 
cytometry, and the proliferation index (102) was calculated. 

CRISPR-Cas9 in primary human B cells 
CRISPR-Cas9 deletion was carried out using the Neon Transfection 
System (Invitrogen) to deliver Cas9 RNPs into freshly isolated hu- 
man naïve B cells according to the genome editing method by Inte- 
grated DNA Technologies (IDT). CRISPR RNAs (crRNAs) targeting 
exon 1 of human caspase-8 (CASP8) were designed using the 
CRISPOR (http://crispor.tefor.net/) (103) and the IDT crRNA de- 
sign tools (https://eu.idtdna.com/) and purchased at IDT. The se- 
quences of the used CASP8 crRNAs with AGG protospacer adjacent 
motifs are as follows: GCCTGGACTACATTCCGCAA and GAT- 
GTTATTCCAGAGACTCC. crRNA and tracer RNAs (tracrRNA) at 
200 μM were mixed at equimolar concentrations with IDTE buffer 
(10 mM tris, 0.1 mM EDTA) to a concentration of 44 μM and hy- 
bridized at 95°C for 5 min. Next, the crRNA:tracrRNA duplex was 
cooled slowly to room temperature (RT), mixed with Cas9 enzyme 
(36 μM), and incubated for 20 min at RT to form the RNP complex. 
Naïve B cells were washed with phosphate-buffered saline (PBS), re- 
suspended in electroporation buffer T (Thermo Fisher Scientific), 
and added to the RNP complex. Electroporation enhancer (10.8 μM; all 
IDT) was added, and cells were electroporated with the Neon Trans- 
fection System 10 μL Kit (Thermo Fisher Scientific) at 2350 V, 20-ms 
width, and 1 pulse. Cells were then rested in IMDM without antibi- 
otics and rested for 15 min. Thereafter, cells were cultivated in en- 
riched IMDM without antibiotics with B cell activating factor 
(BAFF) (2 ng/ml, Adipogen Life Sciences) for 2 days. 

Flow cytometry 
Single-cell suspensions were stained for 20 min at RT (CXCR3, 
CXCR4, CXCR5, CCR7, CD127, TCRγδ) or for 15 min at 4°C with 
corresponding antibodies. In SLOs, B cell subsets were character- 
ized as follows (fig. S1B): CD27++CD38++ ASCs. Among non- 
ASCs, IgD+CD38low naïve B cells, IgD−CD38low (memory-like) cells, 
CD38+IgD+ pre-GC, and CD38+IgD− GC B cells (16, 104). Then, 
nonredundant secondary B cell subsets were identified as gated in 
figs. S1 (B to D) and S3A (16, 33, 47, 104). Identity of primary and 
secondary populations was reviewed by backgating using CD19, 
CD20, CD38, IgD, IgM, CD10, CD24, CD27, CD95, CXCR3, and 
CXCR5. In in vitro experiments with peripheral B cells, naïve cells 
were defined as CD27− and antigen-experienced B cells as CD27+ 

(fig. S5A). Intracellular staining was performed using the IntraPrep 
Kit (Beckman Coulter) according to the manufacturer’s instruc- 
tions. To study phospho-proteins, samples were fixed with Cytofix 
Fixation Buffer (BD Biosciences) or FoxP3 Transcription Factor 
Staining Buffer Set (Thermo Fisher Scientific). After surface stain- 
ing, cells were either permeabilized with Phosflow Perm Buffer 
III (BD Biosciences) or washed in FoxP3 Permeabilization Buffer 
(Thermo Fisher Scientific), and phospho-proteins were stained for 

30 min at RT. When using unconjugated or biotinylated primary 
antibodies, cells were stained with donkey anti-rabbit IgG–phycoerythrin 
(PE) antibody (Jackson ImmunoResearch) or streptavidin-BV421 or 
streptavidin-allophycocyanin (APC) in a subsequent staining step for 
15 min at RT. Acquisition was performed on BD FACSCanto II (BD 
Biosciences) or Cytek Aurora (Cytek Biosciences) and analyzed with 
FlowJo software (FlowJo, BD Biosciences). For a complete list of an- 
tibodies, refer to table S10. 

Mass cytometry 
Isotope-tagged mass cytometry antibodies were purchased as con- 
jugates (Fluidigm) or conjugated in-house using the Maxpar Anti- 
body Labeling Kit (Fluidigm) according to the manufacturer’s 
instructions. After conjugation, Antibody Stabilizer PBS (Candor 
Bioscience GmbH) was added in a 1:2 ratio. Optimal concentration 
for each antibody was determined by antibody titration. All purified 
antibodies used are listed in tables S3 to S5. For in vitro experiments, 
cells were fixed with Maxpar Fix I Buffer (Fluidigm), washed, and 

barcoded (0.5 × 106 cells) with barcoding antibodies (table S3) for 
30 min at RT. For analyses of ex vivo specimens, sample sets (four to 
six samples per experiment) were assembled with the same ratio of 
patients versus controls in each barcoded set. Twenty percent of 
samples were measured twice to ensure consistency. Barcoded cells 
were washed in Maxpar Cell Staining Buffer (Fluidigm) and pooled. 
Surface antibody mixture (table S4) was added and incubated for 
30 min at RT. Cells were washed and permeabilized in 80% ice-cold 
methanol for 30 min on ice, then stained with intracellular antibody 
mixtures (table S5) for 30 min at RT, resuspended in Maxpar Fix and 
Perm Buffer (Fluidigm) with iridium (Ir) intercalator (Fluidigm), 
and stained overnight at 4°C. For SLOs, specimens were fixed and 
permeabilized for 30 min at RT using the FoxP3 Transcription Fac- 
tor Staining Buffer Set (Thermo Fisher Scientific). For acquisition, 
cells were washed twice in Maxpar Cell Staining Buffer and once in 
Maxpar deionized water (Fluidigm) before dilution in 20% EQ Four 
Element Calibration Beads (Fluidigm). The sample was then filtered 
through a 35-μm mesh (BD Biosciences) and acquired with a Cy- 
TOF2 instrument (Fluidigm). Data were gated on Ir-positive nucle- 
ated cells, debarcoded, and exported as FCS files. 

 

Apoptotic cell exclusion and sorting of live cells 
Dead cell exclusion was performed by 4′,6-diamidino-2-phenylindole 
(DAPI; Thermo Fisher Scientific) or by Zombie NIR/Aqua Fixable 
Viability Kit (both BioLegend) staining. Cells with features of early 
apoptosis were identified by flow cytometry using forward scatter 
(FSC) and side scatter (SSC) and a combination of CD19 expression 
and cell size or CD19 expression and activation of caspase-3 or an- 
nexin V surface expression (Fig. 4, C and E, and fig. S6G). Early 
apoptotic cells were excluded by CyTOF as shown in fig. S6 (B to D). 
For cell sorting, cells were incubated with 10 μM of the fluorogenic 
caspase-3 substrate PhiPhiLux G1D2 (OncoImmunin Inc.) supple- 
mented with 10% FCS for 30 min at 37°C. Cells were washed, and 
PhiPhiLux G1D2–negative (i.e., negative for active caspase-3) cells 
were sorted using a FACSMelody cell sorter (BD Biosciences). 

