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Editorial on the Research Topic
 Application of Cytometry in Primary Immunodeficiencies



Since the first commercial flow cytometers became available in the 1970s, the field of flow cytometry (flow) has seen prodigious growth. Several scientific discoveries contributed to the development of this field, including the staining properties of fluorescein by Paul Ehrlich and a systematic sizing of microscopic particles by Coulter. In the late 1960s Bonner, Sweet, Hulett and Herzenberg at Stanford University designed and patented the first Fluorescence Activated Cell Sorter (FACS) instrument, and at the same time a German researcher, Wolfgang Göhde developed a fluorescence-based flow cytometer. Since then, flow has become an essential tool not only in research but also in diagnostic settings, where it can deliver results within a few hours. Hematopathologists routinely use flow to precisely define and classify hematological malignancies, as well as to evaluate and monitor outcomes of treatment, and detect minimal residual disease (MRD) after chemotherapy or immune reconstitution after hematopoietic cell transplantation (HCT). The ability to identify, quantitate and characterize immune cells has been a continuous source of new information on development, function, and alterations in the context of disease. This is particularly true in the field of inborn errors of immunity with 416 genetic defects described, 64 of which have been identified in the past 2 years (1). In these diseases, patients present with complex changes in their immune cells (both phenotypic and functional) and the versatile nature of multiparametric flow has allowed a thorough characterization. The flow-based immunological tests range from the relatively basic and easy to adopt (lymphocyte subset quantitation –T,B, and NK cells), to the more challenging, yet standardized tests with up to 10 markers, or exploratory panels with up to 23 fluorescent markers. Another common use of flow is the detection of specific protein (surface or intracellular) whose absence leads to immunodeficiency. Additionally, flow can be used as a read-out for functional responses to a variety of signals permitting single cell evaluation. This Research Topic on Flow Cytometry for Primary Immunodeficiencies covers the spectrum of flow assays—immunophenotyping, protein detection and functional analysis, for diagnosis and monitoring of patients with these complex diseases.

While the first clinical report of a primary immunodeficiency, Bruton's agammaglobulinemia (now referred to as X-linked agammaglobulinemia) was described by Bruton (2), the discovery of a distinct subset of immune cells producing immunoglobulin was not made until 1965 by Cooper et al. (3). While some cases of agammaglobulinemia may be associated with lack of B cells, there are other cases where B cells are present but functionally defective. Flow can be used to identify patients with low or absent B cells in blood [see example of EuroFlow Primary Immunodeficiency Orientation Tube (PIDOT) performance on 94 PID cases including BTK deficiencies (van der Burg et al.)], and it can also be used to classify the specific defect based on the relative amount of individual B cell precursor populations in the bone marrow (Wentink et al.). Standardization of cytometry (4) allows for inter-laboratory comparisons, as well as for evaluation of patients over prolonged periods of time and lends itself to algorithmic evaluation. For most PIDs, a broader immunological analysis is required than mere analysis of the primary affected cell type. In Common Variable Immunodeficiency (CVID) it is well-known that other lymphocyte subsets besides B cells can be affected (5, 6). In a detailed study on predominantly antibody deficiencies (PAD), it was demonstrated that CVID patients with non-infectious complications have a mild combined immunodeficiency with defects in naïve B and T cells numbers, especially Treg, Th17, and Tfh17 subsets (Edwards et al.). Flow cytometric analysis of peripheral blood mononuclear cells from CVID patients could be extended to other cell types, which have immunomodulatory effects. Polito et al. have shown that expression of adiponectin receptors in CVID differ from controls, and changes after immunoglobulin infusion. This opens possibilities for further research on the role of adiponectin as link between the immune system and adipose tissue, which transects the boundaries of the immune system.

Diagnostic evaluation of PIDs has also been influenced by technical developments in sequencing analysis, which has resulted in much earlier introduction of genetic testing in the diagnostic process, including whole exome sequencing (WES), targeted NGS panels and whole genome sequencing, with or without a filter for PID genes (7–9). However, flow remains a crucial first step in the diagnostic process to define the immunophenotype of the patient prior to genetic analysis. In addition, flow plays an important role in interpretation or confirmation of genetic results, especially when no definitive genetic diagnosis can be made, and for functional corroboration of the phenotype. For example, a case of monozygotic twins with CVID is presented in this Research Topic with strikingly similar cytometric findings in lymphocyte subsets, yet no clear genetic variant was identified by WES (Silva et al.). Similarly, a case of loss of surface CD4 expression was described and characterized by the Euro Flow PID cytometry panels (Fernandes et al.). A clear contribution of flow to the field of PIDs is effectively reviewed by Ma and Tangye, summarizing what we have learned from phenotyping of peripheral blood lymphocytes, but also documenting the relevance of functional studies in patients with STAT3 loss-of-function (Hyper IgE syndrome) and DOCK8 deficiency. In the last decade, our conceptual understanding of primary immunodeficiencies was broadened by the realization that loss of components, protein or function is only a partial manifestation of the broader spectrum of inborn errors in immunity, and that immune dysregulation with autoimmunity and susceptibility to malignancy is the “other side of the coin”. Cabral-Marques et al. have insightfully summarized PIDs with immune dysregulation (PIRDs), their frequent immunophenotypic hallmarks, and the assays to investigate functional abnormalities. Hemophagocytic Lymphohistiocytosis, as a PIRD example has been reviewed in depth by Chiang et al.. In addition to genetic defects of the immune system, there are phenocopies of disease that are usually caused by autoantibodies to immunologically relevant molecules. Merkel et al., have summarized the functional analysis of anti-cytokine autoantibodies using flow, which is a category included in the IUIS classification of inborn errors of immunity in the last two iterations (1, 10).

Importantly, flow is indispensable in PID diagnostics in countries with limited resources. Two reviews reflect the diagnostic role of cytometry in two tertiary care centers in India (Madkaikar et al.; Rawat et al.). These articles demonstrate that while the Next-Generation Sequencing (NGS) has changed the diagnostic landscape of PIDs, and there are certain settings where WES might provide faster diagnostic discovery, there are other settings where directly evaluating presence or absence of a protein is far more rapid and economical, even though the proportion of tests with a positive PID diagnosis will be relatively small. While, those tests, which evaluate for presence or absence of specific protein (e.g., perforin, CD27, HLA DR, SAP, XIAP, LRBA, and so on) offer a fast and definitive test answer, they require a laboratory capable of performing complex flow assays with appropriate analytical and clinical validation to meet regulatory requirements. It is the experience of Indian PID centers that a validated 6-color panel can serve as a facile screen for patients with a clinical picture suggestive of a primary immunodeficiency (Rawat et al. Madkaikar et al.) and while a lack of B cells may suggest agammaglobulinemia, a lack of T cells and/or NK cells may suggest a combined immunodeficiency, or expansion CD4/CD8 double-negative T cells (DNT), a possible autoimmune lymphoproliferative syndrome (ALPS). In specialized centers, larger and standardized panels for screening and classification can facilitate rapid diagnostic decisions and guide personalized therapy. To disseminate these tests and make them more accessible, the EuroFlow consortium has built and validated several standardized operating protocols (SOPs) (11), antibody panels and they document their performance here (van Dongen et al.; van der Burg et al.).

The introduction of functional tests using flow has provided a powerful tool to dissect these genetic disorders of immunity. Immune function assays can be broadly classified into cellular proliferation, cell cytotoxicity, cellular interactions and signaling, production of biologically active molecules (cytokines, chemokines) in response to relevant stimuli, cell migration and chemotaxis as well as enzymatic assays. As an example, loss or gain of function mutations in STAT1 and STAT3 lead to different clinical phenotypes (12). The study of STAT1 phosphorylation can distinguish patients with chronic mucocutaneous candidiasis, who have gain-of-function (GOF) variants from those with Mendelian susceptibility to mycobacterial disease (MSMD) who have loss-of-function (LOF) variants in STAT1, as well as patients with pathogenic variants in the IL-12/IFN-gamma axis genes, which leads to aberrant STAT1 phosphorylation. STAT1 phosphorylation by flow can not only be used diagnostically but also to monitor the response to targeted therapy, making precision medicine for PIDs a reality (13). In addition, flow cytometric evaluation of STAT1 phosphorylation was shown to be of benefit in a diagnostic algorithm for patients with Talaromyces marneffei infection in HIV negative children (Lee et al.). In this Research Topic, van Zelm et al., demonstrate a STAT3-dependent activating defect in B-cells of a patient with a STAT1 GOF mutation, once again proving the power of single cell analysis. While numerous assays, which measure T-cell proliferation are available, Bitar et al., have developed a rapid in vitro assay evaluating STAT-5 phosphorylation as a proxy for T-cell proliferation in immunodeficiency. Also, a new actin polymerization assay was developed by Kopitar et al., which established the pathogenicity of a variant in ARPC1B deficiency, and could potentially be used in other diseases affecting actin filament formation (e.g., Wiskott-Aldrich syndrome).

While the regulations overseeing diagnostic flow varies depending on the country and the healthcare system, the burden of ensuring a high standard of data is universal (14, 15). Flow assays pose unique validation challenges due to the nature of the measurements being made and the measurands—cellular analysis in a variety of biological matrices, variability in quantifying and interpreting results are some of the confounders (16). Recent efforts to standardize research and clinical flow have come in the form of “minimum information” guidelines—MIFlowCyt (The Minimum Information about a Flow Cytometry Experiment) (17), MiSet RFC standards (Minimum Set of Research Flow Cytometry Standards) and OMIPs (Optimized Multicolor Immunofluorescence Panel) (18). Therefore, each laboratory has to determine their repertoire of testing, the type and volume of patient samples and ability to effectively develop and validate various flow immunophenotyping and functional assays (19, 20).

In the field of clinical and human immunology, where availability of biological material is limited, especially from pediatric patients, flow offers significant and granular detail on cell composition, cellular diversity, and functional response at the cellular subset level from a relatively small sample volume. This is particularly relevant in the field of rare diseases where identification of single gene disorders must be complemented by a proof of altered immune function and phenotype, both quantitatively and qualitatively (21–23).

As much as acquisition of immunological data from biological samples by flow requires consideration of multiple aspects, data analysis represents another significant frontier to be tackled. This is most relevant for multiparametric flow data, where complex immunophenotyping panels are used to interrogate large patient cohorts. Ellyard et al. have used heatmaps to analyze 54 parameters (cell subsets) from a cohort of 276 individuals who were normalized to controls using centile distribution. This approach allows for rapid identification of cell subsets, which are either abnormally expanded or contracted in a particular patient group. Similarly, the EuroFlow PIDOT tube was applied to 99 genetically defined PID cases and a heatmap of cellular subsets was produced to visualize abnormal patterns. Attardi et al. used a series of Principal Component Analysis (PCA) plots to delineate and visualize anomalies found in a cohort of 100 PID patients, while Emmaneel et al., used a cohort of 78 antibody-deficient cases compared to 100 controls to build a pipeline for computational identification of cases and controls using FlowSOM clusters, random forest analysis or support vector machines. Thus, automated data analysis and exploration of large cohorts for PID-related features are becoming a rich resource enhancing the understanding of complex immunological characteristics.

In the future, we are likely to see further advances in flow, in technology and instrumentation, but also in throughput and data analysis. Techniques that are currently confined to the research realm, such as mass cytometry or spectral cytometry, are likely to find their way to the diagnostic laboratory, with applications in practical clinical immunology. Further, there will also be improvements in reagents, specifically for human immunology, allowing higher degrees of standardization within and between laboratories. The next decade promises to be exciting and innovative for flow, especially for immune-mediated diseases.
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In the rapidly evolving field of primary immunodeficiencies (PID), the EuroFlow consortium decided to develop a PID orientation and screening tube that facilitates fast, standardized, and validated immunophenotypic diagnosis of lymphoid PID, and allows full exchange of data between centers. Our aim was to develop a tool that would be universal for all lymphoid PIDs and offer high sensitivity to identify a lymphoid PID (without a need for specificity to diagnose particular PID) and to guide and prioritize further diagnostic modalities and clinical management. The tube composition has been defined in a stepwise manner through several cycles of design-testing-evaluation-redesign in a multicenter setting. Equally important appeared to be the standardized pre-analytical procedures (sample preparation and instrument setup), analytical procedures (immunostaining and data acquisition), the software analysis (a multidimensional view based on a reference database in Infinicyt software), and data interpretation. This standardized EuroFlow concept has been tested on 250 healthy controls and 99 PID patients with defined genetic defects. In addition, an application of new EuroFlow software tools with multidimensional pattern recognition was designed with inclusion of maturation pathways in multidimensional patterns (APS plots). The major advantage of the EuroFlow approach is that data can be fully exchanged between different laboratories in any country of the world, which is especially of interest for the PID field, with generally low numbers of cases per center.

Keywords: flow cytometric immunophenotyping, primary immunodeficiencies, automated gating strategy, standardization, EuroFlow


INTRODUCTION

Primary immunodeficiencies (PID) of the lymphoid system are rare inherited disorders with heterogeneous clinical presentations (1, 2). Most patients have clinical manifestations of immune dysfunction such as recurrent infections (early in life), and autoimmunity frequently causing irreversible organ damage in case of delayed diagnosis. As a consequence fast and efficient diagnostic screening is required. Advanced multicolor flow cytometry serves on this need. Flow cytometric immunophenotyping of T, B, and NK cells is the classically recommended method in the diagnostic work-up in case of a suspicion of PID of the lymphoid system. The complete diagnosis and classification consists of stepwise screening and subsequent characterization for numerical alterations in lymphocyte (sub) populations, detection of functional defects, and functional assays. However, lack of standardization and the rarity of PID has so far complicated a common strategy in PID diagnostics.

The introduction and the availability of next generation sequencing (NGS) based on targeted panel sequencing or whole exome sequencing (WES) with a filter for PID genes has an important impact on PID diagnostics in identification of the variants in known PID genes (3, 4). Moreover, it contributes to the broadening of the clinical spectrum of known PIDs. Finally, WES and whole genome sequencing (WGS) allows the identification of genetic defects in new PID candidate genes. However, the turnaround time is relatively long (i.e., a couple of months in a routine diagnostic setting) in contrast to flow cytometry, which already provides complete insight into the composition of the lymphoid compartment within a day. For correct interpretation of NGS data, it is crucial that the immunophenotype is known. Furthermore, flow cytometry can play an important role in the functional validation of genetic variants to evaluate the impact on the immune system. Altogether, this illustrates that both NGS and flow cytometry are valuable tools in PID diagnostics.

In this study, we developed a PID screening and orientation tube which allows fast and robust detection and enumeration of the lymphocyte subsets. It is important to notice that more than 70% of all PID concern inborn defects in the lymphoid system. Orientation in an early phase of the diagnostic process forms the basis for consecutive diagnostics, treatment, and clinical management. Therefore, we need a PID screening and orientation tube (PIDOT) which allows dissection of especially the lymphoid compartment in peripheral blood with full standardization to allow international comparability of results.



METHODS


Patient and Control Samples

Peripheral blood samples were collected from 250 healthy controls divided into 14 age groups: cord blood (n = 15), neonatal blood (n = 16), 1–5 month (n = 12), 5–11 m (n = 7), 12–24 m (n = 30), 2–4 years (n = 35), 5–9y (n = 28), 10–17y (n = 18), 18–29y (n = 31), 30–39y (n = 15), 40–49y (n = 12), 50–59y (n = 10), 60–69y (n = 10), >70y (n = 11). Healthy controls were selected as having no signs or suspicion of immunological or hematological diseases (including an abnormal infection rate or a known history of allergies). All individuals were vaccinated following similar national vaccination schedules (European Center for Disease Prevention and Control; http://vaccine-schedule.ecdc.europa.eu/Pages/Scheduler.aspx). They were enrolled at the different EuroFlow laboratories after informed consent was provided by each subject, their legal representatives, or both, according to the Declaration of Helsinki. In addition 99 patients with a genetically defined PID were collected according to the local medical ethics regulations of the participating centers. All samples were collected 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 (B670201523515) and St Anne‘s University, Brno, Czech Republic(METC 1G2015)].



Assessment of Absolute Numbers of B, T, and NK Cells

The absolute number of lymphocytes (B, T, and NK cells) was determined either in a separate TrueCount (BD) tube with anti-CD45 PerCP alone or BD Multitest™ CD3/CD16+CD56/CD45/CD19 or it was determined by hematological analyser as a part of a diagnostic workup.



Design of the PID Screening Tube

The PID screening tube was designed to assess the composition of the lymphoid compartment in a single 8-color labeling for guiding diagnosis of PID patients via detecting all relevant subpopulations. To this end, at certain fluorochrome positions two markers, i.e., a B-cell and a T-cell marker were combined of which is absolutely secured that they are exclusively expressed on only one of the subsets. So, two similarly labeled antibodies defining two distinct populations are mixed. CD19 was combined with TCRγδ, CD4 with IgM, and CD8 with IgD. CD16 and CD56 were already combined on the same channel for detection of NK cells. In addition to the above mentioned markers, we included CD3, CD45, CD27, and CD45RA. The optimal combination of clones and fluorochromes was reached after four rounds of testing in the participating centers (Supplementary Table 1). In order to achieve higher sensitivity to low abundant cell types, we used a lyse-stain-wash-fix protocol and the antibody staining time was increased to 30 min (6). This optimized staining procedure yielded more acquired cells (lymphocyte event counts were in average 2.89 × 10e5 in healthy controls and 1.32 × 10e5 in PID patients) per sample with less non-leukocyte particles (less debris), and yielded higher median fluorescence intensity (MFI) patterns for several antibodies (Figure S1). The data were acquired on BD LSRII or BD FACSCanto II instruments with the standard EuroFlow instrument settings (7). For data analysis, the Infinicyt software (Cytognos SL, Salamanca, Spain) was used in parallel to local data analysis software programs FACS Diva (BD) and FlowJo (FlowJo, LLC, Ashland, OR, USA). Infinicyt software is a commercially available product from Cytognos SL (Salamanca Spain) and a free-dowload demo version is available at www.infinicyt.com.



Analysis of Lymphocyte Subsets in Healthy Controls

The lymphoid PID screening tube was used for analysis of 250 healthy controls of different ages to define the patterns and to set the reference for the database. All samples were analyzed in conventional analysis software programs (FlowJo and FACSDiva) and using Infinicyt Software. In both software packages the same analysis strategy was followed for definition of the lymphocyte subsets. Percentile ranges were calculated for each age group, for unified overview in Figure S2 values in patients compared to two or five standard deviations of controls were used.



Analysis of Genetically Defined PID Patients

Next we tested the lymphoid PID screening tube on 99 genetically defined PID patients. The patients were classified according to the IUIS classification, which divides PID into 8 categories. First, the absolute number and relative frequencies of the lymphocyte subset populations were determined in all patients. This data set formed the basis for development of our new approach for flow cytometry in PID.



Statistical Analyses

Mean and range values were calculated for all continuous variables using the SPSS statistical software (SPSS software v23, IBM, Armonk, NY). Data files from 50 healthy donors were merged and lymphocytes subsets of interest identified using bivariate plots (Figure). This analysis was used to define in an n-dimensional space the best principal component analysis 1 (PC1) vs. PC2 representation to discriminate these subsets using the Infinicyt software. The PCA representation of the data is graphically summarized in 2 × Standard Deviation (SD) curves to be used as a reference for supervised automatic analysis of the samples (APS view; Figures 3–5). In order to graphically display an overview of abnormalities found in a PID group adjusted to age, we calculated a relative distance from age matched healthy controls for each value in each PID case as a number of standard deviations (SD) from healthy controls. Values below−2 SD or above 2 SD are considered abnormal. Repeatedly abnormal values (in a given PID disease group) are plotted in supplementary figures. Calculations and graphic displays of the discriminating parameters (Supplementary Figure 2) were created using R-project/ Bioconductor http://www.r-project.org and Microsoft Excel for Mac 2011 (Redmont, WA, USA).




RESULTS


Multidimensional Analysis of the EuroFlow PID Orientation Tube

In this study, we aimed to advance flow cytometric immunophenotyping of PID patients by linking the flow cytometric data to potential immunological defects and by incorporating this approach into the diagnostic process. To this end, we designed a PID orientation tube (PIDOT) (8 colors; 14 parameters) that allowed the analysis of all main lymphocyte subpopulations in a single standardized and validated tube (Table 1, Figure 1). After gating leukocytes as CD45+ and lymphocytes on FSc and SSc, the markers CD3, CD19 in combination with TCRγδ and CD16+56 were used to define B-cells, TCRγδ+ or TCRγδ- T-cells and NK cells (Figure 1A). The T-cell subsets were further subdivided into naïve, central memory (CM)/transitional memory (TM), effector memory and terminally differentiated (TD) CD4+/CD8+ T cells (Figures 1B,D); for CD8+ T-cells one extra population, effector CD27dim was defined. Also CD4-CD8- (double negative) T-cells were defined (5). B-cell subsets were further subdivided into pre germinal center B-cells (PreGC), unswitched memory B-cells (MBC) or plasma cells (PC), and switched MBC Figures 1C,D) (8, 9). The total set and hierarchy of lymphocyte subsets that was identified is listed in Figure 1D.



Table 1. Composition of the EuroFlow PID Screening tube and information of monoclonal antibodies used in the PID screening tube including volumes, clones, and suppliers.
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FIGURE 1. Flow cytometric analysis of B- and T-cell populations using the EuroFlow PID screening tube, 50 healthy controls are shown in the same plot, median of each gated subset is shown as a circle. (A) After gating leukocytes as CD45+ and lymphocytes on FSc and SSc, the markers CD3, CD19 in combination with TCRγδ and CD16+56 were used to define B-cells (orange); TCRγδ+ T-cells (lilac); TCRγδ- T-cells (blue); and NK cells (brown). (B) The T-cell subsets were further subdivided into naïve (CD27+CD45RA+; dark green), central memory/transitional memory (CM/TM; CD27+CD45RA-; bright green), effector memory (EM; CD27-CD45RA-; green) and terminally differentiated (TD; CD27-CD45RA+; light green) CD4+ T cells and into naïve (CD27+CD45RA+; purple), CM/TM (CD27+CD45RA-; dark blue), EM (CD27-CD45-; pale blue), and TD (CD27-CD45RA+; turqoise) CD8+ T cells. Also, as previously reported (5), some effector CD8+ T-cells showed dim CD27 positivity (EffCD27dim; CD27int-CD45RA+; blue). CD4/CD8 double negative T-cells are indicated in light blue. (C) B-cell subsets could be further subdivided into pre germinal center (PreGC; IgM+IgD+CD27−; orange) unswitched memory B-cells/plasma cells (Unswitched MBC/PC; IgM+IgD+/−CD27+; yellow), switched memory MBC/PC (IgM−IgD−CD27+; pink). (D) Definition and hierarchy of the defined subsets. (E) Multidimensional view (APS view) based on the most discriminating parameters for lymphocytes, B-cell, T-cells, and T-cell subsets.



To offer intuitive and fast interpretation of the complete lymphoid compartment we developed a new analysis and visualization strategy for the PIDOT using a principle component analysis based multidimensional view (APS graph). First, reference plots were generated using a set of 30 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).



Reference Values and Database

Subsequently, this analysis strategy and visualization was tested on 250 healthy controls in 14 different age ranges, which resulted in a unique reference data set of all lymphocyte subsets. All values of this reference data set are displayed as bar graphs representing the median, minimum, maximum, and p10, p25, p75, and p90 percentiles in Figure 2. Finally, 99 genetically defined PID patients were analyzed to study the performance of the EuroFlow PIDOT (Table 2).
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FIGURE 2. Flow cytometric analysis of B- and T-cell populations using the EuroFlow PIDOT in 250 healthy controls in 14 different age ranges. All values of this reference data set are displayed as bar graphs representing the median, minimum, maximum, and p10, p25, p75, and p90 percentiles. For data visualization package gplot2 for the statistical language R was used (10).





Table 2. Frequency of patients with inborn errors of immunity showing defects of the major subsets identified in the EF PIDOT, as compared to age-reference values (Summary of Supplementary Tables 2, 3).

[image: image]






PID With Absence or Strong Reduction in One or More Lymphocyte Subsets

The two main categories of PID with absence or strong reduction in one or more lymphocyte subsets are SCID and agammaglobulinemia with absent T (NK) and/or B-cells.

SCID

Absence or strong reduction of lymphocyte subsets (B, NK, CD4, and CD8 T-cells) can be easily established by comparison of absolute numbers of lymphocyte subsets of patient vs. age-matched reference values. We analyzed patients with RAG1 (n = 8), RAG2 (n = 5), Artemis (n = 3), IL2RG (n = 6), IL7RA (n = 1), and ZAP70 (n = 3) deficiencies. In all patients the CD3-positive T-cells were strongly reduced, except for one patient with a RAG2 deficiency who presented with a high number of T-cells. In ZAP70 deficient patients, CD8-positive T-cells were reduced and in one of them also the CD4-positive T-cells, although to a lesser extent. NK cells, however, show a more heterogenous/variable pattern. This illustrates that NK cell numbers cannot straightforwardly be used for classification and it supports the idea to leave out NK cells for classification (11, 12). In addition to evaluation of the absolute counts, the APS views provide insight into the distribution of the lymphocyte subsets. RAG deficiencies can give a broad spectrum of clinical and immunological phenotypes. This partly depends on the type of mutation and the residual V(D)J recombinase activity (13–15). On top of that, the same mutation can also be associated with clinical heterogeneity (14). This phenomenon is also reflected in the APS profiles of RAG deficiencies (Figure 3A). RAG1, RAG2 as well as Artemis deficiencies with a null mutation will result in complete absence of B and T cells (RAG-1 patient A in Figure 3A). However, in case of a leaky or hypomorphic mutation T–cells are present (RAG-1 patient B in Figure 3A), which are in this case all TCRγδ- and had a memory or effector T-cell phenotype. In such situation the origin of T-cells need to be determined to investigate whether these T-cells are autologous or from maternal origin. A third pattern that can be seen is the presence of both T and B cells (RAG patient C and D). In both cases both TCRγδ- and TCRγδ+ T-cells are present (with a memory or effector phenotype) and the B-cells were mainly naïve or natural effector. No switched memory B cells or plasma cells were detected. So, the hallmark for RAG deficiencies with residual T-cells, which is characteristic for Omenn Syndrome, is absence or strong reduction of naïve CD4 and CD8 T-cells.


[image: image]

FIGURE 3. Flowcytometric analysis of B- and T-cell populations using the EuroFlow PID screening tube on controls and patients with SCID. From the top down, APS plots of gated lymphocytes, B-cells, CD3+ T cells and TCRgd- T cells are shown. Lines depict a 2 standard deviation boundary of all controls combined. (A) Multidimensional views of all lymphocyte subsets of a newborn, an infant, one Artemis-deficient and four RAG-deficient SCID patients. (B) Multidimensional views of all lymphocyte subsets of a newborn, one IL7RA-deficient, three IL2RG-deficient and a ZAP70-deficient patient.



In IL2RG, IL7RA and ZAP70 deficiencies B-cell numbers were normal. IL2RG and IL7RA deficiency have in common that all B-cells have a naïve phenotype, which is in line with the fact that T-cell help is lacking for further differentiation (Figure 3B). In the ZAP70 deficiency some natural effector and switched memory B-cells are present. In case T-cells were present in patients with IL2RG deficiency, they had a memory phenotype (IL2RG B and C, Figure 3B).



Agammaglobulinemia

A second clear cut example in which lymphocyte subset analysis is highly informative in PID diagnostics is absence of B-cells in the 10 patients with X-linked agammaglobulinemia. The absolute number of B-cells is strongly reduced or the B-cells are even absent. As shown by the APS plots, if B-cells are present, they only have a naive phenotype (Figure 4A). The advantage of this approach is that on top of the maturation pathway that can be visualized with the APS plots, novel information can be obtained. The expression level within the naïve B-cells is shifted, indicating that the phenotype of this population also differs from normal.
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FIGURE 4. Multidimensional views of all lymphocyte subsets in healthy controls and PID patients. (A) Multidimensional views of all lymphocyte subsets of two BTK-deficient patients, a CD40L deficiency, a patient with ALPS due to a mutation in FAS and healthy infants of 6 months and 3 years. (B) Multidimensional views of all lymphocyte subsets of single examples of patients with Wiskott Aldrich syndrome (WASp), Ataxia Telangiectasia (ATM), DOCK8 deficiency and two patients with DiGeorge syndrome.





Disturbed Distribution Patterns of Lymphocyte Subsets in PID

In certain PID a specific distribution of lymphocyte subsets can be observed, which serves as a hallmark of the disease. A genetic defect in CD40L results in disturbed B-T interaction and consequently in reduced generation of (switched) memory B-cells that are T-cell dependent (16). As shown in a representative case, patients with CD40L deficiency have normal numbers of total B-cells, but they mainly consist of naïve or unswitched memory B-cells (Figure 4A). A second example is autoimmune lymphoproliferative disease (ALPS) mainly caused by mutations in FAS and FASL, which is characterized by the presence of a high frequency of TCRαβ+CD4-CD8- T-cells (i.e., double negative T-cells) (Figure 4A, Figure S2). Disturbed distributions of lymphocyte subsets or combinations of lymphocyte subsets can also be observed in other PID cases such as patients with WAS, ATM, DOCK8 deficiency, or DiGeorge syndrome (Figure 4B). However, these altered distribution profiles must be interpreted in the context of age-matched healthy controls. Therefore, correct interpretation relies on both patterns and absolute numbers.

We integrated the data of the total cohort of genetically-defined PID patients and the total set of healthy controls to define which lymphocyte subsets were abnormal (i.e., the absolute counts below the lower limit of normal, compared to age-reference values) and calculated the percentage of patients showing abnormal values (Table 2 and Supplementary Tables 2, 3). Per disease category the frequency of patients with defects in any of the lymphoid subsets detected with the EuroFlow PIDOT was determined. Naïve CD4, naïve CD8, and swiched memory B-cells were the most frequently aberrant populations (Figure S2). For example, in the category SCID all patients had aberrancies in any of the T-cell subpopulations or in any of the B-cell populations. More specifically, in all patients naïve T cells as well as unswitched and switched memory B-cells were reduced. Supplementary Tables 2, 3 give a further break down per T and B-cell subset. In other PID categories similar characteristic abnormalities were observed. For CID and PAD it was expected that aberrancies in lymphoid subsets are expected, but this dataset shows that also in patients with immune dysregulation and defects in phagocyte and innate immunity aberrancies were found with high frequencies. This illustrates that the PIDOT is a powerful tool to detect aberrancies in a broad range of PID with lymphocyte defects. As expected the PIDOT did not give any abnormalities in complement deficiencies, since these PIDs do not display any lymphocytes' derangement.



Automated Analysis

The advantage of the large reference data set of normal samples and well-annotated PID patient samples is that it can serve as templates for prospective data analysis. In the Infinicyt software program, an automatic analysis option has been included, which can be applied on all samples provided that the samples were processed, stained and measured according to the standardized EuroFlow protocols. Also in case the lyophilized version of the PIDOT is used, the data can be analyzed via this strategy (17). This new feature provides per patient the multidimensional APS plot, the absolute values of the lymphocyte subsets plotted in the age-matched bar graph and the numerical table with values for direct uploading in the electronic laboratory management and patient systems. For a patient with APDS and GATA2 the output is visualized in Figure 5. For the APDS patient this representation clearly shows the combination of low level of B-cells–preGC and especially (switched) memory B-cells, low naïve CD4 and CD8 cells and an expansion of the memory CD8 cell fractions, which is characteristic for APDS (18). Also for the GATA2-deficient patient displayed, the combined data show some characteristic features: reduced B and NK cells in combination with numbers of T-cell subsets which were below median but still within the normal range. Table 2 and Supplementary Tables 2, 3 can be consulted to verify how representative an immunophenotype is for a given genetically defined PID. This new application of EuroFlow software tools support diagnosis of PID.
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FIGURE 5. Multidimensional views of all lymphocyte subsets in combination with the absolute values of all subpopulations plotted as red dots in the age-matched reference bar graphs after automated analysis. (APDS) Patients with activated PI3K delta syndrome (APDS). (GATA2) Patient with GATA2 deficiency.






DISCUSSION

In this study, we designed a single flow cytometry staining tube, PIDOT, for analysis of defined B and T cell subsets and validated its sensitivity performance on 250 healthy controls and 99 genetically-defined and IUIS-classified PID patients. This tube is fully standardized with the aim to have fully comparable data for international exchange of data and to support diagnosis of PID. With the multicenter EuroFlow approach, the PIDOT was designed over multiple rounds of design, testing in multiple labs, evaluation, and redesign. In addition, an application of new EuroFlow software tools with multidimensional pattern recognition was designed with inclusion of maturation pathways in multidimensional patterns (APS plots). Finally, we created a reference data base for automated data analysis, which can be implemented in diagnostic laboratories for routine diagnostics of patients suspected for PID. With this PIDOT, we could analyze all major lymphocyte subsets and the important lymphocyte subpopulations allowing the generation of data on the absolute counts and frequency of the lymphocyte subsets and a lymphocyte profile as APS view with a single tube. This tube can readily be implemented in the diagnostics of PID.

The PIDOT serves as the central tube in the EuroFlow algorithm for PID. Based on the results of the PIDOT other tubes shall be used for more detailed analysis of B- and/or T-cell subsets. For example, for patients with SCID the PIDOT is a strong screening tool, that in combination with the immunophenotyping of recent thymic emigrants in cases with present yet abnormal T-cells can provide diagnostic information with direct clinical consequences (Kalina et al. manuscript in preparation, in this issue). In the PIDOT tube we choose CD27 and CD45RA as a marker for naïve T cells (CD27+CD45RA+), while CD62L is used in the so called SCID-RTE tube together with CD45RO and CD31 to confirm the absence of recent thymic emigrants [Kalina et al. Manuscript in preparation, (19)]. Based on the flow cytometric results the treatment strategy can be initiated even prior to the result of genetic testing. The presence of T-cells in case of a clinical suspicion of SCID should be interpreted with care. It is known that especially RAG1 and RAG2 deficiencies can present with T-cells. The presence of T-cells in a patient clinically presenting as SCID can be due to hypomorphic mutation (with residual activity) (20) Alternatively, T-cells can be of maternal origin (21). In rare cases the presence of T-cells can be the result of reversion mutations (22). In these cases, we recommend additional labeling for SCID including CD31, CD62L, HLA-DR, and CD45RO for further typing of T-cells (Kalina et al. manuscript in preparation). For some PID disease categories, e.g., Common Variable Immunodeficiency (CVID) it might be necessary to have a more detailed phenotyping of the T- and B-cell subsets, e.g., with respect to certain subsets expressing specific Ig subclasses (8, 23).

If the PIDOT is used as screening tube to test whether the patient suffer from a PID, relative frequencies of naive CD4+ cells, as well as CD4 and CD8 effector memory cells were most frequently aberrant. We propose that this approach is used in any patient with a clinical suspicion of PID, because multiple and clear abnormal values are indicative of severe PID that requires adequate clinical management. In other, less pronounced phenotypes, PID screening tube can direct further evaluation including prioritization for NGS or gene panel evaluation). In PIDs that do not affect the lymphoid compartment (CGD, IRAK4 and complement deficiencies) no aberrant populations were identified, indicating that this tube is not useful for these categories. It will be of great value to prospectively collect the data of PID analyzed with the PIDOT to better define the characteristic pattern of aberrant subsets in a large cohort of genetically defined PID. Moreover, in combination with the clinical presentation and the exact mutation, the spectrum of PID can be better defined.

Recently, a lyophilized version of the PID screening tube has been developed and has proven to give the same results as when antibodies are used the liquid form and are added separately to the mixture. The advantage of using dried tubes is that it is not only time-saving and less prone to operational mistakes, but that it also significantly reduces the time spent in antibody inventory management (ordering of reagents and acceptance testing of antibodies (one single tube vs. 12 individual antibodies), including all the corresponding registrations (17), thus making the process suitable for any clinical laboratory. The major advantage of the EuroFlow approach using standardized protocols and flowcytometer instruments setting is that the generated data can be fully exchanged between laboratories and diagnostic centers, and will allow the generation of databases of patient that are extremely rare. Standardized EuroFlow multicolor flow cytometry is relatively easy to adopt, as EuroFlow has created standard operating protocols, published them on a eurofow.org website and commented on their use in the literature. In order to support the widespread adoption in reasonable quality EuroFlow educational meetings are organized as well as Quality Assessment (24).

Availability of the fully standardized PIDOT and accessibility to EuroFlow reference data base allows any lab in the world to perform standardized PID diagnostic, also in non-Western countries, because all over the world 8-color flow cytometers are now available, thanks to the HIV diagnostics and leukemia and lymphoma diagnostics. In addition, the multidimensional data analysis strategy and visualization will disclose new information, which is otherwise lost if only frequencies and absolute numbers of separate lymphocyte subsets are taken in consideration. With these developments, a new dimension is added to flow cytometry in the PID field in which the number of newly identified PIDs is still increasing.
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Here we present a simple and sensitive flow cytometric—based assay to assess T cell proliferation. Given the critical role STAT5A phosphorylation in T cell proliferation, we decided to evaluate phosphorylation of STAT5A as an indicator of T cell proliferation. We determined pSTAT5A in T cell treated with either CD3/CD28 or PHA. After stimulation, T cells from adult healthy donors displayed a strong long-lasting phosphorylation of STAT5A, reaching a peak value after 24 h. The median fluorescence intensity (MFI) of pSTAT5A increased from 112 ± 17 to 512 ± 278 (CD3/CD28) (24 h) and to 413 ± 123 (PHA) (24 h), the IL-2 receptor-α (CD25) expression was greatly enhanced and after 72 h T cell proliferation amounted to 52.3 ± 10.3% (CD3/CD28) and to 48.4 ± 9.7% (PHA). Treatment with specific JAK3 and STAT5 inhibitors resulted in a complete blockage of phosphorylation of STAT5A, CD25 expression, and suppression of T cell proliferation. Compared with currently available methods, STAT5A phosphorylation is well-suited to predict T cell proliferation. Moreover, the method presented here is not very time consuming (several hours) and delivers functional information from which conclusions about T cell proliferation can be drawn.

Keywords: STAT5 activation, T cell proliferation, T cell activation, flow cytometry, CD25


INTRODUCTION

The decision of T cells to start an appropriate activation- proliferation program upon encountering an antigen presented by an antigen presenting cell is a critical step of the adaptive immune reaction (1, 2).

Following engagement of the T cell receptor (TCR), three transcription factors, namely nuclear factor of activated T cells (NFAT), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), and activator protein 1 (AP-1) will be activated (3, 4). The interaction between these molecules leads to the synthesis of important cytokines such as Interleukin−2 (IL-2) and Interferon gamma (IFN-γ) (5), as well as the up-regulation of Janus kinase 3 (Jak3) expression (Figure 1) (4, 6–8).


[image: image]

FIGURE 1. Schematic presentation of the signal cascade following T cells stimulation (1) Binding of the ligand to the T cell receptor (TCR) leads to the activation of nuclear factor of activated T cell (NFAT). Cyclosporine by inhibiting calcineurine prevents activation of NFAT. Activated NFAT translocates to the nucleus where it activates target genes including IL-2. (2-3) Binding of IL-2 to IL-2 receptorβγ (IL-2Rβγ) leads to the activation of Janus kinase 3 (Jak3) which in turn phosphorylates signal transducer and activator of transcription 5 (STAT5). Phosphorylated STAT5 forms homo- and heterodimers that translocate to the nucleus, leading to the transcription of target genes including the IL-2Rα gene. (4) IL-2Rα together with IL-2Rβγ forms the high affinity IL-2Rβγα.



TCR stimulated production of IL-2 and other cytokines starts the cascade of signaling events, leading to the activation of Jak3, which in turn phosphorylates signal transducer and activator of transcription 5 (STAT5) (Figure 1) (8). STAT5 consists of two highly related proteins, STAT5A and STAT5B, which share over 90% identity and differ in their carboxyl (C)—terminus (9, 10). Both STAT5A and STAT5B regulated genes are involved in cell proliferation, survival, differentiation and apoptosis (10, 11).

Phosphorylated STAT5 (pSTAT5) translocates into the nucleus to regulate transcription of the target genes including the IL-2 receptor α (IL-2Rα) (CD25) (Figure 1) (5, 12–14), a prerequisite for the formation of the high affinity IL-2Rαβγ (12, 15, 16). The induction of the functional system composed of IL-2 and the high affinity IL-2R is critical for G1 progression and for mounting an effective immune response (Figure 1) (12, 17).

One standard procedure to quantify cellular immune responses to antigens is based on the measurement of cell proliferation (1, 2). Today, the assays are mainly carried out by the use of flow cytometry (FCM). One of the methods consists of serial halving of the fluorescence intensity of the vital dye (18). The current assays have many drawbacks including the need of bulk cultures and long incubation times (3–5 days). This is especially inconvenient when rapid diagnosis is desirable. Therefore, a fast and simple flow cytometric method enabling the early and reliable detection of lymphocyte entry into an activation program would be of great interest.

In this work, we asked whether phosphorylation of STAT5A is an appropriate candidate to predict the behavior of T cells upon activation. We established and validated a rapid, sensitive, flow cytometric based pSTAT5A assay to detect T cell proliferation. We showed that there was a strong correlation between the early CD3/CD28 or polyclonal mitogen phytohemagglutinin (PHA) induced STAT5A phosphorylation and T cells proliferation. Moreover, due to its simplicity and robustness, the flow cytometric based pSTAT5 assay is especially appropriate to rapidly assess primary immune deficiencies (PIDs) associated with STAT5 defects including autoimmune diseases, CD25 deficiency and T cells proliferation defects (11, 19–22).



METHODS AND MATERIAL


Collection of Blood Samples

Heparinized peripheral blood samples (7 ml) were taken from 19 adult healthy donors (median of age = 31), at the Institute of Clinical Immunology at the University of Leipzig. Additionally, we analyzed a blood from a patient selected by their clinical representations: anemia, clubfeet, and pancytopenia. Written informed consent was obtained from all included individuals. Sample collection and processing were completed according to the Medical Faculty, University of Leipzig standard operating guidelines and regulations.



Isolation of PBMCs and Staining With Violet Proliferation Dye 450

Peripheral blood mononuclear cells (PBMCs) were isolated from fresh peripheral blood samples by density gradient centrifugation over Ficoll-Hypaque (Pan Biotech, Germany), as described previously (23, 24). PBMCs (1 * 107 cells/ml) were diluted with phosphate-buffered saline (PBS, pH 7.2) (Gibco life Technologies, USA) and stained with Violet Proliferation Dye 450 (VPD450) (3 μM) (BD Biosciences) for 15 min at 37°C. Subsequently, PBMCs were washed and re-suspended in RPMI 1,640 containing 10% fetal bovine serum, penicillin (1 * 105 mg/ml) and streptomycin (1 * 105 mg/ml) (Gibco life Technologies, USA) and finally adjusted to 1 * 106 cells/ml.



Stimulation of PBMCs and Treatment With Specific Inhibitors

PBMCs (1 * 106 cells/ml) were seeded into 48 well cell culture plates (5 * 105 cells/well) at 37°C. After 2 h, PBMCs were stimulated with either CD3/CD28 (eBioscience, clones OKT3, CD28.2) (100 ng/ml) or with PHA (Sigma) (10 μg/ml).

Following pharmacological inhibitors: JAK3 inhibitor [JAK3i, 4-(4′-Hydroxyphenyl) amino-6, 7-dimethoxyquinazoline] (12 μM), STAT5 inhibitor [STAT5i, N′-((4-Oxo-4H-chromen-3-yl) methylene) nicotinohydrazide] (35 μM), Cyclosporin A (CsA) (500 nM) (Calbiochem, USA) or DMSO (0.07%) were added 2 h before stimulating the cells.

In parallel, cells were either cultured for 24 h to determine pSTAT5A and CD25 in T cells or for 72 h to determine T cell proliferation in a humidified atmosphere of 5% CO2 at 37°C.



Determination of pSTAT5A and CD25 Expression in T Cells by Flow Cytometry

Cultured PBMCs were harvested after 24 h, pelleted by centrifugation, lysed and fixed by using “lyse and fix” buffer (BD Biosciences) and incubated at 37°C in a water bath for 12 min. The cells were centrifuged, the supernatant was discarded and the pellet was washed with 4 mL PBS.

The samples were permeabilized by using cold perm buffer III (1 ml) (BD Biosciences) and left on ice for 30 min. The pellet was washed three times with a fetal bovine serum stain buffer (FBS) (2 ml) (BD Biosciences) and finally re-suspended in 200 μl FBS. For flow cytometric analysis, the T cells were stained with PerCP-Cyk™ 5.5 mouse anti-human CD3 (2.5 μL, clone UCHT1, BD Biosciences), PE mouse anti-human CD25 (5 μL, clone 2A3, BD Biosciences) Alexa Fluor 647 mouse anti human -STAT5A (10 μL, PY694, Clone 47/Stat5, BD Biosciences) and Alexa Fluor 647 mouse anti human FoxP3 (10 μl, clone 259D, c7, BD Biosciences). Mouse IgG1-k- Alexa Fluor 647 isotype control (10 μl, clone MOPC-21, BD Biosciences) was used for assessing the background staining of cells. After 1 h of incubation in the dark at room temperature, the cells were washed with 2 mL stain buffer, centrifuged and were suspended in 300 μL of stain buffer. To analyze STAT5A phosphorylation: based on the following gating strategy (1) forward scatter (FSC) vs. side scatter (SSC) and (2) CD3 vs. SSC, the T cells (CD3+) were separated (Supplementary Figure 1). Now, after clear separation of T cells from the non-T cells, 30,000 CD3+ T cells per sample were detected. The phosphorylation of STAT5A was calculated as median fluorescence intensity (MFI) in CD3+ T cells.



Determination of T Cell Proliferation by Flow Cytometry

Cultured PBMCs were harvested after 72 h and washed with 2 mM EDTA PBS. The pellet was re-suspended in 200 μl PBS and stained with APC–H7 mouse anti-human CD45 (2.5 μl, clone 2D1, BD Biosciences) and FITC mouse anti-human CD3 (5 μl, clone SK7, BD Biosciences) at 37°C. After 15 min, cells were washed with 2 mL 2 mM EDTA PBS, centrifuged and suspended in 300 μL PBS.

To analyze T cell proliferation: based on two lymphocyte collection gates (1) FSC vs. SSC and (2) CD45 vs. SSC (mathematical connected by AND-operation) the T cells (CD3+) were separated in a third dot plot (CD3 vs. SSC). Now, the decrease of VPD450 dye intensity in proliferated CD3+ cells was measured, 50,000 CD3+ cells per sample were detected (Supplementary Figure 2). Data analysis was done using FlowJo.7.6.5 software (Ashland, OR, USA) (25).