Proteomic analysis 

Naïve B cells (1.0 × 107 per condition) were washed with PBS, and 
subcellular fractions were extracted as described earlier (61). For 
liquid chromatography (LC)–MS/MS analysis, samples were pro- 
cessed as previously described (70). Details are provided in 
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Supplementary Methods. Data were analyzed using the MaxQuant 
and Perseus suite (v.1.6.0.1) packages versus the Homo sapiens neXt- 
Prot proteome database. Averaged intensity-based absolute quanti- 
fication (iBAQ) intensities were calculated per condition for all 
detected proteins. Principal components analysis was performed on 
the log2 iBAQ intensities. Log2-fold change between the iBAQ val- 
ues in CD40L + FASL– versus CD40L-treated cells in the cytoplas- 
mic fraction was calculated, and thresholds of −5 and +5 were 
determined empirically on the basis of the log2-fold distribution 
(Fig. 7A). Protein-protein interactions of the main independent 
components identified by MS were obtained using the BioGRID in- 
teractome database (67) and merged in Cytoscape. 

Immunoblotting and immunoprecipitation 
Human naïve B cells were lysed for 10 min on ice in lysis buffer 
(50 mM tris-HCl, 137.5 mM NaCl, 0.5 mM EDTA, 10% glycerol, 1% 
IGEPAL, 1 mM Na3VO4) containing phosphatase and protease in- 
hibitors (Sigma-Aldrich). For immunoprecipitations, 2.0 × 107 

LCLs were incubated with Fc-hFASL (200 ng/ml) and solubilized in 
lysis buffer. Protein lysates were incubated with protein G Sepharose 
beads (GE Healthcare) and processed as described earlier (105). Im- 
munoprecipitates and whole protein lysates were separated by 12 or 
14% SDS–polyacrylamide gel electrophoresis before electrophoretic 
transfer onto nitrocellulose membranes (GE Healthcare). After 
Ponceau S staining, membranes were probed with antibodies listed 
in the “Reagents, software, and algorithms” section and then incu- 
bated with horseradish peroxidase–conjugated anti-rabbit (Jackson 
ImmunoResearch) and anti-mouse (Sigma-Aldrich) antibodies, re- 
spectively, and developed using SuperSignal West Pico PLUS Che- 
miluminescent or Pierce ECL Western Blotting Substrate (both 
Thermo Fisher Scientific). Densitometric analysis was performed 
using the Fusion-Capt software (Vilber Lourmat). After rolling ball 
subtraction, intensities were normalized to the ß-actin or Ponceau S 
signal of corresponding samples. Relative expression was calculated 
compared with CD40L-activated control cells. 

Immunofluorescence 
Naïve B cells were stimulated in Lab-Tek II Chamber Slides (Ther- 
mo Fisher Scientific) coated with poly-d-lysine (Sigma-Aldrich) or 
U96 well plates. Cells were fixed with 4% paraformaldehyde for 
10 min at RT and permeabilized with 0.5% Triton X-100 for 10 min 
at RT. Cells were then incubated with Image-iT Fx Signal Enhancer 
(Thermo Fisher Scientific) for 30 min at RT, followed by a blocking 
step with 4% donkey serum (Abcam) for 1 hour at RT. Next, cells 
were incubated with rabbit anti-PTEN overnight at 4°C in 1% don- 
key serum. Then, cells were incubated with donkey anti-rabbit A647 
for 45 min or 2 hours at RT, and nuclei were counterstained with 
DAPI for 10 min at RT. Lab-Tek II chamber slides were mounted 
with ProLong Diamond Antifade Mountant (Thermo Fisher Scien- 
tific). Cells from U96 well plates were transferred in PBS to Cellvis 
96-well glass-bottom plates (Cellvis, P96-1.5H-N). Images were ac- 
quired by confocal laser scanning microscopy using a 63× objective 
(Leica TCS SP2 AOBS) or 40× objective (Zeiss LSM710). Fluores- 
cence intensity was determined from at least five images per donor, 
using the ImageJ software package Fiji. 

RNA sequencing 
RNA was extracted from naïve B cells using the RNeasy Mini Kit 
(Qiagen) according to the manufacturer’s instructions. On-column 

deoxyribonuclease I treatment (Qiagen) was performed during 
RNA extraction according to the manufacturer’s instructions. Qual- 
ity of RNA specimens was checked using the Fragment Analyzer 
(Advanced Analytical Technologies) applying Standard or High 
Sensitivity RNA Analysis Kits according to the manufacturer’s in- 
structions. Barcoded stranded mRNA-seq libraries were prepared 
from high-quality total RNA samples (~100 ng per sample) using 
the Illumina TruSeq RNA Sample Preparation v2 Kit (Illumina) 
implemented on the liquid handling robot Beckman FXP2. Ob- 
tained libraries that passed the QC step were subjected to NextSeq 
500 (Illumina) unidirectional sequencing. 

Quantification and statistical analysis 
To determine PTEN localization using the ImageJ software package 
Fiji, nuclear and cytoplasmic regions were detected in the focal 
plane. After PTEN signal intensity was calculated in both regions, 
PTEN localization was reported as a ratio of PTEN signal nucleus 
versus cytoplasm. Cytoscape equipped with the Biogrid plugin was 
used to predict protein-protein interactions. Statistical analysis was 
performed with GraphPad Prism (GraphPad Software) and R. Statistical 
details are listed in figure legends and supplementary figure legends. 
Data are represented as mean ± SEM or ± SD or median ± inter- 
quartile range (IQR) as indicated. Unpaired or paired two-tailed 
Student’s t test and unpaired Mann-Whitney test were used for dif- 
ferences between two groups. A one-sample t test (versus a value of 0) 
with Bonferroni’s post hoc correction was used in Fig. 8D. One-way 
analysis of variance (ANOVA) followed by Dunnett’s multiple com- 
parison test was used for differences between more than two groups 
and repeated-measures two-way ANOVA with Šidák's multiple 
comparisons test when responses were affected by two factors. Non- 
linear fitting with least squares regression was calculated when indi- 
cated. n represents the number of biological replicates. Statistics 
were calculated when n ≥ 3. P values of less than 0.05 were consid- 
ered significant (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001) and are re- 
ported in figures and supplementary figures. 

Reagents, software, and algorithms 
Refer to the respective tables for a complete list of antibodies (table S10); 
chemicals, reagents, and commercial assays (table S11); oligonucle- 
otides (table S12); and software and algorithms (table S13) used in 
this study. 

Supplementary Materials 
This PDF file includes: 

methods 

Figs. S1 to S9 

tables S1 to S5 

legends for tables S6 to S9 

tables S10 to S13 

 
Other Supplementary Material for this manuscript includes the following: 

Data file S1 

tables S6 to S9 
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RES  E A RC H  A RT I C L E   

Abstract 

Our study presents a novel germline c.1715G>T (p.G572V) mutation in the gene 

encoding Toll-like receptor 8 (TLR8) causing an autoimmune and autoinflammatory 

disorder in a family with monozygotic male twins, who suffer from severe autoim- 

mune hemolytic anemia worsening with infections, and autoinflammation presenting 

as fevers, enteritis, arthritis, and CNS vasculitis. The pathogenicity of the mutation 

was confirmed by in vitro assays on transfected cell lines and primary cells. The p. 

G572V mutation causes impaired stability of the TLR8 protein, cross-reactivity to 

TLR7 ligands and reduced ability of TLR8 to attenuate TLR7 signaling. This imbalance 

toward TLR7-dependent signaling leads to increased pro-inflammatory responses, 

such as nuclear factor-κB (NF-κB) activation and production of pro-inflammatory 

cytokines IL-1β, IL-6, and TNFα. This unique TLR8 mutation with partial TLR8 protein 

loss and hyperinflammatory phenotype mediated by TLR7 ligands represents a novel 
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1 | INTRODUCTION  

 

The innate immune system serves as the first line of defense against 

infection. It employs pattern recognition receptors (PRRs) that recog- 

nize evolutionarily conserved molecular structures of microorganisms. 

Toll-like receptors (TLRs), a family of PRRs, are a group of single- 

spanning membrane proteins found on the surface or in endosomes 

of immune cells. Defects in TLR signaling pathways described in 

IRAK4 or MyD88 deficiencies are associated with bacterial suscepti- 

bility and impaired inflammatory responses to infection.
1

 Conversely, 

gain-of-function in TLR8 leads to hyperresponsiveness to TLR8 

ligands, hyperproduction of inflammatory cytokines, neutropenia and 

bone marrow failure.
2

 The phylogenetically related endosomal TLR8 

and TLR7 both detect viral and bacterial single-stranded (ss)RNA.
3,4

 

TLR8 is predominantly expressed in monocytes/macrophages, mye- 

loid dendritic cells (mDCs), and granulocytes, whereas TLR7 in plas- 

macytoid dendritic cells (pDCs), B-cells, and monocytes/ 

macrophages.
5,6

 The stimulation of TLRs generally activates NF-κB, 

mitogen-activated protein-kinases (MAPK), and interferon (IFN) 

response factors, which subsequently trigger the transcription of 

inflammatory cytokines, chemokines and costimulatory molecules.
3

 

The signaling pathways downstream of TLR8 and TLR7 vary in differ- 

ent cell types. In monocytes, TLR8 activation promotes a strong NF- 

κB activation, type I IFN response and the production of Th1 polariz- 

ing cytokines, whereas TLR7 preferentially activates MAPK signaling 

and the production of Th17 polarizing cytokines. Interestingly, TLR7 

inhibits TLR8-mediated type I IFN response.
7

 Consistently, during the 

maturation of DCs, TLR8 and TLR7 negatively regulate each other.
8

 

A direct or indirect intraendosomal physical interaction of TLR8 and 

TLR7 is suggested to play a role in balancing these inflammatory out- 

comes.
9

 Interestingly, because of their high homology, mutations 

near the ligand-binding site 1 of TLR8 can increase selectivity to 

TLR7-specific ligands.
10

 

In addition to external pathogens, TLRs respond to endoge- 

nous ligands, such as the self-RNA within anti-ribonucleoprotein 

autoantibodies that drive systemic lupus erythematosus (SLE)
11

 or 

rheumatoid arthritis
12

 in mice. Interestingly, overexpression of 

human TLR8
13

 or murine TLR7
14,15

 is sufficient to drive autoim- 

mune inflammation in mice; and murine TLR8 deficiency also 

leads to autoimmunity and autoinflammation by increasing TLR7- 

dependent responses.
16,17

 Here, we present the first report of 

human partial TLR8 protein deficiency combined with TLR8/TLR7 

dysregulation underlying severe autoimmune and inflammatory 

phenotypes. 

 

2 | METHODS  

 

2.1 | Whole exome sequencing 

 

Sequencing libraries were prepared from DNA isolated from peripheral 

blood mononuclear cells (PBMCs) of one of the patients using the Sur- 

eSelect Human All Exon V6+UTRs kit (Agilent Technologies, Santa 

Clara, CA) and sequenced on the NextSeq 500 Instrument (Illumina, San 

Diego, CA) according to the manufacturer's instructions. Resulting reads 

were aligned to the hg19 human reference genome with BWA.
18

 Vari- 

ant calling was performed with VarScan2
19

 and samtools,
20

 and variant 

annotation and filtering was done in Ingenuity
®

 Variant Analysis 

(QIAGEN, Hilden, Germany) with a custom panel of potential candidate 

genes. No other potentially pathogenic mutations were identified from 

the Whole Exome Sequencing data in neither TLR8, TLR7 nor any other 

known primary immunodeficiency (PID)-related genes.
21

 No pathogenic 

variants in the TLR8 gene have been reported in the ClinVar database at 

the time of this study. Other patients with TLR8 gene mutations were 

identified via the GeneMatcher database,
22

 and a collaboration that led 

to the publication of the gain-of-function cases by Aluri et al.
2

 was 

established. The gnomAD database reports eight individuals who are 

hemizygous for a putative loss-of-function variant without confirmation 

of these variant calls or information on their phenotypes. 

 

 

2.2 | Sanger sequencing 

 

DNA was isolated from PBMCs of both siblings and their parents and 

used for PCR amplification of the p.G572 surrounding area of the TLR8 

gene using the forward 5
0
-GCAATGCTCAAGTGTTAAGTGGA and the 

reverse 5
0
-TACCAGGGACTTGCTTTCCAG primers. The expression of 

both alleles in mother's cells was confirmed using the cDNA obtained 

from sorted monocytes as described below with the forward 5
0 
-GCTC 

TTACTGAATTGTCCGACTTG and the reverse 5
0 
-GCAACTCGAGACGA 

GGAAACT primers. The amplicons were sequenced using BigDye 

Terminator 3.1 Cycle Sequencing Kit (Thermo Fischer Scientific, Wal- 

tham, CA) on 3730 DNA Analyzer (Thermo Fischer Scientific) according 

to manufacturer's instructions. 

 

 

2.3 | Cell sorting 

 

Monocytes were isolated on an FACS Aria III sorter (BD Biosciences 

[BD], San Jose, CA) based on Forward Scatter (FSC), Side Scatter 
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FIG U R E 1 Legend on next page. 



 

 
 

(SSC), CD45-Pacific Blue, and CD14-APC (Exbio, Vestec, Czech Republic) 

from the peripheral blood of both patients, their mother and healthy con- 

trols. T-cell subpopulations were sorted according to FSC, SSC and 

TCRαβ+CD4+CD127+CD25-(non-Treg) (or CD8+) CCR7+CD45RO- 

(naive T-cells), TCRαβ+CD4+CD127+CD25-(non-Treg) (or CD8+) 

CCR7+CD45RO+ (central memory T-cells), TCRαβ+CD4+CD127+- 

CD25-(non-Treg) (or CD8+) CCR7-CD45RO+ (effector memory T-cells), 

TCRαβ+CD4+CD127+CD25-(non-Treg)  (or  CD8+)  CCR7-CD45RO- 

(terminally differentiated T-cells), TCRαβ+CD4+CD127dim/-CD25+ 

(Treg),  TCRαβ+CD8+CD45RO-CCR7+CD127+CD95+  (stem  cell 

memory T-cells), and TCRαβ+CD4+CD127+CD25-(non-Treg)CD45RO 

+CXCR5+ (follicular helper T-cells) using TCRαβ-APC, CCR7-PE-Cy7, 

and CD8-APC-Alexa Fluor 750 (Beckman Coulter [BC], Miami, FL), 

CD4-Alexa Fluor 700 and CD45RO-FITC (Exbio), CD127-PE-CF594, 

CD25-PE, and CXCR5-Brilliant Violet (BV) 421 (BD), and PD-1-BV605, 

CD95-BV510, and HLA-DR-PerCP-Cy5.5 (Biolegend, San Diego, CA). 

 

 

2.4 | T-cell receptor β repertoire sequencing 

 

DNA was isolated from the above listed T-cell subpopulations with 

the QIAamp DNA Micro Kit (Qiagen) and used for the preparation 

of sequencing libraries according to the EuroClonality-NGS working 

group protocol for the complete TRB-VJ gene rearrangements.
23

 

Final libraries were sequenced on the MiSeq instrument (Illumina) 

according to the manufacturer's instructions, and the data were 

analyzed using the ARResT/Interrogate application.
24

 Only 

clonotypes with productive TRB-VJ rearrangements were selected 

and filtered based on their frequency in all reads obtained from 

each sample. 