Cell Viability

7-Amino-Actinomycin D (7-AAD) staining was used to determine cell viability. 7-AAD is excluded by viable cells but can penetrate cell membranes of dead cells. 7-AAD (10 μl) (BD Biosciences) was added to pre-stained T cells (as described above) for 10 min, before cells were analyzed by flow cytometry.



Flow Cytometric Analysis

FACSCanto II based flow cytometry was conducted to measure the samples as previously described (26, 27). Briefly, the system was set up with three lasers: a violet laser 405 nm, a blue laser 488 nm, and a red laser 647 nm. Prior to running samples, the instrument was calibrated using calibration beads (BD Biosciences). BD FACSDiva software was used for acquisition of events.



Determination of IL-2 Production in PBMCs

PBMCs (1 * 106 cells/ml) were cultured with PHA (Sigma) (10 μg/ml) for different times (12, 24, 48, 72 h). The cell supernatants were then collected and assayed for IL-2 by enzyme immunoassay (EIA; R&D system, Minneapolis, USA).



Adaptation of Methods to DIN EN ISO 15189 Requirements

To exclude or diminish false positive or false negative results, the international standard DIN EN ISO 15189 recommended proceedings to fulfill highest requirements for the quality and competency of medical laboratories. This includes the validation of all data by performing intra-assay and inter-assay precision (28).

Note: in case of using two or more different FACS Canto, differences in technical adjustments among different devices leading to various results in the mean fluorescence and should be considered. Therefore, a transfer of the instrument setting among the devices has to be performed. Especially the voltage power in each channel in all devices should be equilibrated by the use of calibrate beads to get comparable MFI signals.



Statistical Analysis

The statistical analysis was performed using the Graph Pad Prism 5 software (Graph Pad Prism software, Inc., San Diego, CA, USA). Curves were evaluated by the non-parametric Friedman test. The adjusted P-values were deemed by Wilcoxon's test (ns not significant, *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). Correlations were calculated with Spearman's correlation coefficient.




RESULTS


Immunodeficiency Is Accompanied by a Diminished Proliferation of T Cells and Down Regulation of pSTAT5A

An infant (female, 2 months old) of healthy, non-consanguine parents exhibited clinical symptoms such as umbilical hernia and clubfeet. Laboratory examinations revealed congenital pancytopenia: 0% neutrophils, 0% thrombocytes, and 100% naïve T cells. Nor B- or NK-cells could not be detected. For analyzing the function/proliferation of the T cells, we stimulated with CD3/CD28 or PHA (72 h) to investigate proliferation and with IL-2 (15 min) to measure pSTAT5A. As shown in Figure 2, the phosphorylation of STAT5A was completely deficient in patient T cells accompanied by severely limited T cell proliferation. Trio-exome sequencing did not reveal any abnormalities and excluded genetic defects in: IKZF1, GATA2, SAMD9, and SAMD9L. Finally, 14 month after successful unrelated bone marrow transplantation, the patient is in a very good clinical condition. Based on these data, we investigated in how far phosphorylation of STAT5A is a valid parameter to predict proliferation of T cells.
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FIGURE 2. Flow cytometric analysis of pSTAT5A and T cell proliferation in PBMCs from a patient suffering from a congenital pancytopenia. PBMCs (1 * 106 cells/ml) were treated with PHA (10 μg/ml) (B,E), CD3/CD28 (100 ng/ml) (C,F), or with IL-2 (100 ng/ml) (G,H). After 15 min and 72 h, IL-2 stimulated pSTAT5A (G,H) and T cells proliferation (A–F) were determined, respectively.





Concentration and Time Dependent STAT5 Phosphorylation and Proliferation

First, we tested the influence of different CD3/CD28 and PHA concentrations on STAT5A phosphorylation and T cell proliferation (Figure 3). We found that CD3/CD28 at a very low concentration of 0.25 ng/ml was sufficient to induce maximal phosphorylation of STAT5A (plateau phase) (Figure 3A) and that the percentage of dividing cells was highest at 100 ng/ml (Figure 3B). When stimulating the cells with PHA both pSTAT5A (Figure 3D) and the percentage of dividing cells (Figure 3E) steadily rose with increasing concentration of PHA up to 10 μg/ml. Thus in further experiments, we used CD3/CD28 at 100 ng/ml and PHA at 10 μg/ml.


[image: image]

FIGURE 3. Concentration dependent correlation between the percentage of dividing cells and STAT5A phosphorylation. PBMCs (1 * 106 cells/ml) were treated with CD3/CD28 (0, 0.005, 0.05, 0.25, 2.5, and 100 ng/ml) or PHA (0, 1.25, 2.5, 5, and 10 μg/ml). After 24 and 72 h, pSTAT5 (A,D) and proliferation (B,E) were determined, respectively. Correlation between the percentage of dividing cells (72 h) and STAT5A phosphorylation (24 h) dependent on the concentration of the stimulus (C) CD3/CD28, (F) PHA.*p < 0.05; r, Spearman's correlation coefficient; n = 3 independent experiments, MFI, median fluorescence intensity.



As demonstrated in Figures 3C,F independent of the stimulus used a strong correlation [Spearman's correlation coefficient (r) = 0.8, p < 0.0001] could be observed between STAT5A phosphorylation and the percentage of dividing cells.

To determine the optimal time to analyze STAT5A phosphorylation, we performed a series of kinetics. We found that the CD3/CD28—induced phosphorylation of STAT5A reached a peak value after 24 h and that it declined thereafter (Supplementary Figure 3A). Peak values after the stimulation with PHA were reached between 12 and 24 h (Supplementary Figure 3B). Clearly, production of IL-2 was highest at 24 h (Supplementary Figure 3C). Thus, in further experiments, we analyzed pSTAT5A at 24 h.



Inhibition of the JAK3/STAT5 Signal Cascade Leads to an Inhibition of pSTAT5A Signaling and T Cell Proliferation

As seen in Figures 4A,B; Table 1, CD3/CD28 stimulated T cells showed a significant increase in both the MFI of pSTAT5A (from 103 ± 8 to 449 ± 134) and the percentage of CD25+ pSTAT5A+ cells (from 1.75 ± 0.7 to 46.6 ± 13.5 %) after 24 h.
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FIGURE 4. Role of pSTAT5A in T cell proliferation. CD3/CD28 or PHA stimulated T cells were treated either with DMSO (solvent control, 0.07 %), JAK3i (12 μM) or STAT5i (35 μM). After 24 h the MFI of pSTAT5 (A,D) the percentage of CD25+pSTAT5A+ cells (B,E) and after 72 h proliferation (C,F) were determined, The bold line inside each box plot shows the median, upper and lower lines indicate the maximum and minimum values, respectively (Curves were evaluated by the non-parametric Friedman test). *p < 0.05 (Wilcoxon's test); n = 6 independent experiments; MFI, median fluorescence intensity; Jak3i, Janus kinase 3 inhibitor; STAT5i, signal transducer and activator of transcription 5 inhibitor.





Table 1. Summary of MFI of pSTAT5A, % of CD25+ pSTAT5A+cells and % of dividing cells, before and after treatment with JAK3 and STAT5 inhibitors in CD3/CD28 stimulated cells (n = 6).
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Furthermore, after 72 h as determined by VPD450 dye staining 53.3 ± 7.3% of the T cells treated with CD3/CD28 proliferated (Figure 4C). Similar results were obtained upon activation with PHA (Figures 4D–F; Table 2)



Table 2. Summary of MFI of pSTAT5A, % of CD25+ pSTAT5A+cells and % of dividing cells, before and after treatment with JAK3 and STAT5 inhibitors in PHA stimulated cells (n = 6).
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When CD3/CD28 or PHA stimulated T cells were pre-incubated with STAT5i, the MFI of pSTAT5A was substantially abrogated or barely detectable [127 ± 27 (CD3/CD28), 125 ± 15 (PHA)] (Figures 4A,D; Tables 1, 2) and the percentage of CD25+ pSTAT5A+ cells was extremely low [11.6 ± 7.2% (CD3/CD28), 8.9 ± 6.7% (PHA)] (Figures 4B,E; Tables 1, 2). Importantly, inhibition of phosphorylation of STAT5A was associated with a suppression of dividing T cells [5.5 ± 4.5% (CD3/CD28), 4.5 ± 7 % (PHA)] (Figures 4C,F; Tables 1, 2) after 72 h.

Similar results were obtained upon inhibition with JAK3i (Figures 4A–F; Tables 1, 2)

The inhibitory effect of JAK3i or STAT5i on proliferation was not due to an increased cytotoxicity, the percentage of dead cells hardly changed after 72 h of treatment (Figures 5A,B). To test whether the CD25+ cell population contained any regulatory T cells, we stimulated the cells with PHA or CD3/CD28 and measured the expression of the transcription factor FOXP3. Almost all CD25+ cells were FOXP3− cells, the percentage of CD25+ FOXP3+ cells was low not exceeding 5–8% (data not shown).
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FIGURE 5. Effect of JAK3, STAT5 inhibitors and cyclosporine (CsA) on cell viability. CD3/CD28 or PHA stimulated T cells were treated with DMSO (0.07 %), JAK3i (12 μM), STAT5i (35 μM) (A,B) or CsA (500 nM) (C,D) for 72 h. The percentage of dead cells was calculated after 7-AAD staining. The bold line inside each box plot shows the median, upper, and lower lines indicate the maximum and minimum values, respectively (Curves were evaluated by the non-parametric Friedman test). Ns, no significant; *p < 0.05 (Wilcoxon's test); n = 6 independent experiments; Jak3i, Janus kinase 3 inhibitor; STAT5i, signal transducer and activator of transcription 5 inhibitor.





Inhibition of IL-2 Gene Transcription Leads to a Decrease of pSTAT5A Signaling and T Cell Proliferation

To examine the role of IL-2 in STAT5A phosphorylation, we used CsA an inhibitor of calcineurine, which blocks the NFAT activity (3). After antigen recognition by the TCR, NFAT binds to the promoter region of the IL-2 gene leading to its transcription.

As shown in Figure 6; Table 3 treatment with CsA led to a substantial decrease of MFI values of pSTAT5 (from 398 ± 123 to 249 ± 74) in CD3/CD28 and (from 435 ± 143 to 325 ±144) in PHA stimulated cells (Figures 6A,D; Table 3). This decrease was associated with a low percentage of CD25+ pSTAT5A+ cells stimulated with CD3/CD28 (from 41.5 ± 9.9 to 21.3 ± 10.9%) or with PHA (from 36.6 ± 11.9 to 24 ± 10%) (Figures 6B,E; Table 3). The number of proliferating T cells was reduced [from 50.9 ± 5.7 to 26.5 ± 5.8% (CD3/CD28), from 51.6 ± 11.1 to 31.8 ± 12.6% (PHA)] (Figures 6C,F; Table 3).
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FIGURE 6. Inhibition of IL-2 transcription by Cyclosporine (CsA) correlates with an inhibition of JAK3/STAT5 mediated signal transduction and proliferation. CD3/CD28 (A–C) or PHA (D–F)—stimulated T cells were either treated with CsA (500 nM) or with CsA (500 nM) + IL-2 (100 ng/ml). After 24 h the MFI of pSTAT5 A (A,D), the percentage of CD25+ pSTAT5A+ cells (B,E) and after 72 h proliferation were determined (C,F). The bold line inside each box plot shows the median, upper and lower lines indicate the maximum and minimum values, respectively (Curves were evaluated by the non-parametric Friedman test). *p < 0.05 (Wilcoxon's test); n = 6 independent experiments; MFI, median fluorescence intensity.





Table 3. Summary of MFI of pSTAT5A, % of CD25+ pSTAT5A+cells and % of dividing cells before and after treatment with Cyclosporine (CsA) in CD3/CD28 and PHA stimulated cells (n = 6).
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Importantly, the phosphorylation of STAT5A and the percentage of CD25+ pSTAT5A+ of CsA—treated T cells (Figures 6A–E), but not the proliferation (Figures 6C,F; Table 3) was rescued by adding exogenous IL-2 (100 ng/ml). We could exclude that the inhibitory effect of CsA on T cell proliferation was due to a loss of cell viability as assessed 72 h after treatment (Figures 5C,D).



Validation of STAT5A Phosphorylation in Healthy Donors to DIN EN ISO 15189 Requirements and for Use in Diagnostic Application

To establish a rapid flow cytometric assay to evaluate STAT5A phosphorylation and to provide reference values for healthy adult controls, we analyzed the MFI of pSTAT5A and proliferation of T cells simultaneously (n = 19). In both, CD3/CD28 or PHA treated cells, the MFI of pSTAT5A was strongly increased [from 112 ± 17 to 512 ± 278 (CD3/CD28), 413 ± 123 (PHA)] (Figure 7A; Table 4). The percentage of CD25+ pSTAT5A+ cells was significantly up-regulated and the amount of CD25+ pPSTAT5A+ cells (24 h) correlated with the amount of dividing cells (72 h) (Figures 7D,E).
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FIGURE 7. Analysis of STAT5A phosphorylation and percentage of CD25+ pSTAT5A+ cells and dividing cells by flow cytometry (n = 19). T cells were stimulated with CD3/CD28 or PHA. After 24 h the MFI of STAT5A (A) the percentage of CD25+ pSTAT5+ cells (B) and after 72 h proliferations (C) were determined. The correlation between the percentage of dividing cells (72 h) and percentage of CD25+ pSTAT5A+ cells (24 h) (D) CD3/CD28, (E) PHA. The bold line inside each box plot shows the median, upper and lower lines indicate the maximum and minimum values, respectively. ***p < 0.001 (Wilcoxon's test); r, Spearman's correlation coefficient; MFI, median fluorescence intensity.





Table 4. Summary of MFI of pSTAT5A, % of CD25+ pSTAT5A+ cells and % of dividing cells in CD3/CD28 or PHA stimulated cells for healthy adult controls (n = 19).
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Flow cytometric analysis revealed that the percentage of CD25+ pSTAT5A+ cells (47.1 ± 13.2% [CD3/CD28), 42.6 ± 9% (PHA)] after 24 h nearly mirrored the percentage of dividing cells after 72 h [52.3 ± 10.3% (CD3/CD28), 48.4 ± 9.7% (PHA)] (Figures 7B–E; Table 4).

Subsequently, to ensure that our analytical method is accurate, reproducible and precise, validation of our data included the definition of intra- and interassay precision values (28). A coefficient of variation up to 25 percent was considered tolerable and fulfilled the criteria of the International Standard EN ISO 15189.




DISCUSSION

Lymphocyte proliferation is commonly accepted as a reliable measurement of lymphocyte activation (1). The current assays have many drawbacks including the need of bulk cultures and long incubation times (3–5 days), which is inconvenient when rapid diagnosis is desirable. Therefore, we tried to establish a rapid, reliable method that can be used as an indicator of proliferation. We asked whether the phosphorylation of STAT5A is a trustworthy marker for predicting T cell proliferation.

We analyzed the effect CD3/CD28 or PHA on signaling pathways that are essential for T cell proliferation. Our results revealed that a moderate expression of pSTAT5A starts after a few hours of stimulation (6 h) by CD3/CD28 and PHA. It leads to an increased expression of CD25, a prerequisite to form the high affinity IL-2 receptor. Hence, IL-2 can achieve its biological effects such as inducing a sustained IL-2 dependent JAK3/STAT5 signal cascade, which leads to high phosphorylation of STAT5 (after 24 h) and cell proliferation (after 72 h). Our data displayed a strong correlation between these two events.

Interestingly, loss of phosphorylation of STAT5A by the specific inhibitors, that target the activity of STAT5 directly like STAT5i or indirectly like JAK3i led to down-regulation of the percentage of CD25+ pSTAT5A+ cells, accompanied by a diminished PHA or CD3/CD28—driven T cell proliferation.

In agreement with other studies (9, 12), these observations confirm that STAT5A activation, downstream of TCR signaling, plays an important role in inducing the transcription of the CD25 gene. This in turn leads to the formation of the high affinity IL-2R, which results in sustained prolonged JAK3/STAT5 activity and long-term CD25 up-regulation (9, 12).

We could not distinguish between STAT5A and STAT5B being involved in CD25 expression, because both proteins were affected by the inhibitors. Previously, Ivashkiv LB and Hu X 2004 (29) reported that T cells from STAT5A deficient mice displayed reduced proliferation rates secondary to a diminished expression of the IL-2Rα chain. Likewise, Kanai et al. (10) reported that STAT5B deficient patients have reduced numbers of natural killer cells, T cells and impaired IL-2 signaling. They showed that in humans the anti-apoptotic factor BCL2L1 is regulated by STAT5A, whereas FOXP3, and CD25 expression are regulated by STAT5B. Moreover, Lin and Leonard (14) described the importance of the functional cooperation of STAT5 with other transcription factors in regulating CD25 expression (14).

In order to clarify the role of IL-2 in the activation of the JAK3/STAT5 signal cascade, expression of CD25 and cell proliferation, we used CsA which is known to inhibit the nuclear entry of the transcription factor NFAT that is required for IL-2 gene transcription (30). The treatment with CsA substantially decreased the phosphorylation of STAT5A, the percentage of CD25+ pSTAT5A+ cells and the percentage of dividing cells.

Importantly, the phosphorylation of STAT5A and the percentage of CD25+ pSTAT5A+ in CsA treated cells was rescued by adding exogenous IL-2, but the percentage of dividing cells was not (after 72 h incubation). It is very well possible that CsA by inhibiting the phosphatase calcineurine displays effects that are not restricted to NFAT and thus interferes with mechanisms that are IL-2 independent.

Taken together, our data underline the general perception on TCR mediated proliferation. Signaling basically involves two steps, the first leading to the transcription of the IL-2 gene, the second starting with the activation of JAK3/STAT5 signaling which results in generating the high affinity IL2R. Thereafter, the irreversible decision to replicate DNA and proliferate is made.

In the current study, we showed a strong correlation between the STAT5A phosphorylation and percentage of dividing cells. According to our results including the data derived from the T cells of an immunodeficient patient, we suggest pSTAT5A as a new and rapid diagnostic flow cytometric marker. Additionally, we analyzed T cells from 19 healthy donors to identify a threshold for pSTAT5A values after stimulation with CD3/CD28 or PHA. However, each laboratory should determine and validate its own threshold value following appropriate validation procedures.

In conclusion, we introduced a rapid und straightforward flow cytometric—assay for the assessment of T cell proliferation, based on the staining of phosphorylated STAT5A. Our assay is unique because it identifies T cell proliferation by detecting immediate phosphorylation of STAT5A after stimulation. Because this method is rapid, robust and adaptable, it could be implemented for the measurement of T cells in patient's samples in a variety of clinical settings.
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Impaired STAT3-Dependent Upregulation of IL2Rα in B Cells of a Patient With a STAT1 Gain-of-Function Mutation
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Heterozygous STAT1 gain-of-function (GOF) mutations form the most common genetic cause of chronic mucocutaneous candidiasis (CMC). In such patients, increased STAT1 function leads to impaired STAT3-dependent activation of IL-17A and IL-17F in T cells, thereby causing impaired Th17 responses to Candida. In spite of the critical role of STAT3 in IL-21 signaling in B cells, nearly all STAT1 GOF patients have normal or high serum IgG. We here present a 44 year-old male with childhood onset of CMC and antibody deficiency since early adulthood. Sequence analysis of STAT1 revealed a heterozygous missense mutation in the coiled-coil domain (p.D168E), which resulted in increased STAT1 phosphorylation of B-cells activated with IFNα and IFNγ. IL-21 induced STAT3 phosphorylation and nuclear localization were normal, but resulted in impaired upregulation of IL2Rα. This newly identified B-cell intrinsic impairment of STAT3 function could underlie the progressive development of hypogammaglobulinemia. Considering the high risk of bronchiectasis and irreversible organ damage, this case illustrates the need for monitoring of IgG levels and/or function in adult patients with STAT1 GOF mutations.

Keywords: chronic mucocutaneous candidiasis, hypogammaglobulinemia, STAT1, gain-of-function, STAT3, IL2Rα


BACKGROUND

Chronic mucocutaneous candidiasis (CMC) is a persistent or recurrent infection by Candida and typically affects the nails, skin, oral, and genital mucosae. In recent years, many cases have been shown to result from primary immunodeficiencies (PIDs) with impaired helper-T(h)17 cell immunity (1). This can be due to inhibitory autoantibodies against Th17 cytokines in patients with autosomal recessive (AR) polyendocrine syndrome type I (APS-1), or alternatively, inherited mutations that impair development and function of Th17 cells. Heterozygous STAT1 gain-of-function (GOF) mutations form the most common genetic cause of CMC with mutations found in more than 50% of patients (2–4). These mutations are typically found in exons 7-14 which encode the coiled-coil and DNA-binding domains. As a result, increased STAT1 phosphorylation occurs upon stimulation of immune cells with STAT1-activating cytokines, such as interferon (IFN)α and IFNγ. Importantly, increased STAT1 signaling reciprocally inhibits STAT3-dependent cytokine production, which include IL-17A and IL-17F in T cells. Thus, STAT1 GOF predisposes to impaired Th17 responses to Candida (2, 4).

Patients with STAT1 GOF mutations often present with additional bacterial and viral complications. Furthermore, autoimmunity/autoinflammatory disease has been observed in 37% of patients in a large cohort study (n = 274), and several patients have been shown to develop solid tumors (3). Effects on B-cells and humoral immunity are variable. 19% of 209 patients carried reduced total B cell numbers and 49% of the 53 patients examined had reduced memory B cell numbers. In addition, up to 23% of patients have impaired antibody responses to vaccinations with protein antigens, although only 3% have hypogammaglobulinemia (3, 5). As STAT3 is critical for IL21-dependent signaling in T-cell dependent B-cell responses, it is possible that STAT1 GOF mutations affect antibody responses and humoral immunity by inadvertent repression of STAT3-mediated transcription. We here identify a defect in STAT3-dependent upregulation of IL2Rα (CD25) in B cells of a patient with STAT1 GOF.



METHODS


Ethics

Diagnostic work-up of blood and laboratory research studies including genetics of the patient were carried out with approval of Human Research Ethics committee of The Alfred Hospital (Study 109/15) and obtained after written informed consent. In addition, the patient has consented to publication of the case report. Data from healthy controls were collected after written consent was obtained and with approval of the human ethics committee of Monash University (Study 2016-0289). All studies were performed in accordance with the Declaration of Helsinki.



Flowcytometric Immunophenotyping and in vitro Cell Stimulation

Patient and control subjects were included over a time period of 3 years. Standardized sample preparation, antibody staining, and flow cytometer instrument settings were used to ensure consistency in flow cytometry (6). In short, absolute counts of CD3+, CD4+ and CD8+ T cells, CD19+ B cells, and CD16+/CD56+ natural killer cells were obtained with a diagnostic lyse-no-wash protocol by using commercial Trucount tubes (BD Biosciences, San Jose, CA). For detailed 11-color flow cytometry, red blood cells were lysed with NH4Cl before incubation of 1–2 million nucleated cells for 15 min at room temperature in a total volume of 100 μL. After preparation, cells were measured on 4-laser flow cytometer (LSRII or LSRFortessa, BD Biosciences) by using standardized settings (6). Data were analyzed with FACSDiva (V8.0; BD Biosciences) and FlowJo software (v10) Naive and memory B-cells, and CD4+ T-cell subsets were defined as previously described (7).

Immortalization of patient's and control B cells with EBV derived from supernatant of the B95–8 cell line was performed as described previously (8). The EBV LCL were stimulated in vitro for 30 min with IFNα (10,000 U/ml; pbl assay science), IFN-γ (10,000 U/ml; Peprotech), or IL-21 (50 ng/ml; Lonza). Subsequently, the cells were stained with CD20-BV605 (clone 2H7; BioLegend) and Fixable Viability Stain 700 (BD Biosciences) prior to fixation, permeabilization, and staining with STAT1(pY701)-AF67 (clone 4a) and STAT3(pY705)-PE (clone 4/P-STAT3) according to manufacturer's instructions (BD Biosciences). Following acquisition on a 4-laser LSRII (BD Biosciences), live single cells that were positive for CD20 expression were analyzed for intracellular pSTAT1 and pSTAT3 expression (FlowJo v10). In addition, nuclear localization of pSTAT3 following 30 min IL-21 stimulation was determined in EBV LCL from the patient and from a healthy control using an imaging flow cytometer (ImagestreamX MKII; Amnis/Millennium Science, Mulgrave, VIC, Australia) equipped with four lasers (405, 488, 642, and 785 nm). Images (60x) were obtained from >1,000 cells per condition and similarity scores were derived for pSTAT3 and the nucleus (stained with Vybrant™ DyeCycle™ Violet; Thermo Scientific). Similarity scores for surface CD20 (BV605) and the nucleus were derived as negative control.



Sequence Analysis of STAT1

Following genomic DNA isolation from post-Ficoll granulocytes (GenElute Mammalian Genomic DNA Miniprep Kit, Sigma-Aldrich, St Louis, Mo), exons 7-14 of the STAT1 gene were PCR-amplified using previously published primers (9), and sequenced by the Micromon facility of Monash University on an Applied Biosystems 3730s DNA Analyzer (Thermo Fisher). Obtained sequences were aligned with the reference sequence from Ensembl using CLC Main Workbench 7 software.



Molecular Analysis of Ig Gene Rearrangements

RNA was isolated from post-Ficoll mononuclear cells of the patient with a GenElute mammalian RNA kit (Sigma-Aldrich) and reverse transcribed to cDNA with random primers (Invitrogen Life technologies). Rearranged IgG and IgA transcripts were amplified in a multiplex PCR approach using 4 different IGHV-family leader forward primers in combination with an IGHG-consensus or IGHA-consensus reverse primer (10, 11). PCR products were cloned into a pGEMT easy vector (Promega, Madison WI), amplified by colony PCR, and sequenced as above. Sequences were analyzed using the IMGT database (http://www.imgt.org/IMGT_vquest/vquest) to assign the IGHV, IGHD, and IGHJ genes and alleles, and to identify somatic hypermutations (SHM). Of each unique clone, the position and frequency of mutations were determined within the entire IGHV gene (FR1-CDR1-FR2-CDR2-FR3). SHM were determined as variations on the best matched V-gene and represented as the percentage of mutations of the total sequenced V-gene nucleotides. The IgG and IgA receptor subclasses were determined using the IGH reference sequence (NG_001019). All results of the patient were compared with previously generated data sets of controls (12).




CASE PRESENTATION


Clinical History

We here present a 44 year-old male with a history of CMC treated since early childhood with azole antifungal agents. The patient is the second of three children from non-consanguineous parents. He has developed resistance to antifungal drugs including nystatin, fluconazole, and partially to voriconazole to which he had an allergic drug reaction of troublesome and persistent photodermatitis. He is currently controlled on posaconazole and amphotericin lozenges.

The CMC has been associated with the development of esophageal strictures requiring repeated dilation. At the age of 39 years this procedure was complicated by esophageal rupture and mediastinitis requiring a prolonged ICU admission. The esophageal rupture was treated surgically but subsequent investigations for recurrent stenosis led to diagnosis of esophageal cancer at age 40. He underwent esophageal resection a year later with clear surgical margins, followed by adjuvant chemotherapy which was truncated because of severe mucositis. Radiotherapy was commenced for this cancer due to poor prognosis in young age.

Shortly after diagnosis with esophageal cancer, the patient was started on G-CSF therapy (2 times 300 μg per week) for almost 2 years (Dec 2014–July 2016). As the patient reported increased discomfort following discontinuation, G-CSF therapy was re-started a year later at age 43 years and is still current.

During early adulthood, the patient developed progressive hypogammaglobulinemia (Table 1) with poor vaccine responses and commenced IVIG replacement at age 35. In spite of adequate trough IgG with monthly IVIG, he continues to suffer from recurrent lower respiratory tract infections requiring antibiotics and has been hospitalized on at least 4 occasions with bacterial infections, including salmonella gastroenteritis. He has required periodic courses of IV caspafungin for candida partially resistant to azoles.



Table 1. Immunological data.
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Identification of a Heterozygous Gain-of-Function Mutation in STAT1

Given the severity of the CMC and the antibody deficiency, more detailed immunological work-up was performed in the context of a research study. Detailed flowcytometric immunophenotyping of the patient's B- and T-cells revealed a severe reduction in CD27+ memory B cells and low circulating numbers of Th17 cells at age 42 years following discontinuation of G-CSF therapy (Table 1). As the patient did not have typical clinical associations of APS-1, a STAT1 GOF mutation was considered and genetic analysis of STAT1 exons 7-14 was performed on DNA of the patient. Sanger sequencing revealed a heterozygous variant in exon 7 (c.504T>A) resulting in a missense mutation in the coiled-coil domain (p.D168E) (Figure 1A). The same mutation has been previously described in a 5 year old female patient, but was not functionally addressed (3). To examine the effects of the mutation, we studied phosphorylation of STAT1 in EBV-immortalized B-lymphocytes of the patient. Thirty minutes after stimulation with either IFNα or IFNγ, the patient's cells showed increased levels of pSTAT1 confirming a GOF phenotype as a result of the D168E missense mutation (Figure 1B).


[image: image]

FIGURE 1. Identification of a heterozygous mutation in STAT1 leading to a gain of function. (A) Sanger sequencing revealed a heterozygous c.504T>A mutation in exon 7 resulting in a missense mutation in the coiled-coil domain (p.D168E). (B) Increased phosphorylation of STAT1 following in vitro stimulation of patient's EBV-LCL with IFNα and IFNγ.





T-Helper and T-Follicular Helper Cell Subsets

Given that the patient reported beneficial effects of G-CSF treatment, we retrospectively analyzed immune cells prior-to and during the treatment period. Extensive follow-up of total leukocyte and neutrophil count showed a general increase in numbers during therapy (Figure 2A). Three stored PBMC samples were available for detailed T-cell immunophenotyping, and reporting of relative frequencies of Th17 and Tfh cells. Th17 cell frequencies were within the normal range on only 1 occasion under G-CSF therapy, whereas Tfh cell frequencies were not below the normal range (Figure 2B). Hence, G-CSF therapy was associated with normalization of Th17 cells on at least one occasion.
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FIGURE 2. Immunological effects of immunotherapy with G-CSF. (A) Longitudinal measurements of blood leukocyte and neutrophil cell counts over a 3 year interval. (B) Frequencies of Th17 and Tfh cell subsets within total CD4 T cells prior to, during (2 timepoints; 2015) and after discontinuation of G-CSF therapy.





STAT3 Signaling Defect in B Cells

To gain more insight into the nature of the hypogammaglobulinemia and reduced memory B cells in the patient, we first quantified SHM in IgG transcripts from blood B cells. Overall, SHM levels were normal. However, IgG3 transcripts of the patient contained negligible SHM, in contrast to IgG1 and IgG2 (Figure 3A). Further analysis of the IgG transcripts demonstrated a predominant usage of IgG3 compared to IgG2 (Figure 3B).
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FIGURE 3. B-cell defects in STAT1 GOF. (A) Somatic hypermutation levels in IgG subclass transcripts of the patient and controls. (B) Relative distributions of IgG subclasses of unique transcripts. (C) STAT3 phosphorylation in EBV-LCL upon stimulation with IL-21. (D) Nuclear localization of pSTAT3 in EBV-LCL following stimulation with IL-21 as determined with the AMNIS ImageStream. Example images are shown on the left, and the collated events as overlays for nuclear localization scores on the right. (E) CD25 (IL2Rα) expression on EBV-LCL following stimulation with IL-21. Overlays are shown for one experiment to illustrate on the left and the combined data from 4 independent experiments on the right. Statistics: Paired t-test.



T-cell dependent B-cell responses critically depend on IL-21R signaling via STAT3. As STAT1 GOF mutations can inhibit STAT3 activity, we here questioned whether the patient's B cells had intrinsically impaired STAT3 responsiveness. Indeed, in EBV-immortalized B cells from the patient, IL-21 stimulation normally induced STAT3 phosphorylation (Figure 3C). Moreover, nuclear localization studies with imaging flowcytometry revealed normal nuclear localization of pSTAT3 after IL-21 stimulation as well (Figure 3D). Therefore, we next evaluated functional STAT3 signaling by evaluation of expression of CD25, the IL2Rα chain, which is a direct target of STAT3 in B cells (13). Following 24 h incubation with IL-21, EBV-LCL from a healthy control upregulated CD25 surface expression (Figure 3E). In contrast, EBV-LCL from the patient had lower levels of CD25 expression. These findings are consistent with previous finding that STAT3 activity was inhibited by STAT1 GOF at the target gene activation level, but not upstream of that (14).




DISCUSSION

We here report a patient with STAT1 GOF and adult-onset antibody deficiency in the context of reduced total and memory B cells and impaired SHM and class switching to IgG2. Despite the known inhibition of STAT3 function due to STAT1 GOF, this has not been extensively addressed in previous studies. In contrast to the highly penetrant defects in Th17 function, the impact of STAT1 GOF mutations on B-cell function and antibody responses is variable among reported patients (3). In B cells from our patient, we confirmed that following stimulation with IL-21, STAT3 phosphorylation and nuclear localization were not affected, but that activation of expression of the target gene encoding CD25 (IL-2Rα) was impaired. Hence, these B-cells will not be optimally sensitized to the stimulatory effects of IL-2 (13), and subject to suboptimal humoral immune responses.

Using in vitro functional analysis, we showed that the heterozygous STAT1 D168E mutation in our patient had a dominant GOF effect on STAT1 phosphorylation. The increased amount of pSTAT1 protein following activation is generally assumed to be the result of a larger fraction of the mutant STAT1 being phosphorylated. However, as we were unable to measure total STAT1 protein, it remains possible that the mutant STAT1 is expressed at a higher level than the wild type, providing more total protein to be phosphorylated upon activation.

The same D168E mutation has been identified previously in a 5 year-old from Moroccan descent (patient 167 from kindred 111), but was not functionally assessed (3). The Moroccan girl did not present with hypogammaglobulinemia (IgG, 15.86 g/L), nor did our patient before early adulthood. It is therefore possible that patients with STAT1 GOF mutations are susceptible for a progressive decline in serum IgG levels and consequent antibody deficiency. This decline in antibody responses could be the accumulated effect of Tfh cell defects and the B-cell intrinsic defect to respond to IL-21. As shown by our in vitro data, this potentially mimics STAT3 LOF mutations with impaired activation of STAT3 target genes (13).

In this patient the STAT1 GOF may have directly contributed to the development of esophageal cancer. Early onset cancers were present in 6% of patients in the large series (3), and suggest that immunological abnormalities including Th17 and B cell function may also be associated with risk for malignancies.

Prior to the genetic diagnosis of STAT1 GOF, the patient was started on experimental G-CSF treatment based on the well-described anti candida function of this cytokine, as well as indications in the literature of a beneficial effect of adjunctive immunotherapy for the treatment of disseminated candidiasis (15). G-CSF therapy in our patient did increase Th17 cell frequencies, but did not resolve the candidiasis. The latter is in line with a recent report of an impaired capacity for killing of C. albicans by G-CSF recruited neutrophils (16). Moreover, it was previously reported that Th17 responses in STAT1 GOF patients were not restored by G-CSF immunotherapy (17). We here show a partial effect of G-CSF resulting in a clinical benefit. Increasing evidence is accumulating that Jak inhibitors are successful in resolving candidiasis in STAT1 GOF patients (18–20), but this is not entirely risk-free (21). Unfortunately, we have not yet been able to obtain compassionate access to Jak inhibitors for our patient, and as he does not experience adverse effects of G-CSF therapy this therapy is still continued.



CONCLUDING REMARKS

We describe a B-cell intrinsic impairment of STAT3 function in a patient with a STAT1 GOF mutation and progressive development of hypogammaglobulinemia. Currently, a minority of the reported patients with STAT1 GOF mutations suffer from hypogammaglobulinemia with a larger proportion showing impaired responses to vaccination (3). Considering the high risk of bronchiectasis and irreversible organ damage (22, 23), this case illustrates the need for monitoring of IgG levels and/or function in adult patients with STAT1 GOF mutations.
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Primary immunodeficiency diseases (PID) are a clinically and immunologically heterogeneous group of disorders of immune system. Diagnosis of these disorders is often challenging and requires identification of underlying genetic defects, complemented by a comprehensive evaluation of immune system. Flow cytometry, with its advances in the last few decades, has emerged as an indispensable tool for enumeration as well as characterization of immune cells. Flow cytometric evaluation of the immune system not only provides clues to underlying genetic defects in certain PIDs and helps in functional validation of novel genetic defects, but is also useful in monitoring immune responses following specific therapies. India has witnessed significant progress in the field of flow cytometry as well as PID over last one decade. Currently, there are seven Federation of Primary Immunodeficiency Diseases (FPID) recognized centers across India, including two Indian Council of Medical research (ICMR) funded centers of excellence for diagnosis, and management of PIDs. These centers offer comprehensive care for PIDs including flow cytometry based evaluation. The key question which always remains is how one selects from the wide array of flow cytometry based tests available, and whether all these tests should be performed before or after the identification of genetic defects. This becomes crucial, especially when resources are limited and patients have to pay for the investigations. In this review, we will share some of our experiences based on evaluation of a large cohort of hemophagocytic lymphohistiocytosis, severe combined immunodeficiency, and chronic granulomatous disease, and the lessons learned for optimum use of this powerful technology for diagnosis of these disorders.
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INTRODUCTION

Primary immunodeficiency diseases (PID) are an heterogeneous inherited group of disorders of different components within the immune system, resulting from genetic defects (1). PIDs are clinically and immunologically diverse and require a wide array of diagnostic tools for their accurate diagnosis. Flow cytometry, with the advances that have occurred in the last few decades, has emerged as an indispensable tool for evaluation of the immune system (2). It helps in enumeration as well as characterization of immune cells, and thus helps in the diagnosis of large number of PIDs.

It has now become widely available and is increasingly used for diagnostic purposes. In India, we have nearly 2000 installations of different flow cytometers across the country. The majority of them are being utilized for the measurement of CD4 counts in HIV infected patients and leukemia immunophenotyping. However, in the last decade there has been significant progress in the field of PID in India; currently there are two “Indian Council of Medical research-Centre of Excellence (COE) for PID” and seven Federation of Primary Immunodeficiency (FPID) centers across India. Both the COEs not only focus their work on setting up diagnostic facilities for PIDs in India, but also on understanding the immunopathogenesis of certain rare PIDs.

Due to the complexity of the immune system, multiple assays, which are expensive, are often required for comprehensive evaluation of the immune system. Moreover, they may not always give a definite diagnosis in spite of extensive evaluation. Furthermore, for final confirmation of diagnosis one always requires identification of the underlying genetic defect. With recent progress in the genetics field and increasing accessibility to Next Generation sequencing (NGS) based analysis, NGS is often used as a preferred modality for the diagnosis of PIDs. However, one needs to remember the utility and limitations of both genetic testing as well as phenotypic analysis. It is important that for all the genetic defects identified, corresponding immunological consequences are demonstrated, which are most often based on flow cytometry.



UTILITY OF FLOW CYTOMETRY FOR DIAGNOSIS OF PIDS- EXPERIENCE AT ICMR-NIIH

ICMR-NIIH is one of the few centers in India providing comprehensive workup for patients suspected with PID. To determine the utility of flow cytometry in the diagnosis of PIDs, we retrospectively correlated findings of flow cytometry based assays and molecular confirmation of the disorder. In the last 10 years, we have diagnosed 753 PID patients by using flow cytometry based assays including immunophenotyping, specific protein detection, and functional analysis. Of these patients, we could molecularly characterize 319 PID patients; 232 (73%) by using direct Sanger sequencing and 87 (27%) by using NGS.

In our experience, perforin deficiency (FHL-2) LAD-I and CGD were among the PIDs in which flow cytometry based assays provided a direct clue for the underlying genetic defect. Sanger sequencing of the respective genes correlated in >90% of the patients (LAD-I: 100%; FHL2 (Perforin deficiency): 97%; CGD: 90%). Thus, for molecular confirmation of these disorders, one should first perform Sanger sequencing of the respective genes rather than directly proceeding for NGS. This approach will be less time consuming and cost-effective.

However, for some PIDs, especially HLH with defective degranulation mechanism and SCID, multiple genes are involved. Flow cytometry based degranulation assay helps in identifying HLH patients with defective degranulation assay, and lymphocyte subset assay, T cell proliferation, and naïve T cell markers help in identifying SCID patients. Though flow cytometry based assays help in the diagnosis of these disorders, they are not sufficient for identifying specific genes involved in causing the disorder. Thus, these assays may be utilized as screening tests for diagnosing the disorders and molecular confirmation targeted at NGS is essential (Supplementary Table 1).

At ICMR-NIIH, we have maximum experience of using flow cytometry based assays in three disorders included under PIDs: familial hemophagocytic lymphohistiocytosis (FHL); severe combined immunodeficiency diseases (SCID); and chronic granulomatous diseases (CGD). We have reviewed the use of flow cytometry in these diseases systematically and shared some of our important practical experiences for the further, improved utility of flow cytometry in diagnosis of these disorders.



FAMILIAL HEMOPHAGOCYTIC LYMPHOHISTIOCYTOSIS (FHL)

Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening hyperinflammatory syndrome, characterized by excessive activation of macrophages and T cells, resulting from defective cytotoxicity. It presents as a severe systemic illness with persistent high-grade fever, progressive cytopenias, and hepatosplenomegaly.

HLH can either be genetic (due to inherited defects in NK cell function) or acquired HLH (HLH resulting from secondary causes like infections, malignancy, etc.). Genetic HLH can be classified as familial HLH (FHL) and lymphoproliferative syndromes and FHL is then further sub-classified as with and without hypopigmentation. Till now, based on the mutated gene, FHL is classified as FHL2 (PRF1), FHL3 (UNC13D), FHL4 (STX11), and FHL5 (STXBP2) encoding for Perforin, Munc13-4, Syntaxin11, and Syntaxin binding protein 2, respectively (3).

FHL1 (9q21.3-22) was identified by homozygosity mapping of four inbred families of Pakistani origin (4), however, the disease-causing gene has so far not been identified in this locus. The incidence of the four types varies significantly in different ethnic groups. FHL with hypopigmentation includes Griscelli syndrome type 2 (GS2) (Rab27a), Chediak-Higashi syndrome (CHS) (LYST), and Hermansky-Pudlak syndrome type 2 (AP3B1). Exposure to EBV or other viruses can trigger HLH associated with lymphoproliferative syndromes, which can either be X-linked (XLP and XMEN) or autosomal recessive (ITK deficiency and CD27 deficiency).

Clinical and laboratory features of HLH overlap with those of severe infection and other inflammatory diseases, leading to either misdiagnosis or delay in the diagnosis of HLH. Unless specific genetic defect is identified, no single laboratory test is specific for HLH. Thus, in 1991, the Histiocyte society established guidelines for HLH diagnosis which collectively included clinical manifestations and laboratory findings. These criteria were revised in 2007 (5). Five of the eight criteria are required for diagnosis of HLH. Though these criteria help in the diagnosis of HLH, it does not help in differentiating genetic HLH from acquired HLH.

Both genetic and acquired HLH patients have impaired NK cells and CTL cells function. However, genetic HLH patients have inherited defect in the granule mediated cytotoxicity, while acquired HLH patients have transient defect. Thus, evaluating NK cell and CTL cell function in HLH patients helps in identifying genetic HLH patients.

Reduced NK cell cytotoxicity is one of the eight HLH diagnostic criteria (5) used for identifying HLH patients. New flow cytometry based assays have been developed in recent years, for evaluating NK cell and CTL cell functions by detection of intracellular perforin levels and degranulation assays (determined by upregulation of CD107a expression). Granule release assay (GRA) is a screening test for diagnosing FHL3, FHL4, and FHL5 patients, and helps in discriminate primary HLH with degranulation defects from secondary HLH. Whereas, detection of intracellular perforin levels helps in identifying FHL2 patients. Flow cytometry based assays, for determination of intracellular SAP and XIAP expression, helps in the diagnosis of XLP-1 and XLP-2, respectively.

In 2017, Rubin et al. retrospectively studied the diagnostic accuracy of NK cell cytotoxicity, intracellular perforin expression, and CD107a upregulation in a large cohort of HLH patients. In this, the sensitivity and specificity of these assays were evaluated in HLH patients. The authors concluded, firstly, the protocols used for NK cell cytotoxicity assay are labor intensive, usually involving radioactivity, and are not widely available. Secondly, the assay does not discriminate between primary and secondary HLH and, therefore, is not useful for differential diagnosis of HLH subtypes. It also proposes that perforin and CD107a tests are more sensitive and no less specific, compared with NK-cell cytotoxicity testing when screening for genetic HLH, and should be considered as an addition to current HLH criteria (6).



PERFORIN AND GRANZYME EXPRESSION

Apoptosis of target cells recognized by NK cells and CTLs is induced by the synergistic action of perforin and granzymes. Perforin deficiency caused by mutation in the PRF1 gene causes FHL2 and accounts for 20 to 50% of all FHL cases (5, 7). Whereas, elevated granzyme B in NK cells and CTLs is reported as a signature of immune activation in HLH patients, regardless of underlying genetic defect (8).

Flow cytometric detection of perforin in NK cells and CTLs has been reported in literature and is found to be a rapid and sensitive approach for the detection of perforin deficiency (9). Two antibody clones, δG9 and B-D48, are available for the detection of perforin. Clone δG9 detects the form of perforin found in the acidic milieu of the granules and clone B-D48 recognizes both the late form of perforin as well as its newly synthesized form. For clinical flow cytometric screening of perforin in HLH patients, clone δG9 is used unanimously (6, 9–11), whereas, clone B-D48 is used in in-vitro assays, especially in cytokine-staining (ICS) assays (12).

In healthy individuals, perforin expression in NK cells is reported to be more than 80%, irrespective of age; however, that increases with age in CTLs (9, 13). Our data is also in agreement of these findings. In perforin deficient patients, both NK cells and CTLs have either absent or partial perforin expression and need further confirmation by molecular testing of PRF1 gene. The most detrimental PRF1 gene mutations are usually associated with minimal or no protein expression, while compound heterozygous PRF1 gene missense mutations may encode partially active perforin and are predominantly detected in older patients with milder clinical manifestations probably due to the residual perforin protein (7, 14, 15). In a study by Kogawa et al. (9), perforin expression in parents (heterozygous carriers) of perforin deficient patients was evaluated. It was observed that they had normal perforin expression in NK cells but with reduced mean fluorescent intensity. CTLs, though, had reduced perforin expression (9). However, the reason for this reduced perforin expression in heterozygous carriers of PRF1 mutations remains unclear.