 

 

2.5 | TLR8 and TLR7 mRNA quantification 

 

Total RNA was isolated from specific cell populations sorted from 

PBMCs using the FACS Aria III (BD) using the RNeasy Mini Kit 

(Qiagen) and transcribed to cDNA by an iScript kit (Bio-Rad, Hercules, 

CA). Gene expression levels of TLR7 and TLR8 were determined using 

TaqMan Gene Expression Assays for TLR7 (Hs00152971_m1), TLR8 

(Hs00152972_m1), and the GAPDH (Hs99999905_m1) gene that was 

used for normalization; the qPCR reactions were performed on the 

Applied Biosystems 7500 Fast Real-Time PCR System (all Thermo 

Fisher Scientific). The gene expression was normalized to GAPDH con- 

trol gene expression in three healthy donors using the delta–delta Ct 

method. 

 

 

2.6 | Cell lines 

 

HEK293 and HEK293T cell lines were purchased from American Type 

Culture Collection (Manassas, VA) and cultured in Dulbecco's Modi- 

fied Eagle Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and antibiotics/antimycotics (all from Thermo Fisher 

Scientific). 

 

 

2.7 | Plasmids 

 

Plasmids encoding the mutant TRL8 (TLR8
G572V

 or TLR8
D543A

) were 

prepared from the TLR8
WT

 construct (pUNO1-hTLR08b, NM_138636, 

InvivoGen, San Diego, CA) by site-directed mutagenesis (QuikChange™II 

XL Site-Directed Mutagenesis kit, Agilent Technologies, Santa Clara, CA) 

using   the   primer   pairs   5
0
-TAAATTCTAGATGATGTGTTACGACTG 

CTATTCTGAAATAGTGTGAA-3
0      

and   5
0
-TTCACACTATTTCAGAATA 

GCAGTCGTAACACATCATCTAGAATTTA-3
0  

(for TLR8
G572V

) or 5
0 
-CAC 

TAGCATTATCAAAGGCTAGTCTATTGTTTGTCAAATCC-3
0   

and  5
0 
-GG 

ATTTGACAAACAATAGACTAGCCTTTGATAATGCTAGTGCTCTTA- 

3
0 
(for TLR8

D543A

). Successful mutagenesis was confirmed by Sanger 

sequencing. TLR8
D543A

 served as a negative control.
2

 

 

 

2.8 | Cycloheximide chase assay 

 

HEK293 and HEK293T cells were seeded in 6-well plates and trans- 

fected 24 h later with 4 μg of TLR8
WT

 or TLR8
G572V

 plasmid using 

Lipofectamine 3000 (Thermo Fisher Scientific) according to the manu- 

facturer's protocol. After 48 h, proteosynthesis was inhibited using 

50 μg/mL cycloheximide (Sigma Aldrich, Merck). TLR8 protein level 

 

 

 

 
 

FIG U R E 1 TLR8 c.1715G>T mutation and partial TLR8 protein deficiency. A pedigree of the family and Sanger sequencing of the DNA (A). 

Large frontoparietal hemorrhagic lesions (red arrows) with smaller postischemic lesions in the brain stem and corpus callosum (smaller arrows) (B). 

TLR8 dimer from side view (PDB 3W3G16, G572 in red, top), structure of the liganded TLR8 dimer (middle) and detail of the interaction between 

G572 (in red) and the ssRNA40 degradation products (bottom)—uridine in ligand binding site 1 and UG dinucleotide in ligand binding site 2, PDB 

4R08317 (C).
26

 Linear diagram of TLR8 containing an N-terminal domain (LRRNT), a leucine-rich repeat (LRR) ligand recognition domain 

connected with the Z-loop between LRR 14 and 15, a C-terminal domain (LRRCT), a transmembrane domain anchoring TLR8 to the endosomal 

membrane and a Toll/interleukin-1 receptor (TIR) domain for signal transduction. Published mutations in LRR14, LRR15 and LRR18 are depicted 

in blue,
2

 and the novel G572V mutation in LRR18 is in red (D). NF-κB transcriptional activity of TLR8
WT

- and TLR8
G572V

-containing HEK cells 

upon TL8-506/CL075 stimulation (E). Basal TLR8 protein levels (F). Sanger sequencing of the monocyte cDNA (G). The relative expression of 

TLR8 mRNA (H). Enhanced degradation of mutant TLR8
G572V

 protein compared to TLR8
WT

 (I). Data acquired in two (H) and three (E, F, I) 

independent experiments, the results are expressed as the mean ± SEM. Histograms show representative data, MFI in numbers. *p < .05, 

**p < .005, ****p < .0001 (unpaired t-test). Protein structures visualized using PyMOL 2.3.0 [Color figure can be viewed at wileyonlinelibrary.com] 
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TA BL E 1 Genetics and clinical characteristics 

 

Patient Patient A Patient B 

Sex Male Male 

Current age (years) 11 11 

Genetic variant 
  

Chromosome X X 

Position (hg19) 12938874 12938874 

Gene symbol TLR8 TLR8 

Transcript change c.1715G>T c.1715G>T 

Transcript NM_138636 NM_138636 

Protein Change p.G572V p.G572V 

Inheritance Inherited from mother Inherited from mother 

CADD 25 25 

PolyPhen2 0.999 0.999 

SIFT 0 0 

PhyloP 6.07 6.07 

gnomAD AF Not present Not present 

Clinical manifestation 
  

Age of onset 1.5 years 7 months 

Primary manifestation Noninfectious cervical lymphadenopathy 

with xathogranuloma, acute AIHA 

(6 years) 

Transient red cell aplasia acute AIHA 

(2.5 years) 

Chronic AIHA Yes (positive for anti-red blood cell 

antibodies, C3d fragments and cold 

agglutinins) 

Yes (positive for anti-red blood cell 

antibodies, C3d fragments and cold 

agglutinins) 

Coombs testing Positive (high) Positive (high) 

Thrombocytopenia Transient during a flare of AIHA No 

Platelet antibody No No 

Neutropenia No No 

Episodes of pancytopenia No No 

Lymphadenopathy Yes Yes 

Hepatosplenomegaly Yes Yes 

GI disease Recurrent noninfectious enteritis IBD-like disease, biliary obstruction during 

hemolysis 

Lung disease No No 

Mouth sores Mild episodes Mild episodes 

Tracheal/larynx sxs URTIs URTIs 

Hypogammaglobulinemia Often lower IgG (correlating with 

CRP—infections) 

Infections HHV6, varicella and recurrent shingles, 

URTIs, Salmonella enteritis, Clostridium 

enterocolitis 

Often lower IgG (correlating with CRP, 

SAA—infections) 

URTIs, Salmonella enteritis, shingles 

Skin and joints Erythema nodosum Erythema nodosum, polyarthritis 

CNS No symptoms or MRI findings Multifocal ischemia characterized as SV- 

cPACNS with hemorrhagic 

transformation of ischemic stroke 

(11 years) 

Therapy (duration) 

Corticosteroids Since 6 years continuous PRD 0.2– 

2.5 mg/kg/day + methylprednisolone 

Other immunosuppression Azathioprine (3–5 years) 

IVIG HD-IVIG 2x (7 years) + post rituximab substitution 

 

 

Since 6 years continuous PRD 0.3– 

2.5 mg/kg/day + methylprednisolone 
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TA BL E 1 (Continued) 

 

Patient Patient A Patient B 

Rituximab 

mTOR inhibition 

NSAIDs 

anti-IL-1 

Methotrexate 

Hydroxychloroquine 

Supportive therapy 

 