In our institute, we have evaluated more than 600 HLH patients of which we have identified 39 perforin deficient patients. We could perform molecular characterization on PRF1 gene in 36 patients and identified mutation in 34 patients (95%) (10) (Figure 1). Also, one HLH patient with normal perforin expression (78% on NK cells) harbored a mutation in the PRF1 gene; thus highlighting that normal perforin expression does not rule out defect in functionally or structurally abnormal protein. In a recent report by Abdalgani et al. (11), where accuracy of perforin expression by flow cytometry was evaluated, it was concluded that, compared to patients with biallelicPRF1 mutations, patients with monoallelic mutations, variants of uncertain clinical significance, and a minority of HLH patients without PRF1 mutations, had normal perforin expression but lower mean fluorescence intensity (MFI) (11). Thus, while analyzing perforin expression, both frequency and MFI should also be considered. Overall literature and our experience support the fact that clinical flow cytometric screening for perforin deficiency is sensitive and is associated with a low false-negative rate.
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FIGURE 1. Perforin expression on NK cells. (A) Samples were analyzed by flow cytometry, gating on lymphocytes by forward/side scatter. Perforin expression was analyzed on natural killer (NK) cells (CD56+CD3-) (blue histogram) using T helper cells as internal negative control (red histogram). Perforin expression results are shown from (B) a healthy control and (C) FHL2 (Perforin deficient) patient.



Elevated granzyme B expression in NK cells and CTLs is a signature of immune activation in HLH patients, irrespective of genetic background. While assessing perforin expression, intracellular granzyme B staining is routinely utilized as an internal control in some laboratories. In 2013, Sabine reported granzyme B as a useful biomarker of disease activity (8). However, further studies including patients with MAS, autoinflammatory disorder, autoimmune diseases, sepsis, etc., are essential for understanding the utility of granzyme B in the diagnosis of HLH.



NK CELL AND CTL DEGRANULATION ASSAY

Flow cytometry based granule release assay (GRA) is a rapid assay for the evaluation of granule exocytosis pathway. CD107a, a lysosomal protein, is present on the surface of cytolytic granules in NK cells and CTLs and is not expressed on the cell surface. After stimulation of these cells the lytic granules fuse with the plasma membrane of cytotoxic lymphocytes and CD107a is expressed on the cell surface. Abnormal degranulation after stimulation suggests defect in the degranulation mechanism, which includes cytolytic granule migration, docking, priming, or fusion.

This assay is a screening test for diagnosing FHL3, FHL4, and FHL5 patients, and helps in discriminating primary HLH with degranulation defects from secondary HLH.

In literature, various protocols for evaluating degranulation mechanism in NK cells and CTLs have been reported. These protocols mainly differ in the stimuli used, the initial sample used purified cells or whole blood cells and the use of a cytolytic content secretion inhibitor, monensin. Here we have reviewed the different protocols reported in literature and also shared our experience.

Different stimuli having specific mechanisms for activating CTLs and NK cells have been reported, including K562 (NK cell specific MHC I devoid target cells), PMA/ionomycin (protein kinase C activator), PHA (mitogen receptor), and anti-CD3 plus anti-CD-28 (TCR/CD3 complex). Although PMA/Ionomycin, PHA, and anti-CD3 plus anti-CD28 can all activate lymphocytes, PMA/ionomycin is reported to be the best one for short-term stimulation (16, 17). PMA is a substitute for diacylglycerol (DAG), one of the adaptor proteins required for the activation of protein kinase C, and Ionomycin increases intracellular calcium levels. Therefore, the combination of PMA/Ionomycin facilitates the activation of protein kinase C and an influx of intracellular calcium which are the necessary signaling events for degranulation.

Conventionally these assays use either PBMC or pure cell populations, however, this requires additional steps of cell purification and more volume of blood. In 2009, Claus M reported comprehensive analysis of NK cell function in whole blood samples (18). In this report, the CD107a surface expression was evaluated by stimulating NK cells with K562 cells using whole blood sample and no significant difference in the results were observed.

In our previous publication (19), we have also reported NK cell degranulation assay using whole blood and stimulation with PMA/Ionomycin (Figure 2). We had compared PBMC and whole blood and also K562 and PMA/Ionomycin stimuli. The results of whole blood with PMA/Ionomycin stimuli showed comparable results to the conventional methods. In this modified assay, whole blood is used and no cell line is needed thus it requires reduced blood volume, is cost-effective, less time consuming, and avoids necessity for specialized laboratory for cell culture, which makes it applicable in routine clinical set-up.
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FIGURE 2. NK cell degranulation assay results. (A) Samples were analyzed by flow cytometry, gating on lymphocytes by forward/side scatter. (B) NK cells were gated based on (CD56+CD3-). CD107a expression was analyzed on unstimulated and Ca-I + PMA stimulated natural killer (NK) cells (CD56+CD3-). Degranulation assay results are shown from (C) healthy control (representative plot) and (D) FHL patients with degranulation defect.



After degranulation, once CD107a is expressed on the cell surface it becomes internalized by endocytosis. To prevent the degradation of internalized CD107a monensin is usually added. Monensin is a polyether ionophore that blocks the acidification of endocytic vesicles. However, such ionophores may disturb cellular signaling and function and should be avoided in experiments studying NK cell function. Moreover, in assays lasting 2 h or less, the internalization of surface expressed CD107a on resting NK cells is negligible (20, 21). Assays using monensin require 4–6 h of incubation, as reported by Bryceson YT (21); this was supported by our experience of CD107a expression as using a 2 h assay without monensin was observed to have comparable results to that reported in literature using monensin (19, 21).

Different reported studies have revealed that the results of degranulation on NK-cell and CTLs are in accordance with each other for the correct diagnosis of patients (22–24). However, in a recent report by Hori et al (25), it is suggested that, rather than NK-cell based assays, CD57+ CTL degranulation assay more effectively identified FHL-3 patients. Earlier studies have shown that CTL expressing CD57 has a high cytotoxic potential, and CD57 expression on CTL can be used as a measure of their degranulation capacity (25). This study concludes that NK cell degranulation assay detects FHL-3 patients with high sensitivity (100%) but low specificity (71%), whereas CD57+ CTL degranulation assay has high sensitivity and specificity (both 100%).

A low number of NK cells during active HLH episode often results in the interpretation of the assay result challenging. In such conditions, the CD107a degranulation on CTL for the diagnosis of HLH can be tested, as CTL numbers are usually much higher than NK cell numbers, even in patients with lymphopenia. Although limited studies are available in the literature on degranulation on CTLs as compared to NK cell mediated degranulation, a selective few reports suggest utilization of CTL degranulation for the characterization of FHL-3, FHL-4, and FHL-5 in vitro and in vivo (22, 25).

At our own institute, we have compared CD107a degranulation of NK-cells and CTL for the diagnosis of HLH in a small patient cohort (unpublished data). In our cohort, CD107a degranulation both on NK-cells and CTLs correlated in all patients. In nine patients we observed severe lymphopenia (absolute lymphocyte count <500/μl), all of whom had very low NK cell numbers (<25 cell/mm3); hence, performing NK cell degranulation was not feasible. These patients had normal CTL degranulation assays. Observations from our small cohort suggest that, in addition to decreased NK-cell degranulation being a diagnostic criterion for HLH, CTL degranulation assays can be used in those patients with a low NK cell number, although validation in large study cohort is needed for confirmation.



SAP AND XIAP EXPRESSION

For diagnosis of XLP-1 and XLP-2, all male patients should be additionally investigated for the expression of SAP (SH2D1A) and XIAP, respectively, (BIRC4).

XLP-1 and XLP-2 patients demonstrate low or absent SAP and XIAP expression, respectively (26–28). Since these are X-linked disorders, the bimodal pattern of SAP or XIAP expression in flow cytometric analysis can be used for the detection of carrier status, especially in mothers of affected patients (26). In carrier mothers, interestingly bimodal distribution of XIAP is seen to be skewed toward XIAP-expressing cells in all subsets, indicating a likely survival advantage for XIAP-expressing cells (28). De novo mutations in SH2D1A as well as BIRC4 are also observed and in such cases bimodal pattern of respective protein might not be observed in carrier mothers.

However, molecular characterization of SH2D1A and BIRC4 gene is essential for confirmation of diagnosis.



ALGORITHM FOR DIAGNOSIS OF HLH

Based on our experience, and also as reported in literature (29–33), perforin deficiency and granule release assay defect is observed to be more or less equally present and, hence, in our algorithm we suggest to perform perforin estimation and GRA simultaneously, which saves much time in diagnosis (Figure 3). It is also important to screen all suspected HLH patients using the flow cytometry based assays and all male patients for SAP and XIAP expression irrespective of age and clinical presentations.
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FIGURE 3. Illustrates the HLH algorithm based on the flow cytometric assays. All the patients fitting into HLH criteria, irrespective of age, and clinical presentations, should be screened for perforin expression and Granule release assay. All the male patients should be screened for SAP and XIAP expression. For patients clinically presenting with albinism, microscopic analysis of hair, and blood smear is essential for differential diagnosis of Chediak Higashi, Griscelli syndrome, and Hermansky-Pudlak syndrome. Based on the defect in expression of a particular protein identified, molecular characterization for the respective gene should be performed for confirmation of diagnosis (33).





SEVERE COMBINED IMMUNODEFICIENCY DISEASES (SCID)

Severe combined immunodeficiency (SCID) is a highly complex and heterogeneous group of primary immunodeficiency disorders (PID). More than 30 different genetic defects can lead to SCID (34). A unifying feature of all the different forms of SCID is a defect in the T cell compartment. Depending on the genetic defect, the B cell, NK cell numbers, and/or function may also be affected.

The first step in diagnosis of SCID is the study of lymphocyte subsets (T, Th, Tc, B, NK) by flow cytometry for preliminary classification of SCID into T-B+NK+ SCID, T-B-NK+ SCID, T-B+NK- SCID, and T-B-NK- SCID (Figure 4). Typical SCIDs have absent/reduced (< 300 cells/μl) T cell counts (35). In cases with residual CD3+T cells (>300 cells/μL), the study of subsets that reflect their naïve/memory and activation state using CD45RA, CD45RO, and HLA-DR aids in the diagnosis of Leaky SCID and Omenn Syndrome. The different T cell transition states can be studied using a combination of CD45RA with CD62L or CD31 to study the naïve (C45RA+CD62L+), central memory (C45RA−CD62L+), and effector memory (C45RA−CD62L−) cells (Figure 5). The typical SCIDs lack the naïve T cell markers and both Leaky SCID and Omenn Syndrome patients have a predominance of CD45RO+ T cells. Varying display of the naive cell markers on CD4 and CD8 T cells may also give a clue to conditions with isolated T cell defects, such as selective deficiency of naïve Th cells in MHC class II deficiency. A highly activated state of the T cell hints at Omenn syndrome or maternal engraftment. Studying the lack of HLA-DR expression on T cells, B cells, and monocytes serve as a useful panel for the rapid identification of patients with MHC class II deficiency.
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FIGURE 4. Lymphocyte subset analysis for SCID. Samples were analyzed by flow cytometry, gating on lymphocytes by forward/side scatter and gating T cells (CD3+), B cells (CD19+), and NK cells (CD56+CD3-) (A) T-B-NK+ (B) T-B-NK+ (C) T-B-NK- (D) T-B+NK- SCID, respectively.
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FIGURE 5. Naïve T cells analysis. (A) Samples were analyzed by flow cytometry, gating on lymphocytes by forward/side scatter. Tc and Th cells were gated as CD3+CD8+ and CD3+CD4+, respectively. Naïve T cells were gated as CD45RA+CD62L+ on Th cells and Tc cells. Figure represents Naïve T cell population in (B) healthy control (C) SCID patient. SCID patients had low percentages of naïve T cells.



Genetic diagnosis of SCID is not straightforward because of an immunophenotypic overlap between different categories of SCID. A child with T-B+ SCID can have a defect in either IL2RG, IL7RA, or JAK3 gene. Hence, in such cases, flow cytometric analysis of specific protein expressions may serve as a rapid tool to narrow down the list of possible genetic defect.

A flow cytometry panel that defines subsets like CD132 (IL2RG), CD127 (IL7RA), CD3, and CD19 helps in classification of T-B+ SCID patients into X-Linked SCID or IL7RA deficient SCID (Figure 6). However, in cases with zero T cells, studying the T cell specific markers like CD127 holds a limited utility. Also, a reduced CD127 expression needs to be further evaluated for IL7 receptor internalization as high circulating levels of IL7 in lymphopenic patients can cause the down regulation of CD127. Flow cytometry also enables the study of intracellular proteins like phosphor-STATs. IL-2 stimulated JAK3-pSTAT5 expression on T cells helps identify JAK3 deficient SCID forms.
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FIGURE 6. Samples were analyzed by flow cytometry, for (A) the common gamma chain (γc) (Or CD132), also known as interleukin-2 receptor subunit gamma or IL-2RG on CD19 cells. (B) IL7Ra (CD 127) expression on CD3 cells. CD132 and CD127 expression was absent in patient indicative of X –SCID and AR- IL7Rα. (C) Flow cytometric evaluation of STAT5 phosphorylation following IL-2 stimulation. Patient cells fail to respond. Healthy control (Blue histogram) and SCID patient (Red histogram).



In our experience with the immunological characterization of SCID patients, almost 65% of our B+ SCID cohort had absent T cells. Hence, both CD127 and phospho-STAT5 assays had a limited utility in our study and we had to rely on genetic analysis to identify the defect (36). Exploiting the fact that CD132 is expressed on all the lymphocyte sub-populations, studying its expression on B cells helps rule out X-SCID. For patients that lack T cells, the use of IL-21 stimulant and analyzing the JAK3-pSTAT3 expression on B cells serves as an alternative method for the identification of JAK3 deficiency.

Generally, a T-B-NK- immunophenotypic pattern leads to a suspicion of Adenosine deaminase (ADA) deficiency. A flow cytometry based approach to assess the intracellular ADA levels can be performed to identify ADA deficient patients (37). The other possible defect is reticular dysgenesis (RD), which is suspected in the case of a defect in both the lymphoid and myeloid development. In our experience, we also identified a Purine nucleoside phosphorylase deficient (PNP) SCID child with an immunophenotypic pattern of T-B-NK–.

Within the T-B-NK+ SCID, it is extremely important to determine if the patient is sensitive to ionizing radiations. Recently, a flow cytometry based approach has been described which involves analysis of γH2AX as a useful marker for classifying patients with radiosensitive SCID (38).

Hypomorphic mutation in SCID genes leads to the generation of a residual number of T cells. In such cases, the basic flow studies have to be supported by T cell functional studies. These involve flow based assays, which use dyes like CFSE to monitor the T cell response to various stimulants like Phytohemagglutinin (PHA), anti-CD3, and anti-CD28 (39). Such assays are also useful in a setting of isolated T cells defects like ZAP70 deficiency, where patients lack CD8+ T cells but have normal CD4 cells which do not respond to CD3 stimulation.

The results of a T cell proliferation assay or tests that look for phosphor proteins is highly affected by the quality of the sample, especially when samples are shipped to a reference laboratory from different parts of the country. To demonstrate that the test results are not affected by the quality of the sample, it is mandatory to process the patient's sample along with a shipped healthy control sample. In cases where the result on healthy control sample seems inconclusive, a repeat testing needs to be performed on a fresh blood sample. In our experience, with samples that took 24–48 h to reach our laboratory it was difficult to establish a diagnosis in almost 20% of cases.

Another assay that holds importance in SCID patients with circulating T cells is the evaluation of T cell receptor diversity. This can be done by a PCR based approach called T-cell spectratyping, or a flow cytometry–based method that tests the Vβ repertoire. A restricted TCR repertoire is highly suggestive of SCID. In a few cases, testing for the TCRαβ+ T cells and TCRγδ+ T cells also helps identify specific defects in the development of T cells; for example, defects in the TCRa constant gene (TRAC), which show an impaired surface expression of TCRαβ complex (40). Similarly, flow based studies to look for specific CD3 subunits like CD3 zeta, help identify CD3 complex subunit deficiencies.

Overall, flow cytometry holds a great role in the immunological characterization of SCID by allowing enumeration of lymphocyte sub-populations, assessing thymic capabilities and the TCR diversity, measuring specific receptor expression, studying downstream molecules, and testing T cell function. It also serves as useful guide to determining the probable genetic defect involved in SCID pathogenesis (Figure 7).
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FIGURE 7. Diagnostic algorithm for diagnosis of SCID patients using flow cytometry based assays.





CHRONIC GRANULOMATOUS DISEASES (CGD)

Chronic Granulomatous Disease (CGD), a rare (1: 200,000), inherited primary immunodeficiency disorder (PID), is caused due to a defect in components of NADPH oxidase complex (41, 42). Variability is observed in the pattern of underlying genetic defect with regards to the ethnicity and consanguinity. Overall, X-linked (XL)-CGD (due to mutations in CYBB gene) is the most prevalent (65%) type of CGD (42, 43). However, a higher rate of autosomal recessive (AR)-CGD (due to mutations in CYBA, NCF1, NCF2, NCF4 genes) is reported in the regions where consanguineous marriage is more common (44, 45). It is characterized by the inability of phagocytes to form reactive oxygen species (ROS) upon interaction with bacterial or fungal pathogens (46). The patients are susceptible to recurrent bacterial and fungal infections because of reduced or absent superoxide (47). The overlapping clinical manifestations and generic patterns in diagnostic tests sometimes mask the underlying genotype of CGD during an initial diagnosis. Significant differences are observed in age at diagnosis, residual superoxide activity, clinical course, and mean survival age among the CGD subtypes (41, 44, 48, 49).

Primary diagnosis of CGD involves laboratory screening tests that demonstrate an insufficiency of phagocytes to generate reactive oxygen species during respiratory burst activity. Nitroblue tetrazolium test (NBT) is a basic and most commonly used diagnostic test for CGD. However, it is now largely substituted with dihydrorhodamine assay (DHR) because of its sensitivity and specificity in providing rapid results (50). Both these tests are based on the principle of superoxide generation upon stimulation with agonists such as phorbolmyristate acetate (PMA) and N-Formyl-Met-Leu-Phe (FMLP), among others. DHR assay is performed by flow cytometry where formation of the reactive oxygen species (ROS) is monitored by fluorescence generated due to the oxidation of DHR 123 dye. It involves an indirect measurement of an ROS such as hydrogen peroxide (51, 52). The fluorescence generated after stimulation is quantitated by the mean peak channel fluorescence. The results are expressed as a stimulation index (SI) of neutrophils, which is a ratio of the mean fluorescence of stimulated neutrophils to the mean fluorescence of unstimulated neutrophils. Although, neutrophils are the cells of interest, when studying oxidative burst, monocytes serve as a low-level control and lymphocytes serve as a negative control. The SI value and coefficient of variation (CV) of the peak after the stimulation is extremely important to distinguish between the two genotypes, p47phox deficiency and gp91phox deficiency. The DHR assay is sensitive enough to detect trace amounts of residual superoxide activity which is retained in p47phox deficiency. Hence, increased fluorescence (SI value or broad CV) is observed in p47phox deficiency patients as compared to gp91phox deficiency (50, 53). Thus, flow cytometry helps to identify the genotype-dependent variability in the evaluation of NADPH oxidase activity. It has been observed that autosomal recessive (AR-CGD) subtypes (CYBA, NCF1, NCF2, and NCF4gene defects) have slightly higher amounts of residual superoxide activity compared with the X-linked recessive (XL-CGD) subtype (CYBB gene defect) patients (48, 54). This mainly affects the severity of the clinical progression. However, previous studies have also shown that the amount of residual superoxide activity is dependent on the type of mutation in the affected gene (44, 48, 55). These diagnostic tests do not help to identify the exact genotype (except for the XL-CGD where mother is the carrier of the disease). In cases of AR-CGD and others where mothers do not show carrier pattern (~10%), additional tests are required to identify the genotype of CGD.

Additionally, the functional analysis of NADPH oxidase complex involves component expression analysis by western blotting or flow cytometric evaluation, which involves the use of specific monoclonal antibodies (mAbs) against each of its components. Of the five components, gp91phox and p22phox form a heterodimer, which is expressed on the transmembrane. Other cytoplasmic components (p47phox, p67phox, and p40phox) form a heterotrimer and are translocated to the membrane upon activation (56). The study of specific protein expression by flow cytometry helps to identify defective protein components and also the underlying defective genotype (Figure 8).
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FIGURE 8. CGD analysis. (A) Samples were analyzed by flow cytometry, gating on neutrophils by forward/side scatter and/or CD45/side scatter. (B) a healthy control, (C) Abnormal DHR expression in CGD patient, (D) X-linked carrier mother-mosaic pattern. NADPH oxidase component expression (7D5 for anti-gp91phox/p22phox, anti-p47phox, and anti-p67phox) was analyzed on neutrophils cells. (E) a healthy control, (F) Abnormal expression of gp91phox (CYBB gene) or p22phox (CYBA gene) in CGD patient, (G) X-linked carrier mother-mosaic pattern. (H) a healthy control, (I) Abnormal expression of p47phox (NCF1 gene) in CGD patient, (J) a healthy control, (K) Abnormal expression of p67phox (NCF2 gene) in CGD patient.



The expression pattern of each of the component on neutrophils is studied, however, monocytes and B cells show low levels of expression, while T cells do not show any expression (57). The 7D5 mAb binds to an extracellular domain of gp91phox, as expressions of gp91phox and p22phox are dependent on each other for mature and stable expression. Hence, if any one of these proteins is defective then loss of expression of the other protein is also observed (58). Abnormal 7D5 expression can thus be inferred as a defect in the CYBB or CYBA gene, and requires further investigation or molecular confirmation. Similarly, an abnormal expression of other antibodies also suggests a defect in respective genes which further requires validation by sequencing the respective gene. One needs to keep in mind that the presence of protein expression does not necessarily implicate the presence/generation of a functional protein (45, 53). In this way, flow cytometry offers an opportunity to evaluate protein expression at a single cell level and is a secondary, helpful tool for further characterization of CGD patients.

Carrier detection is a very important aspect for genetic counseling and in prenatal diagnosis. Carriers of the XL-CGD could be detected by NBT and DHR analysis of mother's sample, which is not applicable in the case of AR-CGD (59). Additionally, the samples traveled from long distances or an old sample (more than 24 h old) make the analysis more difficult, due to non-viable neutrophils (60, 61). Studies by Kulkarni et al. (62) and Kuhns et al. (63) have described the use of flow cytometric NADPH oxidase component analysis for identification of the carriers of NCF1 gene defect. Although molecular confirmation is the most preferred method to confirm the carrier status in both XL-CGD and AR-CGD, a quick identification of CGD patients and carriers is possible with NADPH oxidase component expression. The information on this is not conclusive due to limited data and there is a need for large patient cohort analyses.

Molecular confirmation is definitive diagnosis of CGD, however, it could be time-consuming and laborious to analyze each and every exon with the help of Sanger sequencing. The current technological advances, such as Next Generation Sequencing (NGS), could overcome these difficulties using targeted panel sequencing or Whole Exome Sequencing (WES) methods. Still, the factors such as long turn-around time and complication in data analysis due to presence of pseudogenes, big gene deletion, and/or GC rich regions are some of the challenges that makes it unsuitable as a routine diagnostic method (64, 65). Particularly, NCF1 gene has two pseudogenes (>99% homology), which are difficult to analyze by either the Sanger or NGS method, and require a simple Gene Scan analysis to identify the most common Del GT mutation (at the beginning of exon 2) (66). In such cases, flow cytometric evaluation could play an important role in making the choice of appropriate method for further molecular characterization of CGD patients (44, 67).