HSCT 

5 x 375 mg/m
2

 (8 years) 

Sirolimus—target levels of 10 μg/L (from 8 years) 

– 

– 

– 

200 mg daily (from 12 years) 

PPI, vit. D, anti-hypertensive therapy, 

antihistamines 

– 

 

 

 

Ibuprofen 1–2x daily (from 10 years) 

Anakinra 100 mg daily (from 9 years) 

15 mg s.c. weekly (from 10 years) 

– 

PPI, TMP/SMX, zolendronate, vit. D, 

calcium, anti-hypertensive therapy 

MUD-HSCT (11 years) 

T-cell clonality (highly abundant clones) 

Effector memory CD4+ CSVDTGTVYNEQFF (32.71%) 

Effector memory CD8+ CASRDGKEVELFF (6.25%) CASSGLNTEAFF (31.85%); 

CSARDRDTEAFF (6.07%) 
 

Note: Characterization of the newly identified variant with selected annotation by VEP and an overview of the clinical course of the disease in both twins, 

including the therapies, with their respective start and duration. Expanded T-cell clones exceeding 5% of all sequenced reads in the selected T-cell 

subpopulations displayed with their AA CDR3 sequence and their relative abundance. 

 

was detected upon 6, 12, 18, and 24 h inhibition w/wo cycloheximide 

using flow cytometry. 

 

 

2.9 | Activity of the TLR8
G572V

 variant 

 

Human HEK-Blue Null1 cells (InvivoGen) were cultured in DMEM 

supplemented with 10% FBS, normocin (50 μg/mL), and zeocin 

(100 μg/mL) (all from InvivoGen). NF-κB transcriptional activity was 

tested by the QUANTI-BLUE assay (InvivoGen). The HEK-Blue Null1 

cell line was transfected with either TLR8
WT

 or TLR8
G572V

 (or 

TLR8
D543A

) plasmids by transient transfection (Lipofectamine; Life 

Technologies, Thermo Fisher Scientific). Forty-eight hours post-trans- 

fection, the cells were seeded in a 96-well plate at a density of 30 000 

cells/well and stimulated with 500 ng/mL or 1 μg/mL CL307, 100 ng/ 

mL or 1 μg/mL CL075; 10, 25, 50, 100, or 500 ng/mL TL8-506; 5, 10, 

or 25 μg/mL imiquimod, 0.1 or 0.5 μg/mL gardiquimod (all from 

InvivoGen), and 100, 200, or 500 nM GS-9620 (Vesatolimod, Med- 

ChemExpress, Suite Q, Monmouth Junction, NJ) for 24 h. Then, 50 μL 

of the supernatant from each well was transferred to a 96-well plate 

with 150 μL of QUANTI-Blue solution (InvivoGen). The plate was incu- 

bated at 37°C for 1 h, and the secreted embryonic alkaline phospha- 

tase (SEAP) levels were determined by reading the plate with a 

spectrophotometer at 650 nm. Untransfected HEK-Blue Null1 cells 

served as a negative control for TLR8 activation, as these cells are 

nonresponsive to TLR8 ligands. Fold-change was calculated by nor- 

malizing individual data to the unstimulated O.D. of the untransfected 

well. Similarly, Human HEK-Blue TLR7 cells (InvivoGen) were cultured 

in DMEM supplemented with 10% FBS, normocin (50 μg/mL), 

blasticidin (10 μg/mL), and zeocin (100 μg/mL) (all from InvivoGen). 

NF-κB transcriptional activity was tested using the QUANTI-BLUE 

assay (InvivoGen). The HEK-Blue TLR7 cell line was transfected by 

either TLR8
WT

 or TLR8
G572V

 plasmids, seeded in a 96-well plate 48 h 

post-transfection and stimulated with the same ligands and doses as 

HEK-Blue Null1. The plate was incubated at 37°C for 1 h, and SEAP 

levels were determined by reading the plate with a spectrophotometer at 

650 nm. 

 

 

2.10 | Western blotting 

 

Cells were lysed for 30 min on ice in lysis buffer (1% lauryl maltoside 

(Calbiochem, Merck), 20 mM Tris (pH 7.5), 100 mM NaCl, 5 mM 

iodoacetamide, 50 mM NaF, 1 mM Na3VO4, and 2 mM EDTA (all from 

Sigma-Aldrich, Merck) containing 100x diluted Protease Inhibitor 

Cocktail Set III (Calbiochem, Merck). The protein concentration was 

adjusted to a final concentration of 1 mg/mL using a bicinchoninic acid 

assay kit according to the manufacturer's instructions (Thermo Fisher 

Scientific). Proteins were separated on SDS-PAGE gels and transferred 

to nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were 

blocked at 8°C overnight in phosphate buffered saline (PBS) containing 

7.5% low fat bovine milk and 0.05% Tween 20. Primary antibodies 

against TLR8 (clone D3Z6J, Cell Signaling Technologies) and β-actin 

(clone AC-74, Sigma-Aldrich, Merck) were used with peroxidase- 

conjugated secondary antibodies (Jackson Immunoresearch, West 

Grove, PA) and SuperSignal West Pico/Femto Chemiluminescent Sub- 

strates (Thermo Fisher Scientific). Signals were detected using a MINI 

HD6 scanner (UVITEC, Cambridge, UK) and analyzed with ImageJ soft- 

ware. TLR8 expression levels were normalized to those of β-actin. 

 

 

2.11 | Immunophenotyping 

 

Immunophenotyping of lymphocyte subpopulations was performed 

using the following antibody-fluorochrome conjugates: CD4-BV510, 

IgM-BV510, CD45RA-BV510, CD27-BV421, CD62L-BV421, CD8-FITC, 
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Central memory CD4+ (% CD4+ T-cells) 

(CD3+CD4+CD45RA-CD27+) 

31 31 0.35–100 

Cell population Patient A Patient B Age-matched reference values 

% HLA-DR/CD3+CD8+ T-cells 8 6 N/A 

CD21low (% B-cells) (CD19+CD21lowCD38low) 3.6 3.6 2.3–10 

mDC (% DC) 69 61.6 8.26–60 

 
 

TA BL E 2 Immunological findings 

Leukocytes (cells/μL) 14 500 20 400 4500–14 500 

Lymphocytes (cells/μL) 3720 6793 1300–7500 

Neutrophils (cells/μL) 9490 11 444 1900–9700 

Monocytes (cells/μL) 980 1958 0–1300 

Eosinophils (cells/μL) 10 102 0–1000 

Erythrocytes (cells/μL) 2 660 000 3 600 000 4 000 000–5 200 000 

CD3+ T-cells (% lymphocytes; cells/μL) 84; 3125 86; 5842 60–76; 1200–2600 

CD3+ CD4+ T-cells (% lymphocytes; cells/μL) 37; 1376 32; 2174 31–47; 650–1500 

CD3+ CD8+ T-cells (% lymphocytes; cells/μL) 41; 1525 46; 3125 18–35; 370–1100 

NK cells (% lymphocytes; cells/μL) 

(CD3-CD16+56+) 

Regulatory T-cells (% CD3+ T-cells) 

(CD4+CD25+CD127dim to -) 

Naïve CD4+ (% CD4+ T-cells) 

(CD3+CD4+CD45RA+CD27+) 

0.8; 29 1.2; 82 4–17; 100–480 

 

2.29 2.35 2.29–6.49 

 

67 66 46–99 

 

 

Effector memory CD4+ (% CD4+ T-cells) 

(CD3+CD4+CD45RA-CD27-) 

1.8 1.6 0.27–18 

Terminally diff. CD4 (% CD4+ T-cells) 0.2 0.1 0.0031–1.8 

CD3+CD4+CD45RA+CD27- 

Th1 (% CD3+4+ T-cells) (CXCR3+CCR6-) 

 

10.7 

 

16.4 

 

13.4–25.5 

Th2 (% CD3+4+ T-cells) 0.23 0.37 0.19–1.33 

(CXCR3-CCR6-CCR4+CRTH2+) 

 

Naïve CD8+ (% CD8+ T-cells) 

(CD3+CD8+CD45RA+CD27+) 

Central memory CD8+ (% CD8+ T-cells) 

(CD3+CD8+CD45RA-CD27+) 

Effector memory CD8+ (% CD8+ T-cells) 

(CD3+CD8+CD45RA-CD27-) 

Terminally diff. CD8+ (% CD8+ T-cells) 

(CD3+CD8+CD45RA+CD27-) 

80 83 16–100 

 

4.1 3.7 1–6 

 

3.4 2 5–100 

 

10 9.5 15–41 

% HLA-DR/CD3+CD4+ T-cells 3.4 3 N/A 

Double negative CD4-CD8-T-cells (% TCRα cells) 3.9 4.3 <3.5 

CD19+ B-cells (% lymphocytes; cells/μL) 9.6; 357 8.1; 550 13–27; 270–860 

Naïve (% B-cells) (CD19+CD27-IgD+) 75 61 47.3–77 

Transitionals (% B-cells) (CD19+CD27-CD24+ 

+CD38++) 

19 6.4 4.6–8.3 

Switched memory (% B-cells) (CD19+CD27+IgD-) 8.8 15 10.9–30.4 

Marginal zone-like (% B-cells) (CD19+CD27+IgD+) 11 19 5.2–20.4 

Plasmablasts (% B-cells) (CD19+CD27++CD38++) 0.1 1.1 0.6–5.3 

pDC (% leukocytes) 0.019 0.012 0.028–0.61 

 

mDC (% leukocytes) 0.16 0.11 0.057–0.34 

pDC (% DC) 8.18 6.63 9.59–58.8 

Th17 (% CD3+4+ T-cells) (CXCR3-CCR6+) 5.82 5.83 3.53–12 
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Cell population Patient A Patient B Age-matched reference values 

Autoantibodies 

ANA (IgG, IgM, IgA) 

ENA 

ANCA 

ds-DNA 

RF (IgG) (IU/mL) 

Mildly positive in IgG 

Negative 

Negative 

Negative 

31.1 

Negative 

Negative 

Negative 

Negative 

33.6 0–22 

 
 

TA BL E 2 (Continued) 

Immunoglobulins 

IgG (g/l) 7.68 8.27 7.05–11.9 

IgA (g/l) 2.6 2.84 0.79–1.37 

IgM (g/l) 5.3 3.75 0.47–1.73 

RF (IgA) (IU/mL) 6.8 4 0–22 

Anti-tropomyosin Positive in titer 1:320 Positive in titer 1:160 

ASCA IgG (U/mL) 15.13 17.93 0–10 

CIC (arb.units) 187 118 10–46 

Note: Peripheral blood analyses from the time of first admission to the hemato-oncologic department (8 years of age). Bold numbers—values below the 

reference limit; Italics numbers—values above the reference limit. 

 

IgD-FITC, CD5-PE, CD28-PerCP-Cy5.5, IgM-PerCP-Cy5.5, IgD-PerCP- 

Cy5.5, and HLA-DR-PerCP-Cy5.5 (Biolegend), CD38-FITC, CD16-PE, 

CD56-PE, CD4-PerCP-Cy5.5, TCRγδ-PE-Cy7, CD3-APC, CD21-APC, 

and CD45-APC-H7 (BD), CD19-PE-Cy7, CD24-APC Alexa750, and 

CD8-APC-Alexa750 (BC), CD45RO-FITC and CD31-PE (Exbio), and 

CCR7-PE (Miltenyi Biotech, Bergisch Gladbach, Germany). Th1, Th2 and 

Th17 cells were determined using CD3-Alexa Fluor 700 (Exbio), 

CD8-V500 and CD45RA-APC-H7 (BD), CD4-BV650, CCR7-APC, 

CXCR3-PE, CCR6-BV605, CRTH2-FITC, and CCR4-BV421 (BioLegend), 

and Tregs using CD3-APC-H7, CD25-PE, and CD127-PE-CF594 (BD), 

CD4-Alexa Fluor 700 and CD19-APC (Exbio), and CD14-PE-Cy7 (BC). 

The immunophenotype of the DCs was detected using CD45-Pacific 

Blue (Dako, Glostrup, Denmark), CD3-FITC, CD16-FITC, CD19-FITC, 

CD20-FITC, CD56-FITC, CD14-PE-Dy594, and CD11c-APC  (Exbio), 

HLA-DR-PE-Cy7 (BD), CD123-PE (Thermo Fisher Scientific), and sub- 

populations of monocytes with CD66c-FITC, CD13-PE, and CD33-PE- 

Cy7 (BC), HLA-DR-PerCP-Cy5.5 and CD11b-BV786 (Biolegend), 

CD45-APC-H7, IREM-2 (CD300e)-APC, CD15-V500 (BD), and CD16- 

Alexa Fluor 700 and CD14-Pacific Blue (Exbio). Data were collected 

with Canto II, Lyric, Aria II, or Aria III flow cytometers and analyzed 

with FlowJo software (BD). 

 

 

2.12 | Intracellular staining 

 

Whole blood samples or HEK293/T cells were fixed in 4% formalde- 

hyde at room temperature for 10 min, permeabilized in 0.1% Triton X- 

100 in a water bath (37°C) for 15 min and frozen to -20°C in 10% 

 

glycerol in FBS (all from Thermo Fisher Scientific). After thawing, the 

samples were washed in PBS. TLR8 expression was detected using 

TLR8-PE (clone S16018A, Biolegend) and TLR7 expression was 

detected using TLR7-PE antibody (clone 533 707, R&D Systems, Min- 

neapolis, MN) in lymphocytes, monocytes, or granulocytes (identified 

by FSC, SSC, CD14-APC-H7 (BD), and CD4-BV421 (Biolegend)) or in 

HEK293/T cells. PBMC from patients and HCs were isolated using 

a Ficoll-Paque gradient (GE Healthcare, Chicago, IL), resuspended in 

RPMI 1640 (Lonza, Basel, Switzerland) complemented with 10% 

FBS and antibiotics (Thermo Fisher Scientific) and stimulated using 

gardiquimod (0.5 μg/mL), imiquimod (10 μg/mL), TL8-506 (25 ng/ 

mL), or ssRNA40/LyoVec™ (5 μg/mL, all from InvivoGen). After 

5, 15, or 30 min in a water bath (37°C), the cells were fixed in 4% 

formaldehyde and permeabilized in 0.1% Triton X-100, and intracel- 

lular signaling was detected using anti-phospho-NF-κB p65 

(Ser536)-Alexa Fluor 647 or PE (93H1, Cell Signaling Technology, 

Danvers, MA, USA) in CD45+CD14+monocytes (CD45-APC-H7 

from BD and CD14-PB or PE from Exbio). The data were collected 

with an LSR II or Celesta flow cytometer and analyzed with FlowJo 

software (BD). 