This strategy was used in molecular characterization of 90 Indian patients, where only 12% (11 out of 90) of the patients required NGS analysis. Among them, a genotype could not be identified using flow cytometric evaluation in two patients. In a country like India with limited resources, the predominance of AR-CGD type, and a high frequency of consanguineous marriages, the flow cytometric classification of CGD patients remains a vital tool in the early diagnosis and guide for molecular characterization (by suggesting appropriate method) (44, 68) (Figure 9).


[image: image]

FIGURE 9. Algorithm for diagnosis of CGD patients using flow cytometry based assays (44).





PRENATAL DIAGNOSIS USING FLOW CYTOMETRY

Though, over the years, understanding of the pathogenesis of PIDs has improved, the management of these disorders still remains challenging. As these are inherited disorders, hematopoietic stem cell transplantation (HSCT) is essential for long term survival of majority of these patients. However, in country like India transplantation is often not feasible either due to lack of HLA-matched donor or the prohibitive cost of therapy. Thus, in such a scenario, genetic counseling with the possibility of carrier detection and prenatal diagnosis in affected families remains an important part of management.

Molecular diagnosis may not be possible or available in all affected cases; thus, phenotypic prenatal diagnosis by cordocentesis for families with an index case having an immunophenotypically well-characterized PID is an apt alternative. Thus, phenotypic prenatal diagnosis by flow cytometry offers a simple and rapid tool compared to molecular characterization (68, 69).

At ICMR-NIIH, we have established the normal ranges for the diagnostic parameters for a selected few PIDs, which include SCID, CGD, LAD-I, and XLA. In the last 10 years, using flow cytometry based assays, we offered prenatal diagnosis to 26 affected families (8 CGD, 9 SCID, 7 LAD-I, 1 XLA, and 1 MHC-II deficient) using a flow cytometry based assay of which five fetuses were affected with disease (unpublished data).

However, for utilizing flow cytometry as tool for prenatal diagnosis, there are few points one has to consider. Firstly, at the appropriate gestational age, the marker used for prenatal diagnosis should be expressed by a larger cell population. Secondly, gestational age-defined cut-off or range for the cell subset or marker of interest should be well-defined. Thirdly, the presence of a particular protein does not rule out functional defects and, hence, it can be used as a diagnostic marker in only those cases where the index case shows absent protein expression. And finally, one has to keep in mind that the use of flow cytometry based prenatal diagnosis has to be restricted to those PIDs in which diagnosis based on the markers and cells has been analyzed.



CONCLUSION

Primary immunodeficiency disorders (PIDs) are an heterogeneous group of inherited disorders of the immune system. As the spectrum of PIDs is expanding, it is often difficult to diagnose PIDs based on clinical and conventional laboratory findings alone. Genetic analysis helps in the confirmation of diagnosis of a PID, however, they are expensive and time consuming. Flow cytometry, with its advances in the last few decades has emerged as an indispensable tool for enumeration and characterization of immune cells. Thus, this review has comprehensively evaluated our experience of the utility of flow cytometry in the diagnosis of PIDs, and concludes that flow cytometry serves as a bridge between clinical diagnosis and molecular testing, aiding rapid, and highly sensitive tools for the evaluation of PIDs. It not only provides clues to underlying genetic defects in certain PIDs, but also helps in the functional validation of novel genetic defects.
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Guidelines for screening for primary immunodeficiencies (PID) are well-defined and several consensus diagnostic strategies have been proposed. These consensus proposals have only partially been implemented due to lack of standardization in laboratory procedures, particularly in flow cytometry. The main objectives of the EuroFlow Consortium were to innovate and thoroughly standardize the flowcytometric techniques and strategies for reliable and reproducible diagnosis and classification of PID of the lymphoid system. The proposed EuroFlow antibody panels comprise one orientation tube and seven classification tubes and corresponding databases of normal and PID samples. The 8-color 12-antibody PID Orientation tube (PIDOT) aims at identification and enumeration of the main lymphocyte and leukocyte subsets; this includes naïve pre-germinal center (GC) and antigen-experienced post-GC memory B-cells and plasmablasts. The seven additional 8(-12)-color tubes can be used according to the EuroFlow PID algorithm in parallel or subsequently to the PIDOT for more detailed analysis of B-cell and T-cell subsets to further classify PID of the lymphoid system. The Pre-GC, Post-GC, and immunoglobulin heavy chain (IgH)-isotype B-cell tubes aim at identification and enumeration of B-cell subsets for evaluation of B-cell maturation blocks and specific defects in IgH-subclass production. The severe combined immunodeficiency (SCID) tube and T-cell memory/effector subset tube aim at identification and enumeration of T-cell subsets for assessment of T-cell defects, such as SCID. In case of suspicion of antibody deficiency, PIDOT is preferably directly combined with the IgH isotype tube(s) and in case of SCID suspicion (e.g., in newborn screening programs) the PIDOT is preferably directly combined with the SCID T-cell tube. The proposed ≥8-color antibody panels and corresponding reference databases combined with the EuroFlow PID algorithm are designed to provide fast, sensitive and cost-effective flowcytometric diagnosis of PID of the lymphoid system, easily applicable in multicenter diagnostic settings world-wide.
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INTRODUCTION

Primary immunodeficiencies (PID) are inherited disorders of the immune system, generally presenting with recurrent, sometimes life-threatening infections. To date, more than 350 genes have been identified that can be mutated in PID patients (1–3). Depending on the genetic defect, one part of the immune system or one cell type can be absent, decreased or dysfunctional. The majority of PID patients (60–65%) have a defect in the lymphoid system, involving B- and/or T-cells alone or in combination with other cells (1–5). Flowcytometric immunophenotyping plays a central role in the diagnostic workup of patients suspected of PID, particularly those involving lymphoid cells (1, 6). An accurate immunophenotypic diagnosis is essential for guiding further functional testing as well as for genetic testing, whether Sanger sequencing or next generation sequencing (NGS) targeted to specific genes, whole exome sequencing (WES), whole genome sequencing (WGS) or combinations thereof (2, 5, 7–10). Considering the clinical heterogeneity in genetically homogeneous disease entities, immunophenotyping has an additional role in understanding the clinical heterogeneity in disease presentation and outcome (11–13). Immunophenotyping can also support treatment decisions and monitoring, such as in case of immunoglobulin (Ig) replacement therapy, hematopoietic stem cell transplantation, and gene therapy (7, 8, 14–18).

In complex diseases with high numbers of affected genes and still many genes to be discovered, some investigators recommend the “Genetics First” approach via targeted NGS, WES, and/or WGS, already at an early phase in the diagnostic process (19, 20). Indeed, in absence of other in-depth diagnostic methods, the “Genetics First” approach has clearly contributed to better classification and more insight in some well-defined disease categories with high genetic diagnosis yields, such as in intellectual disability syndrome, hereditary spastic paraplegias, and neuromuscular disorders (21–24). However, in the complex field of PID most targeted NGS and/or WES studies have genetic diagnosis yields varying from 15 to 30% (25–29), sometimes increasing to 40% or higher, depending on the number of targeted genes (varies from 170 to 571), young age (higher yield in children), high frequency of X-linked diseases, high frequency of families with PID history, and highly consanguineous populations with high frequencies of autosomal recessive diseases, such as in the Middle East and North Africa region (9, 30–34). Importantly, virtually all above-mentioned NGS and/or WES studies did not apply the “Genetics First” approach, because the included PID patients were defined according to the guidelines of the European Society for Immunodeficiencies (ESID) and the International Union of Immunological Societies (IUIS), which include flowcytometric immunophenotyping (2, 5, 6). In fact, the genetic diagnosis yield in immunophenotypically defined PID (sub)categories ranges from >95% in severe combined immunodeficiency (SCID), 85–90% in well-defined agammaglobulinemia patients, ~75% in Hyper IgM syndrome, down to 10–20% among the most frequently occurring PID, such as common variable immunodeficiency (CVID) and immunoglobulin (Ig) isotype deficiencies (5, 35–38).

Clearly, adequate clinical and immunophenotypic characterization of PID patients should guide the diagnostic process; this is supported by the diagnosis and classification guidelines of ESID, IUIS, and Clinical Immunology Society (CIS) (2, 6, 39). Compared to other organ systems, many different genes are involved in the immune system, particularly in mature B-cells during and after germinal center (GC) responses. Use of WES and WGS will detect many allelic immune gene variants, which might not be causally related to disease, implying that significant efforts in immunobiological validation studies will be needed. Furthermore, in-depth immunological and functional studies are essential to define the consequences of genetic defects for the immune system. At least part of these studies will be based on flow cytometry. Especially in case of hypomorphic defects, flow cytometry can help to better understand the effects of the genetic defect on the composition of the lymphoid compartment (11–13, 40, 41). Finally, flow cytometry is an important tool for monitoring of targeted therapies, including cellular therapies (15, 16, 18, 42).

Many PID centers have developed their own local multi-color flowcytometric protocols and antibody panels for diagnosis and classification of PID (8, 14, 43–45). These single-center initiatives have led to a great variability in sample processing, antibody panels, immunostaining procedures, instrument setup, sample measurement and data analysis. In addition, the low incidence and the clinical-immunological heterogeneity of PID hamper prospective multicenter diagnostic validation in large patient series and age-matched healthy controls (43–45). As a consequence, the typical but rare immunophenotypic PID patterns are difficult to compare between centers at the national and international level.

Whilst several recent international efforts have tried to harmonize flowcytometric diagnostics of PID (43–48), they have only been partially successful, mainly because these efforts have been restricted to parts of the full pathway of pre-analytical, analytical and post-analytical procedures, frequently focusing on the antibody panels only. Most proposed antibody panels aim at identification of severe defects in B and T lymphocytes, NK-cells, and/or diagnostic screening for a specific inherited disorder or a specific subgroup of disorders. Examples of such disease-oriented antibody panels are meant for: (i) diagnostic screening and classification of SCID based on quantification of B-, T- and NK-cells with CD3, CD19, and CD56 or CD16; (ii) diagnostic screening of congenital agammaglobulinemia, merely based on enumeration of blood B lymphocytes; (iii) classification of common variable immunodeficiency (CVID) according to the proportion of transitional, non-switched/marginal zone-like (smIgMD+) and class-switched (smIgMD−), and CD21dim B lymphocytes; (iv) diagnostic screening of DiGeorge patients based on relative blood counts of recent thymic emigrant (RTE) CD4+ T-cells, and; (v) quantification of CD4/CD8-double negative TCRαβ+ T-cells (DNT) for screening of autoimmune lymphoproliferative syndrome (ALPS) (49, 50). Consequently, such antibody panels do not provide a complete overview of the many distinct subsets of circulating leukocytes, as required for fast, efficient, and cost-effective PID diagnostics.

Several initiatives in other fields of clinical immunology have also lead to consensus antibody panels for harmonized flowcytometric immune monitoring, such as the CLIP study (51), the NIH study (52), the ONE study (53), the Pasteur initiative (54), and the NATURIMMUN consortium (55). These antibody panels allow identification of several subpopulations of B-, T-, and NK-cells (e.g., naïve vs. memory, activated cells, TCRγδ vs. TCRαβ) together with the identification of monocytes, dendritic cells, and granulocytes. However, the proposed antibody combinations do not provide the fully integrated information as needed for diagnosis and classification of PID.

Here we describe newly designed, fully validated EuroFlow procedures and tools for comprehensive immunophenotypic diagnostic screening and classification of PID of the lymphoid system. The proposed EuroFlow PID approach relies on: 1. Optimized and validated ≥8-color antibody panels; 2. Standardized procedures for sample preparation, immunostaining, acquisition, and analysis of up to millions of cells per sample; 3. Automated gating procedures for reproducible identification of the many different immune cell subsets in blood and bone marrow (BM). A diagnostic algorithm and age-related reference values are provided for guiding the flowcytometric PID diagnosis and classification process; the entries in the EuroFlow diagnostic algorithm are based on available clinical information and basic laboratory data (Figure 1A), followed by stepwise application of the newly designed antibody combinations with age-related reference values of lymphocyte subsets in absolute counts (Figures 1A,B).
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FIGURE 1. Strategy for flowcytometric immunophenotyping for screening and classification of lymphoid PID. (A) EuroFlow algorithm. On the basis of several entries of clinical and laboratory parameters, blood samples of patients suspected to have PID are screened with the 8-color (or 10-color) PID Orientation tube (PIDOT). Based on the obtained results, additional 8-color or 10-color T- and/or B-cell classification tubes are applied in a stepwise fashion, including the BM B-cell precursor (BM-BCP) tube. In case of suspicion of PAD, both the PIDOT and the IgH-isotype tube(s) should be applied together. In case of suspicion of (S)CID and cases with strongly reduced TRECs, both the PIDOT and the SCID/RTE tube can be applied together. See text for detailed description of the stepwise application of the EuroFlow PID tubes. GC, germinal center; PAD, predominantly antibody deficiency; RTE, recent thymic emigrant; SCID, severe combined immunodeficiency. (B) Age-related reference values. Absolute counts of all lymphocyte subsets are provided in the format of age-related percentile bars (median; 25–75 percentiles; 10–90 percentiles; 5–95 percentiles). The age groups are: cord blood (n = 15), newborns (n = 16), 1–11 months (n = 19), 12–23 months (n = 30), 2–4 years (n = 35), 5–9 years (n = 28), 10–17 years (n = 33), 18–60 years (n = 79), and >60 years (n = 66). In case of naïve TCRαβ+CD4+ T-cells, CM/TM TCRαβ+CD4+ T-cells, EM TCRαβ+ CD4+ T-cells, TCRγδ+ T-cells, naïve TCRαβ+CD8+, CM/TM TCRαβ+CD8+ T-cells, EM TCRαβ+CD8+ T-cells, TCRαβ+CD4−CD8− T-cells, IgM+ plasmablasts, IgG+ plasmablasts, and IgA+ plasmablasts, the age groups of 10–17 years and >60 years contained only n = 18 and n = 21 individuals, respectively. The original data set with the age-related reference values will be available via the EuroFlow website (www.EuroFlow.org) and will continuously be updated when more data become available, also for other leukocyte subsets.



This report describes the overall EuroFlow PID approach, while detailed validation and reference value studies, including healthy subjects and PID patient series, are provided per PID tube (set) in separate EuroFlow PID reports (56–60).



METHODS


Design of the EuroFlow-PID Study

The design of the EuroFlow PID study took advantage of the experience built in the field of leukemia and lymphoma diagnosis, classification, and monitoring (61–65) and the previously developed EuroFlow pre-analytical and analytical standard operating procedures (SOPs) for sample collection, transportation and staining of ≥106 nucleated cells (63, 64), together with EuroFlow 8-color instrument set-up and calibration procedures (62), extended to ≥12-color flow cytometry (56). Multicenter evaluation of the performance of antibody panels was done in consecutive cycles of design-testing-evaluation-redesign in large series of healthy controls and patient samples in 10 EuroFlow centers, experienced in PID diagnostics (56–59). For this purpose we used EuroFlow multivariate analytical tools (66), incorporated in the Infinicyt software and developed by Cytognos SL (Salamanca, Spain).

Stepwise application of newly-designed and validated antibody combinations and available clinical and laboratory information resulted in an algorithm for guiding immunophenotypic diagnosis and classification of PID. The final versions of the EuroFlow PID tubes were used to build EuroFlow databases of normal and patient samples, for automated classification of cell populations (i.e., automated gating) and disease profiles (i.e., orientation of PID diagnosis and classification), as described in detail elsewhere (64, 65, 67).

The multiple cycles of design-testing-evaluation-redesign started in 2012 and took a total of 6 years and 20 in-person EuroFlow PID meetings to reach the final results. No single EuroFlow laboratory could have afforded the above described efforts on its own. Solely thanks to intensive collaboration and frequent exchange of results and information during the EuroFlow meetings, the here described results could be achieved, supported by local funds and by royalty income from pre-existing EuroFlow patents in the leukemia-lymphoma field.



Flow Cytometers and Instrument Settings and Calibration

Most laboratories (9 out of 10) used FACSCanto-II flowcytometers (BD Biosciences, San Jose, CA), one laboratory used a Navios flowcytometer (Beckman-Coulter, Hialeah, FL). Standardized EuroFlow SOPs for instrument set-up and calibration were used for both instruments, as provided in detail via the EuroFlow website (www.EuroFlow.org) and by Kalina et al. (62). With such protocols, fully comparable results are obtained as previously demonstrated for both FACSCanto II, Navios, and other ≥8-color instruments, even when run by different operators (68).

For condensing sets of two 8-color tubes into single 12-color tubes, BD LSR Fortessa X-20 or FACSLyric instruments (BD Biosciences) were used in four centers where the EuroFlow instrument set-up and calibration SOPs were extended for the required extra colors, as described elsewhere (56, 58) and on the EuroFlow website (www.EuroFlow.org).



EuroFlow Standard Operating Procedures for Sample Preparation and Acquisition of High Cell Numbers

To gain detailed insight into the composition of the lymphocyte compartment, including robust identification of small cell populations such as plasmablasts subsets, EuroFlow developed SOPs for acquisition of high cell numbers (≥1–5 × 106 total nucleated cells) and/or large sample volumes (up to 2 mL per tube) (56, 63, 64). These procedures can be used for fresh (<36 h, preferably <24 h) blood and BM samples (69).

For acquisition of high cell numbers, the EuroFlow bulk-lysis-and-stain technique is recommended (56, 64), as described also on the EuroFlow website (www.EuroFlow.org). Briefly, the sample (up to 2 mL) is diluted in a total volume of 50 mL of an ammonium chloride hypotonic solution (1:25 mL vol:vol per 50 mL tube), gently mixed and incubated for 15 min in a roller. Then, nucleated cells were centrifuged and washed twice in phosphate buffered saline (PBS) containing 0.5% bovine serum albumin (BSA). Subsequently, the surface membrane markers on nucleated cells are stained with the corresponding antibody mixtures. Overall, ≥1–5 × 106 nucleated cells were measured for each antibody combination.



Construction of Antibody Panels

Antibody panels were designed for unequivocal identification and full dissection of lymphocyte subsets and their maturation-associated pathways, in parallel to other leukocyte subpopulations, which might show uniquely altered patterns in different PID categories. Specific combinations of fluorochrome-conjugated reagents were selected based on the need for brightness, stability, limited fluorescence spill-over and compensation requirements, as described elsewhere (58, 62, 70). These antibody combinations were evaluated in parallel in multiple centers (at least 4 centers per testing round) and they were optimized via multiple consecutive cycles of design-testing-evaluation-redesign. In each testing cycle, the Infinicyt software was used to identify antibodies for optimal recognition and clear-cut separation of the target cell subsets, while other antibodies were discarded because of insufficient separation of target cell subsets, poor contribution and/or redundancy, as exemplified for the PIDOT in Van der Burg et al. (59). Once optimal recognition and separation of the different target cell subsets was achieved with high reproducibility among the different laboratories, the antibody combination was frozen for final validation in large series of normal and PID patient samples (56, 59, 60). This included an intra-laboratory and inter-laboratory coefficient of variation (CV) for the identification of different minor and major lymphoid subsets of <10 and <30%, respectively, as described for example for the PIDOT (60) and the IgH-isotype tube (57).

Optimal recognition and clear-cut separation of target cell populations avoids arbitrary marker settings between cell populations with vague cutoff values, which easily vary between different laboratories, particularly when different antibody clones and fluorochrome conjugates are used. Therefore, the above described procedures are essential for obtaining reproducible results, which allow comparison of flowcytometric patterns of PID patients between centers at the international level.



Patients and Age-Matched Healthy Controls

The proposed antibody panels were extensively evaluated in multicenter studies by analyzing blood (n = 541) and BM (n = 43) samples. Blood samples from healthy controls (n = 300) included different age groups: cord blood (n = 15), newborns (n = 16), 1–11 months (n = 19), 12–23 months (n = 30), 2–4 years (n = 35), 5–9 years (n = 28), 10–17 years (n = 33), 18–60 years (n = 79), and >60 years (n = 66).

The PID patients included in the study were all genetically-defined cases, except for the most frequent subgroups of predominantly antibody deficiencies (CVID, Ig-subclass deficiencies), for which the ESID and IUIS diagnostic and classification criteria (1, 5) were applied. The PID patients (n = 241) concerned: SCID (n = 24), CVID (n = 66), DiGeorge syndrome (n = 6), ALPS (n = 5), Wiskott-Aldrich Syndrome (n = 3), selective IgA-deficiency (n = 68), BTK-deficiency (n = 10), CD40L-deficiency (n = 6), other less profound CID (n = 6), other CID with syndromic features (n = 11), and several other PID subgroups (n = 36), such as IgG subclass deficiency with IgA deficiency (n = 10), PI3K delta syndrome (n = 5), GATA2 deficiency (n = 5), other diseases of immune dysregulation (n = 4), together with other PID patients not classified as primary defects of the lymphoid system, e.g., chronic granulomatous disease (n = 5), defects of innate immunity (n = 3) and complement deficiencies (n = 4) (59).

Normal blood samples were obtained from healthy adult volunteers or from children upon informed consent of the parents. The BM samples concerned remaining cell material of sibling BM stem cell transplantation donors who consented to participate in the study. All normal and patient samples were collected in tubes containing EDTA as anti-coagulant and processed within 24 h after sampling (69).

Ethical approval and informed consent procedures were according to the local ethical guidelines of the participating EuroFlow institutions and the Declaration of Helsinki (University of Salamanca, Salamanca, Spain; Charles University, Prague, Czech Republic; La Paz Hospital, Madrid, Spain; Erasmus MC, Rotterdam, The Netherlands; University Hospital Ghent, Belgium; and St. Anne's University, Brno, Czech Republic). 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 (B670201523515); and St. Anne's University, Brno, Czech Republic (METC 1G2015).



Data Acquisition and Data Analysis With EuroFlow Software Tools

Data acquisition was performed at low-medium speed (5,000–10,000 cells/s) using either FACSDiva (version 8) or the Navios software. For data analysis, the Infinicyt software (version 2.0) was used. Briefly, standardized Boolean gating strategies were defined and used for manual gating of the distinct cell populations identified in each tube. The merge function of the Infinicyt software was used to merge data files into reference databases. For each cell population its relative distribution among all nucleated cells, lymphocytes, and the corresponding B-, T-, and NK-cell subsets, were calculated and the MFI values per marker reported for each cell subset identified. In addition, absolute lymphocyte counts were calculated using a CD45PerCP, CD3FITC, CD19APC, and CD16+CD56PE TruCOUNT tube (BD Biosciences) following the instructions of the manufacturer.

For automated identification of the cell populations present in the PID tubes, PID databases were built, containing normal blood samples stained with the same antibody combination(s). Reference ranges with abnormality alarms were set per age-group, based on the analysis of a large cohort of 250 healthy control samples: cord blood (n = 15), childhood <18 years (n = 146), and adults ≥18 years (n = 89).



Multicenter Validation of PID Tubes

In order to ensure full comparability between the MFI per marker per cell subset in different samples stained at distinct centers, all EuroFlow centers were trained in the EuroFlow instrument set-up and calibration as well as sample preparation SOPs. Afterward, each center was enrolled in the EuroFlow Quality Assurance program (71, 72). EuroFlow QA program showed that overall QA results of EuroFlow laboratories showed CVs below 30% in more than 90 and 70% of cell populations in 59/72 (82%) and in 71/72 (99%) QA sets, irrespectively of the flowcytometer used and the participant.

In addition, normal blood samples stained with the PID Orientation tube upon strictly following the EuroFlow SOPs, showed ≤ 1% abnormality alarms for the normal lymphocyte and myeloid cell populations.