 

 

2.13 | Extracellular cytokine production 

 

The Human Inflammatory Cytokine Kit (BD) was used for the detec- 

tion of IL-1β, IL-8, IL-6, IL-10, and IL-12p70 in supernatants and 

patients' and healthy controls' plasma samples according to the 

manufacturer's instructions. The samples were acquired using a 
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RF (IgM) (IU/mL) >100 >100 0–22 

Anti-endomysium (IgG, IgA) Negative Negative 

ASCA IgA (U/mL) 5.21 5.91 0–10 

CRP (mg/L) 15.6 1.8 0–8 
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Celesta flow cytometer and analyzed with FlowJo software (BD). 

The Human Total IL-18/IL-1F4 Quantikine ELISA Kit (cat. DL180, 

R&D Systems), Human IFNγ Quantikine ELISA Kit (cat. DIF50, R&D 

Systems), and IFN Alpha ELISA Kit (cat. 41110-1, PBL Assay Sci- 

ence, Piscataway, NJ) were used for the detection of IL-18, IFNγ 

and IFNα respectively. The absorbance was measured at 450 nm 

and analyzed with a VERSAmax Tunable Microplate Reader with 

the appropriate SoftMaxPro software (Molecular Devices, Sunny- 

vale, CA). 

 

 

2.14 | Intracellular cytokine production 

 

Whole blood was withdrawn into ammonium heparin collection tubes 

and diluted 1:1 with RPMI 1640 (Lonza) complemented with 10% FBS 

and antibiotics (Thermo Fisher Scientific). To test for cytokine expres- 

sion in TLR8-positive and TLR8-low monocytes, 100 μL samples were 

stimulated using gardiquimod (0.025–0.5 μg/mL), imiquimod (0.025– 

10 μg/mL), GS-9620 (50–1000 nM), ssRNA40/LyoVec™ (0.025– 

20 μg/mL), or TL8-506 (1–1000 ng/mL) for 6–8 h in 37°C along with 

brefeldin A (50 μg/mL, Sigma Aldrich, Merck). The surface markers 

were stained with HLA-DR-BV570 (Biolegend) and CD16-FITC (BC), 

the samples were fixed in 4% formaldehyde, permeabilized in 

0.1% Triton X-100 and intracellular markers were detected using 

CD14-Pacific Blue or CD11c-Pacific Blue, and Lineage (CD3,19,20,56, 

CCR3)-FITC (Exbio), CD14-BV711, HLA-DR-BV605, TLR8-PE,  IL- 

6-PE-Cy7, and IL-1β-Alexa Fluor 647 (Biolegend), and TNFα-Alexa 

Fluor 700, CD123-PE-Cy5.5, and CD45-APC-H7 (BD). Data were 

collected with an LSR II flow cytometer and Aurora spectral 

cytometer (Cytek Biosciences, Fremont, CA) and analyzed with 

FlowJo software (BD). 

 

 

2.15 | Statistical analysis 

 

Unpaired t-test for single comparison was used; p-value less than .05 

was considered significant. 

 

 

3 | RESULTS  

 

We report a family with two male monozygotic twins who inherited a 

novel missense mutation c.1715G>T in the TLR8 gene located on the X 

chromosome from their mother (Figure 1A); both siblings developed 

severe chronic AIHA with lymphoproliferative and progressive auto- 

inflammatory disease. Their disease manifested as corticodependent 

AIHA at the age of 6 and 2.5 years (in twin A and B, respectively), refrac- 

tory to second (Intravenous Immunoglobulins, IVIG) and third (azathio- 

prine) line of therapeutics. The bouts of AIHA were induced by frequent 

respiratory and gastrointestinal infections (e.g., salmonellosis) and, even- 

tually, also by fevers of unknown origin with elevated laboratory markers 

of inflammation. Both twins were referred to hemato-oncologic depart- 

ment at the age of 8 years, presenting with marked hepatosplenomegaly 

and cervical lymphadenopathy. The AIHA activity was characterized by 

high titers of anti-erythrocyte antibodies (IgG in twin A; IgM and IgG 

in twin B), C3d complement fragments and cold agglutinins (genetic 

characterization, extended clinical features and results of T-cell reper- 

toire sequencing are summarized in Table 1, blood analyses in 

Table 2). In attempts to control the AIHA, rituximab (4 x 375 mg/m
2

), 

followed by sirolimus were used in both patients, which enabled par- 

tial steroid detraction. Twin B, however, continued to suffer attacks 

of fever and developed autoinflammatory organ symptoms (poly- 

arthritis, IBD-like enteropathy, and erythema nodosum). Anti-IL-1 

(Anakinra), and eventually, methotrexate were added to his therapy. 

Despite the combined anti-inflammatory treatment, multifocal CNS 

vasculitis suddenly manifested with acute hemiparesis and aphasia 

due to the CNS hemorrhage at the age of 11 years (Figure 1B). This 

life-threatening event prompted the indication of hematopoietic stem 

cell transplantation (HSCT) from a matched unrelated donor after a 

myeloablative conditioning regimen. The post-transplant course was 

complicated by slow immunological reconstitution, reactivation of 

cytomegalovirus, adenovirus and EBV requiring prolonged antiviral 

therapy and thrombocytopenia corrected by eltrombopag. One year 

after HSCT, complete donor chimerism was achieved and no signs of 

graft-versus-host disease were present on tapering doses of steroids 

and cyclosporine A. Twin A continued to experience attacks of fever 

with panniculitis despite combined corticosteroid and sirolimus treat- 

ment. Therefore, hydroxychloroquine was added to the therapeutic 

regimen, resulting in marked clinical improvement after 1 month, 

enabling gradual cessation of corticosteroid therapy. Interestingly, the 

patients' mother has a history of polyarthritis and steroid-sensitive 

antiphospholipid syndrome. 

TLR8 forms a homodimer that undergoes a conformation change 

upon ligand binding activating its downstream signaling. The 

c.1715G>T mutation leads to a substitution of glycine with valine at 

position 572 (p.G572V) in leucine-rich repeat (LRR) 18 in proximity to 

the first ligand-binding site
25–27

 (Figure 1C,D) and could, therefore, 

affect the TLR8 activity. 

 

 
 

FIG U R E 2 The response of patients' cells to diverse TLR8 ligands. Phosphorylation (p-) of NF-κB p65 (Ser536) in monocytes (A) and 

production of pro-inflammatory cytokines from PBMCs upon stimulation with chemical TLR8 ligand TL8-506 (25 ng/mL) (B). Production of 

proinflammatory cytokines from mother's TLR8-low and TLR8-norm (healthy) cells upon stimulation with chemical TLR8 ligand TL8-506 (C). 

Phosphorylation of NF-κB p65 (Ser536) in monocytes (D) and production of pro-inflammatory cytokines from PBMC upon stimulation with TLR8 

ligand ssRNA40/Lyovec (5 μg/mL) (E). Production of proinflammatory cytokines from mother's TLR8-low and TLR8-nom (healthy) cells upon 

stimulation with TLR8 ligand ssRNA40/Lyovec (F). Data acquired in two (A, B, C, F) and three (D, E) independent experiments, mean ± SEM. 