RESULTS


EuroFlow Algorithm for PID Diagnosis and Classification

Suspicious patient features, such as recurrent and unusual infections, particularly with the same pathogen, auto-immunity, inflammation, lymphoproliferation, and/or organomegaly are triggers for application of the “PID Orientation tube” (PIDOT). In line with the EuroFlow PID algorithm (Figure 1A), the results of the PIDOT will guide the next steps:

- When the PIDOT identifies strongly reduced B-cell counts (<1 cell/μL; see Figure 1B) in the absence of a T-cell problem, the diagnosis of agammaglobulinemia is likely. In such case analysis of the B-cell precursor (BCP) compartment in BM with the PID-BCP tube might be informative to define the position and degree of blockade in early B-cell development, which differs between different genetic defects (37, 38).

- In case the PIDOT reveals reduced B-cell (subset) counts (<5th percentile ≈ <2 SD values; see Figure 1B), application of the “Pre- and Post-GC B-cell tubes” is advised.

- The results of the “Pre- and Post-GC B-cell tubes” might directly support the diagnosis of Hyper IgM syndrome or CD19 complex deficiency (Figure 1A).

- If the “Pre- and Post-GC B-cell tubes” do not detect plasmablasts in blood (<0.01 cell/μL; see Figure 1B), in the presence of reduced memory B-cell subsets, the CVID diagnosis should be considered (57). The IgH isotype tube can further support such diagnosis (57).

- If the “Pre- and Post-GC B-cell tubes” reveal IgH class aberrancies in memory B-cell subsets or plasmablast subsets (<5th percentile ≈ <2 SD values; see Figure 1B), application of the IgH isotype tubes is advised.

- When the PIDOT tube identifies virtually no (naïve) T-cells (<1 cell/μL; see Figure 1B), application of the “SCID/recent thymic emigrant (RTE)” tube is advised to confirm the lack of T-cell production. It should be noted that SCID patients might have normal or reduced T-cell counts in the virtual absence of naïve T-cells (<1 cell/μL; see Figure 1B) with T-cell “right shifts” to more mature T-cell subsets; this is typically seen in subgroups of SCID patients such as “leaky SCID” and Omen syndrome (59) and generally appear to concern oligoclonal expansions of mature T-cells (73, 74).

- In case of reduced T-cell (subset) counts (<5th percentile ≈ <2 SD values; see Figure 1B), application of the T-cell subset tube is proposed.

The combined results of all (n = 241) evaluated PID patients demonstrated that in patients with suspicion of predominantly antibody deficiency, e.g., recurrent respiratory infections, low serum Ig levels, and poor antibody response to vaccination, the PID Orientation tube should (at diagnostic screening) directly be combined with the “IgH-isotype B-cell tubes”.

Similarly, in case of infants with failure to thrive and severe recurrent infections with unusual pathogens, the “SCID/RTE tube” should directly be combined with the PID Orientation tube at diagnostic screening. Such combined SCID/RTE + PIDOT tube approach will also be useful for positive cases from newborn screening (NBS) programs, i.e., cases with strongly reduced T-cell receptor excision circles (TRECs) in blood (14, 75–77).Whenever specific diseases such as ALPS or XLP are suspected (e.g., increased CD4−/CD8− counts or increased total T-cells counts; Figure 1B) additional studies need to be performed (not addressed in this manuscript).



PID Orientation Tube

The PID Orientation tube has been designed for full dissection of all major blood leukocyte (sub)populations (n = 27) in a single tube (Figure 2). The choice of markers, corresponding antibodies and fluorochromes aim at reliable detection and quantitation of these blood leukocyte subsets and their potential alterations.
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FIGURE 2. Generation of a reference principal component analysis 1 (PCA1) vs. PCA2 representation in an n-dimensional space for discrimination of the lymphocytes subsets identified with PIDOT. (A) Data files from 5 healthy donors were merged and lymphocyte subsets of interest identified using bivariate plots. (B) The merged data were used to define an n-dimensional space with the best principal component analysis 1 (PC1) vs. PC2 representation to discriminate these subsets. The PCA representation of the data is resumed in 2 × Standard Deviation (SD) curves to be used as a reference for supervised automatic analysis of the samples.



After four cycles of design-testing-evaluation-redesign, the final version of the 8-color PID Orientation tube consisted of 12 markers: CD27, CD45RA, CD8, IgD, CD16, CD56, CD4, IgM, CD19, CD3, CD45, and either TCRαβ or preferably TCRγδ, wherein the following antibody pairs CD8/IgD, CD16/CD56, CD4/IgM, and CD19/TCRγδ or CD19/TCRαβ are conjugated to the same fluorochrome (Table 1). These reagents aim at detailed dissection of eight major blood leukocyte subsets (Figure 2): B-cells, T-cells, NK-cells, monocytes (including non-classical CD16+ monocytes), dendritic cells, basophils, neutrophils and eosinophils. Additionally, B-cells and T-cells can be classified into a total of four and twelve different maturation pathway-associated subsets, respectively. Accordingly, B-cells are divided into pre-GC B-cells (including both immature/transitional and naïve B-cells), unswitched (including IgM+IgD+, IgM-only and IgD-only) and Ig-switched memory B-cells (MBC) and generally also plasmablasts (Figure 2). The T-cell compartment can be divided into different functional subsets according to the TCRγδ or TCRαβ lineage and according to CD4 and CD8 expression. These T-cell subsets can be further subdivided according to their maturation stage into naïve, central/transitional memory, and effector memory/terminally differentiated T-cells (Figure 2).



Table 1. Composition of the 8-color PID Orientation tube and technical information on reagents.
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Therefore, the PID Orientation tube detects defects in the production of B-cells, T-cells and NK-cells, together with alterations (defective but also increase) in the production of monocytes, dendritic cells, neutrophils, eosinophils, and basophils. Three typical PID patient examples (STAT3, IL2RG, and RAG2 deficiency) are shown in Figure 3 to illustrate the disease-associated immunophenotypic profiles. However, in most cases the PID Orientation tube does not allow precise (sub)classification of the T-cell and B-cell defects, implying that further characterization is required with additional B-cell and T-cell tubes, according to the EuroFlow PID algorithm (Figure 1A), as described below [see also (59)].
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FIGURE 3. PCA representation of PIDOT results, showing the distinct blood leukocyte subsets in the reference data file and supervised analysis of blood samples from a healthy donor and three different PID patients. (A) Reference principal component analysis. PCA1 vs. PCA2 representation was generated from five healthy donors data files, analyzed with the EuroFlow PIDOT. (B) Different patient samples were analyzed against the healthy donor PCA reference. Blood samples from a healthy donor, a patient with mutated STAT3, a SCID patient with IL2 receptor gamma chain (IL2RG) deficiency, and a SCID patient with recombination activating gene 2 (RAG2) deficiency were stained and acquired under identical/comparable conditions. The STAT3 deficient patient shows the typical pattern of reduced naïve T-cells, virtually no IgH-class switched B-cells, and no eosinophils. The IL2RG deficient SCID patient has virtually no T-cells, particularly no naïve T-cells (<1 cell/μL; see Figure 1B), B-cells are present, but no memory B-cells or plasmablasts, and NK-cells are virtually absent. The RAG2 deficient SCID patient has no B-cells and no T-cells, while NK-cells are present in normal numbers. DNT, double negative T-cells, negative for CD4 and CD8, but positive for CD3.



Some diagnostic laboratories in the PID field use a simple B-T-NK tube as first screening step, while most laboratories use several 4- to 6-color tubes in parallel to perform initial screening (generally using 12–18 antibodies with multiple repeats). The here proposed 8-color tube with 12 antibodies provides information on up to 20 different leukocyte (sub)populations, clearly separated in multidimensional principal component analysis (Figures 2, 3), thereby providing the basis for further classification of PID of the lymphoid system.



B-Cell Tubes

For antibody deficiencies and combined T/B-cell defects, detailed analysis of the B-cell compartment in blood and BM is required. B-cells originate from the BCP differentiation pathway in BM into immature and naïve B-cells that enter the periphery, including blood. In the periphery, the B-cells encounter antigen which induces a GC reaction. Consequently, blood contains naïve B-cells that did not yet undergo a GC reaction (pre-GC B-cells) or that have already been exposed to antigen, such as antigen-experienced memory B-cells (MBC), plasmablasts and plasma cells. The antigen-experienced subsets can be further subdivided according to class switching of their IgH-isotypes (and subclasses): IgM, IgD, IgE, IgG (including IgG1, IgG2, IgG3, IgG4), and IgA (including IgA1, IgA2).

Therefore two 8-color panels were designed for the identification of (i) different pre-GC B-cell subsets, including immature/transitional, naïve CD5+ and naïve CD5− B-cells, and (ii) antigen-experienced subsets, including MBC and plasmablasts (Figure 4). The latter panel includes sub-classification of both MBC and PC according to IgH-isotype (IgM, IgD, IgG, IgA, IgE). Further IgH subsetting according to the specific subclasses (IgM, IgD, IgG1, IgG2, IgG3, IgG4, IgA1, and IgA2) was designed in a combination of two separate 8-color tubes or a single 10 or 12-color tube (56).


[image: image]

FIGURE 4. Application of the Pre-GC tube, showing the major B-cell subsets in blood of healthy controls, and PID patients using classical 2-dimensional plots vs. n-dimensional PCA. Analysis of circulating B-cell subsets (FS/SSloCD19+) identified within 2 × 106 blood leukocytes using the markers from the Pre-GC tube: Immature (CD5+ CD27− CD38++ smIgM++ smIgD+), CD5+ and CD5− naïve B-cells (CD27− CD38+d smIgM+ smIgD++), Ig non-switched and Ig-switched memory B-cells (CD5− CD27+ CD38− smIgM+ smIgD++ and CD5− CD27+/− CD38− smIgM− smIgD−, respectively), and plasmablasts (CD5− CD27++ CD38+++). (A) The identification of biologically relevant subsets of B-cells using the minimum number of bivariate plots required for a 5 marker-combination (three bivariate plots/cell population). (B) The same data via PC1 vs. PC2 representation of a 5-dimensional space in blood of six healthy controls (left panel), in blood of a patient with common variable immunodeficiency (CVID; middle) and in blood of a patient with agammaglobulinemia (right), all stained with the Pre-GC tube under comparable conditions. The CVID patient lacks plasmablasts in blood (<0.01 cell/μL blood) and has reduced IgH-class switched MBC. The agammaglobulinemia patient has no plasmablasts, no MBC, and also the naïve B-cell compartment is strongly reduced.



Accordingly, the EuroFlow 8-color PID B-cell tube set consists of five tubes for detailed subsetting of blood pre-GC B-cells (Pre-GC B-cell tube), antigen-experienced B-cells (Post-GC B-cell tube), including detailed IgH-isotype and subclass analysis of MBC and plasmablasts (IgH-isotype B-cell tubes 1 and 2), and BM BCP analysis (BCP tube) (Figure 1A).

Briefly, the “Pre-GC B-cell tube” contains CD27, IgM, CD38, CD5, IgD, CD19, CD21, and CD24 markers (Table 2), which allows detection of immature/transitional B-cells, CD5+ and CD5− naïve B-cells (including their CD21 and CD24 subsets), unswitched (including IgM+IgD+, IgM-only, and IgD-only) and switched MBC and PC. The “Post-GC B-cell tube” contains CD27, IgM, IgA, IgG, IgD, CD19, CD21, CD38, and optionally IgE, wherein two distinctly labeled antibodies against IgA allow to have the IgE/IgA pair and IgG/IgA pair conjugated to the same fluorochrome (Table 2) (78). The “IgH-Isotype B-cell tube-1 and tube-2” (Figure 5A) both contain CD27, IgM, IgD, CD19, CD21, and CD38 together with IgG4, IgG2, IgG1, or with IgA2, IgA1, IgG3, respectively. In this composition two distinctly labeled antibodies against IgG2 and IgA1 are used, wherein the antibodies within the pairs IgG1/IgG2 and IgG2/IgG4 or IgA1/IgG3 and IgA1/IgA2 are conjugated to the same fluorochrome (Table 2).



Table 2. Composition of the 8-color B-cell tubes and technical information on reagents.
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FIGURE 5. Application of the IgH-isotype tube for the dissection of switched memory B-cells and plasmablasts in blood from healthy donors and PID patients. (A) Bivariate plots showing the distribution of switched memory B-cells (smIgMD−CD19+CD38−) and plasmablasts (CD19+CD27++CD38+++) according to the surface membrane expression of the different IgH-isotypes (IgG1, IgG2, IgG3, IgG4, IgA1, and IgA2) in 5 × 106 peripheral blood leukocytes analyzed with the IgH-isotype tubes in samples from a healthy adult. (B) Three dimensional PCA representation of IgH-isotype subsets in memory B-cells (top) and plasmablasts (lower) in a healthy adult donor (left), a selective IgA-deficient patient (middle), and a CVID patient (right). No plasmablasts were detected in blood from the CVID patient (count of <0.01 cells/μL blood), while variable defects were detected in the memory B-cell compartment, particularly involving switched memory B-cells. The defects in the IgA-deficient patient mainly concerned the IgA-class-switched plasmablasts.



Finally, the BCP-BM tube consists of the seven cell surface membrane markers CD20, IgM, CD38, IgD, CD19, CD34, and CD10 and the three intracellular markers cyIgμ, nuTdT, and cyCD79a (Table 3). This combination of markers allows detailed analysis of the BM-BCP compartment from the CD19-negative stage until the naïve B-cells and can visualize complete and partial blocks in BCP differentiation as well as aberrant expression profiles (Wentink et al., unpublished results).



Table 3. Composition of the 10-color BM-BCP tube and technical information on reagents.
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For reasons of efficiency, the two IgH-isotype tubes can be combined into a single 10-color IgH-isotype tube with CD27, IgM, IgG3, IgG2, IgG1, IgD, CD19, CD21, CD38, IgA1, IgA2, and IgG4, with two distinctly labeled antibodies against IgG2 and two distinctly labeled antibodies against IgA1 (“10-color IgH-isotype tube”). Preferably, the four blood B-cell tubes (Pre-GC, Post-GC, and the two IgH-isotype tubes) can be combined into a single 12-color tube by the further addition of CD5 and CD24 (“12-color IgH-isotype B-cell tube”) (56, 57).

In summary, the Pre-GC and Post-GC tubes can visualize blockades in differentiation of transitional to mature naïve B-cells in e.g., a subset of XLA patients, and variable defects in IgH-switched MBC and plasmablasts, such as in patients with Hyper IgM syndrome, CD19 complex deficiencies, IgH class aberrancies, and CVID with almost systematic absence of plasmablasts (<0.01 cell/uL) (Figures 1B, 4B) (57). In addition, the IgH-isotype tubes can uncover more subtle defects in IgH-class switching e.g., in selective IgA- and IgG-subclass deficiencies (Figure 5B) (57). Finally, the BCP tube detects early blockades in BCP maturation in BM.



T-Cell Tubes

In many cases with suspicion of PID of the lymphoid system, analysis of T-cell subsets is an essential part of making a correct diagnosis. If the PID Orientation tube indicates reduced T-cell (subset) counts or abnormal T-cell maturation, further investigation of the blood T-cell compartment is recommended. The SCID/RTE tube is meant for cases with strongly reduced (naïve) T-cell production (<1 cell/μL; see Figure 1B), whereas the T-cell subset tube should be applied when the PID orientation tubes reveals an imbalanced composition of the memory and effector T-cell compartments.

In case of high suspicion of SCID in children of <1 year with severe recurrent infections by unusual pathogens and failure to thrive, the SCID/RTE tube should be directly applied in combination with the PID Orientation tube (Figures 1A, 6). In such patients the detected blood T-cells might be (non-autologous) transplacentally-derived maternal T-cells. The predominant presence of (activated) memory T-cells (either autologous or maternal) in the absence of T-cells recently emigrated from the thymus (RTE), further supports the SCID diagnosis (Figure 6).
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FIGURE 6. Application of the RTE-SCID tube in healthy controls and T-cell defects. Analysis of circulating T-cell subsets (FS/SSloCD3+) identified within 1x106 blood leukocytes using the markers from the RTE-SCID tube: Recent Thymic Emigrants (RTE) CD4+ T-cells (CD4+ CD8− CD45RO− CD62L+ CD31+ HLA-DR−), and naïve (CD45RO− CD62L+ CD31+ HLA-DR−), Central/Transitional Memory (CM/TM) (CD45RO+ CD62L+), Effector Memory (EM) (CD45RO+ CD62L−), and Terminally Differentiated (TD) (CD45RO− CD62L−) CD4+ and CD8+ T-cells. (A) The identification of biologically relevant T-cell subsets in six healthy controls using the minimum number of bivariate plots required for a 6 marker-combination (three bivariate plots/cell population). (B) Comparable T-cell data via PCA1 vs. PCA2 representation of a 6-dimensional space in six healthy controls (left) as well as in three severe combined immunodeficiency (SCID) patients, diagnosed with Artemis, PNP and RAG-1 defects, all stained with the RTE/SCID tube under comparable conditions. All three SCID patients show “leakiness” with virtually complete absence of naïve T-cells (<1 cell/μL blood) and clear “right shift” to mature CM/TM, EM, and TD T-cells in both the CD4 and CD8 lineages.



Upfront identification of the major TCRγδ, TCRαβ, CD4, and CD8 T-cell lineages is required for further detailed dissection of their maturation pathways into (CD31+) RTE, naïve, memory and effector subsets, including activated (HLA-DR+) T-cells (Figure 6). The T-cell subset tube further dissects the blood T-cell lineages into central memory (CM), transitional memory (TM), effector memory (EM), terminal differentiated (TD), and terminal effector (TE) subsets (Figure 7).
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FIGURE 7. Application of the T-cell panel tube in healthy controls and PID patients with T-cell defects. Analysis of circulating T-cell subsets (FS/SSloCD3+) identified within 1 × 106 blood leukocytes using the markers from the T-cell panel tube: naïve (CD45RO− CCR7+ CD27+ CD28+), Central Memory (CM) (CD45RO+ CCR7+ CD27+ CD28+), Transitional Memory (TM) (CD45RO+ CCR7− CD27+ CD28+/−), Effector Memory (EM) (CD45RO+ CCR7− CD27− CD28+), Terminal Effector (TE) (CD45RO− CCR7− CD27+ CD28+/−), and Terminally Differentiated (TD) (CD45RO− CCR7− CD27− CD28+/−) CD4+ and CD8+ T-cells. (A) The identification of biologically relevant subsets of T-cells in six healthy controls using the minimum number of bivariate plots required for a 6 marker-combination (three bivariate plots/cell population). (B) Comparable data via PCA1 vs. PCA2 representation of a 6-dimensional space in blood of six healthy controls (left) as compared to blood samples of three severe combined immunodeficiency (SCID) patients, diagnosed with RAG2, PNP, and DOCK8 defects, all stained with the RTE/SICD tube under comparable conditions. The SCID patients show “leakiness” with absence of naïve T-cells (<1 cell/μL blood) and variable “right shift” to mature CM/TM, EM, and TD T-cells in the CD4 lineage (all 3 SCID patients) and CD8 lineage (PNP and DOCK8 defects).



Briefly, two 8-color T-cell tubes have been designed: (i) the SCID/RTE tube with the five backbone markers CD3, CD4, CD8, CD45RO, and TCRαβ or TCRγδ, supplemented with the subsetting markers CD31, CD62L, HLA-DR for identification of RTEs and activated T-cells (Table 4); and (ii) the T-cell subset tube with the same five backbone markers, combined with CD27, CD28, and CCR7 (Table 4) for detailed dissection of the above mentioned memory and effector compartments (Figures 6, 7).



Table 4. Composition of the 8-color BM-BCP tube and technical information on reagents.
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In summary, while the first tube identifies major defects in T-cell production, the second tube focusses on milder defects in T-cell production and/or altered T-cell responses (Figures 6, 7).



EuroFlow Reference Databases as Essential Tool for Easy, Fast, and Reproducible Analysis of Patient Samples

Similarly to the EuroFlow leukemia-lymphoma diagnosis and monitoring databases (64–66), reference databases have been generated for the EuroFlow PID tubes to facilitate: 1. Automated gating of all leukocyte subsets; 2. Identification of PID-associated immune cell profiles vs. normal age-matched reference values and phenotypes; and 3. Further sub-classification of PID cases into distinct diagnostic categories (Figures 2–7).

Stepwise application of the EuroFlow PID tubes according to the proposed algorithm (Figure 1A) supports the diagnosis of many PID evaluated so far (n = 233), and provides further classification of most lymphoid PID cases into distinct diagnostic categories according to altered flowcytometric immune cell profiles (Table 5). For example, the PIDOT together with the IgH-isotype tubes (Figure 8) support the diagnosis of virtually all IgA- and IgG-subclass deficiencies and CVID patients, including their detailed characterization (57). Figure 9 shows an example of combined application of the PIDOT, the Pre-GC tube and the T-cell subset tube in a patient with a WASp defect, showing several aberrancies in T-cell subsets.



Table 5. Application of EuroFlow PID tubes for the primary immunodeficiency disease categories.
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FIGURE 8. PCA representation of the biologically relevant subsets in a patient diagnosed with IgG2 subclass deficiency with IgA deficiency (40 years). The distribution of the biologically relevant PB lymphocyte subsets has been represented using multidimensional reference plots. The supervised analysis of the PID orientation tube using PC1 vs. PC2 reference plots (A) shows that plasmablasts were undetectable in the patient sample after acquiring 1 × 106 cells. Lack of plasma cells was confirmed in the analysis of the Pre-GC and Post-GC B-cell tubes (B). In addition, three dimensional PCA representation of IgH-isotype subsets in memory B-cells (C) showed that although the counts of total switched memory B-cells was normal in the previous tubes, the subsets of IgG2+, IgA1+, and IgA2+ were undetectable with a sensitivity of 10 cells in a mL of peripheral blood (0.01 cells/μL).
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FIGURE 9. PCA representation of the biologically relevant subsets in a patient diagnosed with a WASp defect (5 years-old). The distribution of the biologically relevant PB lymphocyte subsets has been represented using multidimensional reference plots. The supervised analysis of the PID orientation tube using PC1 vs. PC2 reference plots (A) shows that low numbers of total and naïve CD8+ T-cells, and unswitched and switched memory B-cells, were detected in the patient sample after acquiring 1 × 106 cells. Decreased counts of unswitched memory B-cells was confirmed in the analysis of the B-cell tubes (B). In addition, PCA1 vs. PCA2 representation of the T-cell tube (C) confirmed that naïve CD8+ T-cells were decreased.



More detailed results on the application of the individual EuroFlow PID tubes and their corresponding reference databases and age-matched reference values are provided in separate publications (57, 59) and are implemented in the EuroFlow-based Infinicyt software, respectively.




DISCUSSION

Diagnosis and classification of rare diseases deserves well-defined strategies that are efficient and easily accessible, providing a diagnosis at an early stage, in order to prevent diagnostic delays with higher chances of irreversible organ damage. In case of PID, this requires awareness of general practitioners and pediatricians about the most efficient and cost-effective diagnostic pathways as proposed by ESID and IUIS (2, 5, 6). These diagnostic pathways include flowcytometric immunophenotyping at an early stage, which can guide other diagnostic tests such as functional assays and genetic studies.

Specialized reference centers are required for full diagnostics and clinical management of rare diseases such as PID. Broad and easy access to fast diagnostic screening strategies and linkage to these highly specialized PID reference centers of excellence shall reduce morbidity and mortality of PID patients. The medical indications for testing of PID are well-defined (“the 10 warning signs of PID”) and several consensus reports on stepwise diagnostic strategies have been proposed (2, 5, 7, 79, 80). However practical implementation of these consensus proposals has only partially been achieved. This is mainly due to lack of standardization in the pre-analytical and analytical laboratory procedures, particularly in flow cytometry and NGS/WES (9, 10, 43–45). At least in part, this lack of standardization is caused by the fast technological developments in both fields, which has led to great variability in technical procedures and assays between individual laboratories, thereby hampering comparability of diagnostic results, even among reference PID centers.