Histograms and dot plots show representative data, the gates indicate positivity for respective cytokine according to unstimulated state, MFI in 

numbers. *p < .05, **p < .005 (unpaired t-test) [Color figure can be viewed at wileyonlinelibrary.com] 
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Once the wild-type TLR8 (TLR8
WT

) and mutant TLR8 (TLR8
G572V

) 

were transiently expressed in HEK-Blue TLR7/8-Null cells and stimu- 

lated with base analogs TL8-506 and CL075, TLR8
G572V

 showed 

increased NF-κB transcriptional activity compared to TLR8
WT

 

(Figure 1E). However, TLR8 protein levels were half that of the 

healthy controls in the patients' cells (Figure 1F). An unexpected 

observation was made in the mother, whose cells could be separated 

into two populations based on TLR8 protein levels; a higher one 

(as controls) and a lower one (as the patients), due to random inactiva- 

tion of the X chromosome bearing the c.1715G>T mutation 

(Figure 1F,G). We speculated that mRNA level or protein stability 

could be affected by the mutation. The TLR8 mRNA levels were not 

significantly different in sorted monocytes of both twins compared 

to healthy controls (Figure 1H). However, upon transient transfection 

of TLR8
WT

 and TLR8
G572V

 into HEK293/T cells and stopping the 

proteosynthesis with cycloheximide, the mutant TLR8
G572V

 protein was 

degraded more rapidly compared to TLR8
WT

 (Figure 1I). Intriguingly, var- 

ious TLR8 ligands elicited different responses. Chemical compounds, 

such as TL8-506 or CL075, bind only at site 1, enabling strong non- 

physiological TLR8 activation.
27

 Stimulation with TL8-506 increased 

phospho- (p-)NF-κB and proinflammatory cytokine production in the 

patients' peripheral blood mononuclear cells (PBMCs, Figure 2A,B) and, 

consistently, in the mother's TLR8-low monocytes compared to her 

TLR8-norm monocytes (Figure 2C). However, ssRNA40 (which better 

mimics viral/bacterial RNA and requires two binding sites to physiologi- 

cally activate TLR8
26

) did not trigger this hyperactivation (Figure 2D–F). 

Moreover, both the patients' and the mother's TLR8-low cells 

responded more to TLR7 ligands. We observed increased production of 

the proinflammatory cytokines IL-1β, IL-6, and TNFα by the mother's 

TLR8-low monocytes (Figure 3A) (similarly by her TLR8-low mDCs, 

Figure 3B) as well as enhanced p-NF-κB in the patients' monocytes 

(Figure 3C) and cytokine production in the patients' PBMCs 

(Figure 3D). Of note, TLR7 gene, and basal TLR7 mRNA/protein levels 

were not affected. This suggests that mutant TLR8
G572V

 could impair 

the interaction with TLR7
9,28

 and skew the TLR8
G572V

/TLR7 balance 

towards TLR7,
9

 manifesting as a TLR7-dependent autoinflammatory 

phenotype. As expected, transient co-expression of TLR8
G572V

 or 

TLR8
WT

 with TLR7 in HEK-Blue TLR8-TLR7+ cells led to attenuation 

of TLR7 signaling in TLR8
WT

-transfected cells,
7,9

 but not in TLR8
G572V

- 

transfected cells (Figure 3E). Moreover, TLR8
G572V

 cross-reacted to 

diverse TLR7 ligands in comparison to TLR8
WT

 in HEK-Blue TLR8- 

TLR7- cells (Figure 3F). 

The dysregulation of TLR7 and TLR8 is well described in murine 

models where TLR8 deficiency causes TLR7-driven autoantibody pro- 

duction and glomerulonephritis
16

; structural studies also showed that 

TLR8 mutations near ligand binding site 1 skewed the affinity to TLR7 

ligands
10

; however, little is known about these phenomena in humans. In 

this study, the patients presented with a partial TLR8 protein deficiency, 

with mutant TLR8
G572V

 that did not impair TLR7 signaling and cross- 

responded to diverse TLR7 ligands. This imbalance between mutant 

TLR8
G572V

 and TLR7 introduced a bias towards TLR7-dependent pro- 

inflammatory signaling. The successful use of hydroxychloroquine in 

twin A indirectly supports our findings. 

Since TLR8 and TLR7 act in a balance to recognize ssRNA of 

external pathogens as well as endogenous ssRNA within immune 

complexes,
11,12

 their imbalance may lead to pathological responses to 

microbes and drive autoinflammation. Indeed, both twins suffered 

from frequent enteritis and fevers and their AIHA worsened with 

infections. We found increased levels of multiple pro-inflammatory 

cytokines, type I interferons (Figure 3G), and increased counts of pro- 

inflammatory nonclassical monocytes
29

 in their peripheral blood 

(Figure 3H). 

 

 

4 | DISCUSSION  

 

The disparity in the disease severity between twin A and B is intrigu- 

ing. It may be explained by different spectrum of pathogens encoun- 

tered by the siblings, which may have revealed diverse autoantigens 

driving the severity of autoinflammatory phenomena. Interestingly, 

the disturbed recognition of autoantigens (self-nucleic acids) by 

endosomal TLRs contributes to the pathogenesis of SLE,
11

 which may 

present with corresponding clinical features to those of our patients 

(AIHA, fevers, arthritis, and CNS vasculitis).
30

 Both twins also had high 

plasma levels of autoantibodies, and increased double-negative 

TCRαβ+CD4-CD8-T-cells (Table 2), which are associated with auto- 

immunity. The development of autoimmunity can be intrinsic and/or 

extrinsic. Regulatory T-cells could be affected directly by TLR8 muta- 

tion
31

 or indirectly by an inflammatory environment.
32

 Moreover, dys- 

regulated TLRs can affect the activity of antigen-presenting cells 

similar to a murine model of SLE with TLR8 deficiency and thus drive 

T-cell proliferation.
33

 Hypothetically, the activated T-cells might also 

include autoreactive clones, which would subsequently activate 

autoreactive B-cells. Interestingly, both patients presented with 

 
 

FIG U R E 3 Imbalance in activation induced by TLR7 agonists in patients' cells and cellular models, and inflammatory phenotypes in patients' 

peripheral blood. Production of proinflammatory cytokines from mother's TLR8-low and TLR8-norm (healthy) monocytes (A) and mDCs (B) upon 

stimulation with TLR7 ligands Imiquimod (10 μg/mL) and GS-9620 (Vesatolimod, 500 nM), or TLR7/8 ligand Gardiquimod (0.5 μg/mL). 

Phosphorylation of NF-κB p65 (Ser536) in monocytes (C) and production of pro-inflammatory cytokines from PBMC upon stimulation with TLR7 

ligand Imiquimod (10 μg/mL) (D). Impaired inhibitory effect of mutant TLR8
G572V

 on TLR7 signaling compared to TLR8
WT

. Black asterisks indicate 

significance between TLR8
WT

 and mutant TLR8
G572V

; blue asterisks indicate significance between untransfected cells and TLR8
WT

-transfected 

cells; comparison between untransfected cells and TLR8
G572V

-transfected cells is in red (E). TLR8
G572V

 gain-of-function upon TLR8 stimulation 

(TL8-506) and upon TLR7 stimulation (GS-9620, Imiquimod) (F). Cytokine levels in patients' and controls' peripheral blood plasmas (G). Enriched 

nonclassical monocytes (CD45+CD66c-CD13+HLA-DR+IREM-2+CD14dimCD16+) in patients' monocytes pool (H). Data acquired in three 

(A, C, D, E, F, G) and two (B, H) independent experiments, mean ± SEM. Histograms, dot plots and WB show representative data. *p < .05, 

**p < .005, ***p < .0005, ****p < .0001 (unpaired t-test) [Color figure can be viewed at wileyonlinelibrary.com] 
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oligoclonality and expanded clonotypes within their effector T-cells 

subsets (Table 1). In summary, we show the first human partial TLR8 

protein deficiency, which manifests as complex autoimmune and 

autoinflammatory phenotypes. The mutation causes TLR8 cross- 

reactivity to TLR7 ligands and leads to dysregulation of TLR8 and 

TLR7 responses. Finally, we propose the inclusion of partial TLR8 pro- 

tein deficiency with TLR8/TLR7 dysregulation in the classification of 

Inborn Errors of Immunity. 
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