The main objectives of the EuroFlow Consortium were to innovate and standardize the flowcytometric techniques and strategies, applied in the diagnosis and classification of PID of the lymphoid system and to generate reliable and reproducible results across laboratories and countries, for guiding both functional testing and genetic testing in flowcytometrically-defined PID subgroups. To achieve these objectives, the EuroFlow Consortium took advantage of its concepts, technologies, tools and experience from the field of leukemia and lymphoma diagnosis, classification and monitoring (61–65). Consequently, we sequentially (i) developed 8-color tubes (and one 12-color BM tube) for efficient diagnostic testing and classification of PID in multiple multicenter cycles of design-testing-evaluation-redesign, following strict rules for selection of optimal combinations of antibody clones and their fluorochrome conjugates; (ii) validated the approved antibody tubes in healthy controls and PID patient series (56–59); (iii) constructed reference databases of normal samples and well-annotated patient samples, which can serve as templates for prospective data analysis; and (iv) provided the basis for standardized interpretation of the results obtained in individual laboratories, which apply the same EuroFlow methods and tools.

As evaluated in more than 240 PID patients, the stepwise application of the proposed tubes according to the EuroFlow PID algorithm (Figure 1A) provides efficient and cost-effective flowcytometric diagnostic screening and classification of virtually all PID of the lymphoid system, based on fast, sensitive, easy, and reproducible identification and enumeration of all relevant subsets (Figure 1). The B-cell tubes have proven to more accurately dissect the blood memory B-cell and plasmablast compartments than achieved previously, thereby providing new possibilities to better diagnose and classify antibody deficiencies, including IgH-subclass deficiencies and CVID (57). In patients suspected of SCID (e.g., in the TREC-based NBS programs), the combined application of the PIDOT and SCID tubes will be highly informative (14, 75–77). Furthermore, the diagnostic procedures for secondary immunodeficiencies might profit as well from the proposed PID tubes and tools (81). Still several subsets of PID patients might present with no or minimally altered lymphoid subset numbers, such as in some DiGeorge patients and part of ALPS, Nijmegen breakage syndrome and ataxia telangiectasia patients at young age. In such cases functional and genetic testing are more informative. Finally, in this study not all types of lymphoid PID could be studied in large series, implying that more cases of the rare diagnostic PID categories should be evaluated. This will be a continuous process to further support the clinical use of the proposed PID tubes; the EuroFlow Consortium will continue to contribute to this process.

Based on our experience in the leukemia and lymphoma field, we believe that the provided standardized strategies, tools, and reference databases are cost-effective and can easily be implemented, not only in specialized PID reference centers, but in any medical immunology laboratory equipped with an 8-color flow cytometer in any PID center in the world. However, it should be noted that standardized flow cytometry, although critical for PID evaluation, does not replace and has to be coupled to immunological functional and genetic testing in order to reach a final diagnosis in most cases.
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Autoantibodies to cytokines are increasingly being detected in association with immunodeficient, autoimmune and immune dysregulated states. Presence of these autoantibodies in an otherwise healthy individual may result in a unique phenotype characterized by predisposition to infection with specific organisms. The ability to detect these autoantibodies is of importance as it may direct treatment toward a combination of anti-microbial agents and immunomodulatory therapies that decrease autoantibody levels, thereby releasing the immune system from autoantibody-mediated inhibition. Ligand binding assays such as ELISA or bead multiplex assays have been used to detect these antibodies. However, not all anti-cytokine autoantibodies have demonstrable function in vitro and therefore their clinical significance is unclear. Assays that evaluate the functionality of anti-cytokine autoantibodies can supplement such ligand binding assays and add valuable functional information that, when viewed in the context of the clinical phenotype, may guide the use of adjunctive immunomodulatory therapy. This mini review provides an overview of anti-cytokine autoantibodies identified to date and their clinical associations. It also describes the use of flow cytometry for the functional analysis of anti-IFNγ and anti-GM-CSF autoantibodies.
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INTRODUCTION

The association of anti-cytokine autoantibodies (AAbs) with primary or acquired immunodeficiency, immune dysregulation and autoimmunity has been increasingly documented in literature (1–3). In fact, immunodeficiency or immune dysregulation due to autoantibodies that target specific cytokines or cytokine pathways now form a unique category in the latest International Union of Immunological Societies (IUIS) PID expert committee (EC)'s classification of immunodeficiencies (4). This category, termed “phenocopies of primary immunodeficiencies (PIDs),” includes acquired immunodeficiency due to certain anti-cytokine AAbs, notably to interferon gamma (IFNγ), interleukin-6 (IL-6), interleukin-17 (IL-17), interleukin-22 (IL-22), and Granulocyte Macrophage Colony Stimulating Factor (GM-CSF) that result in phenotypes similar to those that occur due to pathogenic variants in genes encoding either these specific cytokines, their receptors or molecules mediating cytokine signal transduction.

Anti-cytokine AAbs can be found in circulation and may mediate diverse infectious and/or immunological manifestations depending on the cytokine that they specifically target. Anticytokine AAbs may decrease bioavailability of cytokines by inhibiting binding to their cognate receptors or by sequestering the cytokine in high molecular weight complexes that subsequently undergo Fc-dependent degradation (5). Alternatively, these AAbs may prolong the action of the cytokine by forming immune complexes that promote increased cytokine activity through interaction with stimulatory receptors, FcγRII and FcγRIII. For example, IL8:IL8 AAb complexes have been shown to interact with FcγRIIa and increase IL-8 mediated neutrophil activity in acute respiratory distress syndrome (ARDS) (6).

The ability of anti-cytokine AAbs to mediate disease manifestations may depend on their ability to neutralize or potentiate cytokine function which in turn, may be dependent on the concentration of the AAb in circulation or in tissue, the avidity of the AAb, or the epitopes recognized by the AAb (5). In an analysis of anti-GM-CSF AAbs isolated from patients with Pulmonary Alveolar Proteinosis (PAP), Piccoli and colleagues showed that while monoclonal anti-Granulocyte Macrophage Colony Stimulating Factor (GM-CSF) AAbs showed diminished capacity to neutralize the cytokine in a bioassay, combinations of three non-competing anti-GM-CSF AAbs were effective in neutralizing the biological activity of GM-CSF. Additionally, healthy individuals were shown to have anti-GM-CSF AAbs at concentrations or in combinations that were non-neutralizing, whereas PAP patients generally had polyclonal antibodies at concentrations and titers that were capable of neutralizing the cytokine (5).

Anti-cytokine AAbs are generally polyclonal IgG in nature, however, low titer, non-neutralizing IgA AAbs to interleukin-10 (IL-10) have been detected in the serum of patients with inflammatory bowel disease (IBD) (7). Because the majority of IgA is secreted and only 15% of circulating immunoglobulins are of the IgA isotype, it is possible that these AAbs accumulate in inflamed tissue or at mucosal surfaces rather than in serum, suggesting that investigation of IgA AAbs should be perhaps be performed in relevant tissues or mucosal secretions.

Anti-cytokine AAbs can also be detected in a majority of healthy individuals and in therapeutic human immunoglobulin preparations (8). In fact, a study of over 8,000 healthy blood donors revealed that AAbs to IL-1α, IL-6, IL-10, and GM-CSF were not uncommon in healthy individuals and were noted to reach potentially neutralizing concentrations, chiefly in the case of anti-IL-6 AAbs (9). Although the significance of anti-cytokine AAbs in healthy individuals has not been definitively established, analysis of their functional activity, whether antagonistic to or agonistic with the biological activity of the cytokine is helpful to determine their significance in a disease setting (7, 10).

Under physiological conditions, anti-cytokine AAbs may potentially play a role in the regulation of biological activities of cytokines either by neutralizing excessive cytokine production or by prolonging the half-life of cytokines in circulation by forming cytokine-antibody immune complexes (6). This potential regulatory function is evidenced by the increase in levels of anti-cytokine AAbs with increasing amounts of cytokines (11). Under certain pathological conditions such as in rheumatoid arthritis (RA) or systemic lupus erythematosus (SLE), these AAbs have been observed to rise with decrease in clinical symptoms, suggesting that anti-cytokine AAbs may be used as tools to monitor severity or resolution of disease (12, 13).

There is growing evidence that suggests certain anti-cytokine AAbs play a direct pathogenic role in increasing susceptibility to infection or development of immune dysregulated states. For example, AAbs to interferon gamma (IFNγ), a cytokine responsible for protective immune responses against intracellular organisms, are associated with chronic, disseminated, treatment refractory infections with intracellular organisms such as mycobacteria (14) and AAbs to Granulocyte Macrophage Colony Stimulating Factor (GM-CSF), the principal orchestrator of maturation and function of pulmonary alveolar macrophages, are associated with autoimmune Pulmonary Alveolar Proteinosis (PAP) as well as with increased susceptibility to infection with Nocardia, Cryptococcus and Aspergillus species (5, 15).

In other clinical conditions, the presence of anti-cytokine AAbs might correlate with disease resolution; for example, an increase in anti-IL-1 AAbs correlates with milder disease course in rheumatoid arthritis (12), anti-interferon alpha (IFNα) AAbs have been noted to have an inverse correlation with disease severity in SLE (13), and high levels of anti-IFNγ AAbs correlate with resolution of Guillain-Barre Syndrome (16). The presence of the AAbs may also merely be an association rather than causative of disease (e.g., anti-Granulocyte Colony Stimulating Factor (G-CSF) AAbs in Felty's syndrome) (17).

The genetic and/or environmental factors that influence the development and potential pathogenicity of these anti-cytokine AAbs in an individual remain poorly defined. Understanding the true prevalence, titer and biological significance of anti-cytokine AAbs in healthy individuals or in specific disease cohorts is confounded by the diversity of techniques used to detect them. Therefore, it is important to measure not only the titer of the AAbs, but to also use functional assays, that may help to determine if the AAbs are functional and therefore more likely to be pathogenic. Appropriate recognition of these AAbs in the context of disease is also important because it may direct treatment toward a combination of adjunctive immunotherapy to modulate the AAb titer while continuing appropriate anti-microbial or other suitable therapy.

Table 1 lists anti-cytokine AAbs associated with various disease states identified to date and the assays, both binding and functional, that have been used to characterize these AAbs. Several of these AAbs may be associated with multiple disease states and may either lead to increased susceptibility to certain pathogens or may be immunoregulatory and dampen autoimmune-mediated disease symptoms. Therefore, the biological significance of anti-cytokine AAbs must be evaluated in the context of disease.



Table 1. Disease-associations of anti-cytokine AAbs and in vitro detection methods.
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ANALYSIS OF ANTI-CYTOKINE AUTOANTIBODIES

Although the association of anti-cytokine AAbs with immunodeficiency, dysregulation and autoimmunity is well-recognized, diagnostic testing for these AAbs is limited. Apart from validated diagnostic testing in a few clinical laboratories for the detection anti-GM-CSF AAbs in suspected or confirmed autoimmune PAP, anti-cytokine AAb testing is generally not routinely performed by most clinical laboratories. Analysis of anti-cytokine AAbs can be performed by laboratory-developed ELISA, radioimmunoassay, multiplex bead arrays or other ligand binding assays, and offers the ability to report an antibody titer and/or concentration. Ligand binding assays are, in general, high throughput, cost effective and automatable, and the methods can be fairly easily adapted by most clinical laboratories. Functional assessment of autoantibodies provides further information regarding their biological significance in the context of disease and requires demonstration of their neutralizing or potentiating capacity. These assays, while providing important functional information, are generally performed in laboratories that specialize in high complexity testing. Functional assessment of either the antagonistic or agonistic action of these AAbs has been performed in a variety of ways including demonstration of inhibition of proliferation of cytokine-responsive cell lines, inhibition of the ability of certain cytokines to restrict viral growth in permissive cell lines, inhibition of cytokine-driven differentiation of responsive cell lines, inhibition of cytokine-specific phosphorylation signals or potentiation of cellular function.

Flow cytometry is becoming more widely available in clinical laboratories and can be utilized to demonstrate inhibition of cytokine signaling pathways by neutralizing AAbs, and by inference, an indication of their ability to neutralize cytokine function in vivo. Although currently not widely available, flow cytometry based assays have been established for IFNγ and GM-CSF AAbs by exploiting knowledge of their signaling pathways. These assays and their relevance in diagnosis or monitoring disease states will be discussed below.



INTERFERON GAMMA AABS

The key role of IFNγ in generation of protective immunity to mycobacterial infections and other intracellular infections is underscored by the fact that mutations of genes encoding IFNGR1 and IFNGR2, (the ligand-binding and intracellular, signaling subunits, respectively, of the IFNγ receptor), and STAT1 (Signal Transducer and Activator of Transcription 1), that is downstream of the IFNγ receptor, often lead to severe infections with intracellular organisms of low pathogenicity such as the Bacille Calmette Guerin (BCG) vaccine or non-tuberculous mycobacterial (NTM) species (45). Such infectious manifestations tend to occur in childhood. In adults, such infections are generally rare and if they occur, are generally associated with an acquired immune deficient state, such as HIV infection or immunosuppression following solid organ or hematopoietic stem cell (HSCT) transplant (46–50).

The initial identification of an acquired immune defect that disrupted the IFNγ pathway was published in 2004 and described an adult Filipino patient with high titer, neutralizing AAbs to IFNγ and associated extra-pulmonary NTM infection (51). Following this report, several cases of intracellular infections associated with AAbs to IFNγ have been documented in otherwise healthy individuals (14, 18, 52). The general clinical manifestation in these patients is extra-pulmonary, disseminated, treatment refractory infections with NTM, although Salmonella typhi, cytomegalovirus, cerebral toxoplasmosis and reactivation of varicella zoster virus (VZV) have been reported as well (53). The common features of this autoimmune phenomenon that contribute to an immune deficient state are that patients are, in general, otherwise healthy adults, predominantly Southeast Asian, female, and not obviously immunocompromised. IFNγ AAbs in these patients are neutralizing in nature and tend to be of a very high titer.

While the reason behind development of anti-IFNγ AAbs in certain individuals is not clear, recent data suggest that molecular mimicry and specific HLA types may play a role, therefore indicating that both environment and genetics may be responsible for this phenomenon. In 2013, Chih-Yu Chi et al. published studies showing a strong correlation between two HLA alleles, DRB1*16:02 and HLA-DQB1*05:02 and the occurrence of anti-IFNγ AAbs, suggesting a potential genetic basis for the development of these antibodies (54). Additionally, the group showed that the IFNγ epitope targeted by the anti-IFNγ AAbs was highly homologous to a stretch of amino acids in the Noc2 protein of Aspergillus spp (55). Together, these findings raise the possibility of molecular mimicry leading to development of a cross reactive antibody response to a self-antigen in the context of certain HLA types, leading to an acquired form of immunodeficiency.



GM-CSF AABS

PAP is a rare disease in humans and may be congenital, secondary or acquired (56). The acquired form of PAP has been shown to be due to AAbs to GM-CSF that neutralize the cytokine in vivo, compromising alveolar macrophage function and leading to accumulation of pulmonary surfactant in the lungs (5). Impairment of alveolar macrophage adhesion, chemotaxis, phagocytosis, and killing as well as neutrophil phagocytosis, adhesion, oxidative burst and bactericidal activity have been demonstrated in patients with acquired PAP, suggesting that neutralization of GM-CSF in vivo compromises critical functions in these cell types (57, 58). These observations also provide an explanation for the increased frequency of infections with opportunistic pathogens including Mycobacterium avium complex, Cryptococcus, Nocardia, Histoplasma and Aspergillus species in patients with PAP (59, 60). Anti-GM-CSF AAbs have also been described in otherwise immunocompetent patients with disseminated, extrapulmonary Nocardia infection and invasive aspergillosis, none of whom had an accompanying diagnosis of autoimmune PAP prior to presenting with these infections (15). In at least one of these patients, the presence of anti-GM-CSF AAbs predated clinical presentation, suggesting that these AAbs are likely to be causative of disease rather than a reaction to disease (15). It is currently unclear why certain individuals progress to PAP and others to increased susceptibility to infections with intracellular, opportunistic pathogens. These descriptions have added to the spectrum of clinical presentations in which the presence of anti-GM-CSF AAbs should be investigated (24).



FLOW CYTOMETRY ANALYSIS; EXPLOITING CYTOKINE SIGNALING PATHWAYS

Interferon gamma, a type II interferon secreted chiefly by T lymphocytes and Natural Killer cells, plays a critical role in host defense against intracellular pathogens such as mycobacteria and salmonella. The IFNγ receptor is highly expressed on antigen presenting cells (monocytes, macrophages and dendritic cells) and to a lesser extent on lymphocytes (61). Binding of IFNγ to its cognate receptor leads to activation of Janus kinases 1 and 2 (Jak 1 and 2) followed by phosphorylation of STAT1 on a single tyrosine residue (Y701). Phosphorylated STAT1 dimerizes and is translocated to the nucleus where it initiates transcription of IFNγ regulated genes (Figure 1A) (61).
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FIGURE 1. Utility of the IFNγ and GM-CSF signaling pathways for analysis of anti-IFNγ or anti-GM-CSF AAbs. (A) IFNγ or GM-CSF bind to their cognate receptors causing Jak1 or 2 to be phosphorylated, leading to phosphorylation and dimerization of STAT1 or STAT5, respectively. Phosphorylated STAT1 and STAT5 dimers translocate to the nucleus and initiate transcription of IFNγ or GM-CSF responsive genes respectively; (B) Recombinant GM-CSF induces phosphorylation of STAT5 in human monocytes (pink: unstimulated cells; blue: stimulated cells); (C) Human PBMCs were incubated with recombinant IFNγ and control serum (CS) or serum from a patient with disseminated NTM (PS). PS strongly inhibited IFNγ-induced phosphorylation of STAT1; (D) Specificity of the flow cytometry assay for detection of anti-IFNγ AAbs. Human PBMC were stimulated with IFNα alone, or with IFNα and control serum or patient serum. Patient serum did not inhibit IFNα-induced phosphorylation of STAT-1 indicating that p-STAT1 inhibition was specific to IFNγ AAbs.



GM-CSF mediates its functions through binding to its receptor, a heterodimer that is comprised of a specific a subunit (GMRα) and a dimeric b subunit (βc) that is shared with other cytokines of the βc family. Following binding of GM-CSF to its receptor, the βc subunit associates with Jak2 that then leads to phosphorylation of STAT5, leading to intranuclear translocation and transcription of GM-CSF regulated genes (Figure 1A) (62). Compromised GM-CSF signaling leads to functional deficits in multiple cell types including macrophages and neutrophils.

The IFNγ and GM-CSF signaling pathways have been used to develop flow cytometry based strategies for the functional detection of autoantibodies to these cytokines. The basis of this assay is a short stimulation of isolated peripheral blood mononuclear cells (PBMC) from a healthy donor with either recombinant human IFNγ or GM-CSF to induce phosphorylation of STAT1 or STAT5, respectively. Isolated PBMCs are first stained with fluorophore-conjugated anti-CD14 to identify monocytes. Stained PBMCs are then incubated at 37°C with an optimized concentration of either recombinant IFNγ or GM-CSF for 10–15 min. PBMCs are fixed immediately at the end of the stimulation period with 4% paraformaldehyde to preserve their phosphorylation status and permeabilized using methanol to allow staining for intracellular proteins. Intracellular phosphorylated STAT1 (p-STAT1) or STAT5 (p-STAT5) is detected in monocytes by staining PBMCs with fluorophore conjugated monoclonal antibodies to p-STAT1 (Tyr701) or p-STAT5 (Tyr694) (Figure 1B). Addition of serum or plasma suspected to contain AAbs to IFNγ or GM-CSF to this system is expected to result in decreased fluorescence for p-STAT1 (Figure 1C) or p-STAT5. Because IFN-α also utilizes p-STAT1 for signal transduction, PBMC stimulation with IFN-α is performed to demonstrate specificity of the assay for anti-IFNγ AAbs (Figure 1D).



FLOW CYTOMETRY ANALYSIS: LIMITATION AND CHALLENGES

As with most functional assays, flow cytometry analysis of p-STAT1 and p-STAT4 may be affected by factors other than specific AAbs in patient serum that might interfere with these pathways. Functional assays do not directly detect an AAb and only infer its activity through the effect observed on specific biological activity attributed to the cytokine. Thus, it is important to address the specificity of the assay by combining it with a ligand binding assay in order to demonstrate the presence of an AAb, and to utilize a control cytokine that uses the same signaling molecules in order to demonstrate neutralization of a specific cytokine. For instance, the assay for IFNγ AAbs makes use of IFNα as a control for specificity because both cytokines signal through STAT-1. In clinical practice, ligand binding assays may be used as a high throughput screen for anti-cytokine AAbs followed by a functional assay as confirmation.

As these assays make use of PBMCs, it is necessary to develop a pool of previously screened donors for the assay. Donor PBMCs for these assays are initially evaluated for their response to IFNγ and GM-CSF and the ability of previous characterized inhibitory serum to effectively neutralize the IFNγ or GM-CSF response to these cytokines. In our laboratory practice, freshly isolated PBMC from acceptable donors are utilized for clinical testing. It may also be possible to utilize cryopreserved PBMC from acceptable donors, however, we have not tested the performance of cryopreserved PBMC for phosphorylation assays extensively. An alternative strategy may be to utilize cell lines that are responsive to these cytokines.



DIAGNOSTIC UTILITY

These functional assays enable the detection of functional, neutralizing AAbs to IFNγ or GM-CSF and have been validated for clinical use in a few clinical laboratories. As illustrated in Figure 1C, serum from a patient with extra-pulmonary, treatment-refractory NTM infection inhibited IFNγ-mediated phosphorylation of STAT1 while IFNα responses were unaffected (Figure 1D), indicating specificity for the IFNγ pathway. Using protein A purification for immunoglobulins, we demonstrated that the inhibitory component resides in the immunoglobulin fraction of patient's serum (63). In our experience, ELISA analysis of serum samples with known neutralizing activity demonstrated the presence of anti-IFNγ IgG AAbs, therefore proving that inhibition of the IFNγ pathway is IgG mediated. We have additionally shown that these autoantibodies are biologically significant because they abrogate the ability of Listeria monocytogenes-infected human monocytes to clear infection when activated by IFNγ (63). Similar to the flow cytometry assay for anti-IFNγ AAbs, inhibition of phosphorylation of STAT5 by serum from patients with clinically proven PAP following GM-CSF stimulation of PBMCs has been established as a clinical assay for functional evaluation of anti-GM-CSF AAbs. In our experience, as with anti-IFNγ AAbs, serum samples that had significant neutralizing activity for GM-CSF mediated phosphorylation of STAT5 also showed increased binding to GM-CSF in an ELISA, confirming that p-STAT5 inhibition by serum samples from these patients was antibody mediated.



CLINICAL AND THERAPEUTIC MONITORING

These flow cytometry-based assays can not only be used to demonstrate the presence of anti-cytokine AAbs in serum samples, but can also be used to monitor the success of immune modulation. Encouraging evidence is emerging for the efficacy of rituximab, an anti-CD20- monoclonal antibody that leads to depletion of B lymphocytes, in IFNγ AAb-mediated acquired immunodeficiency (19, 63, 64). The efficacy of rituximab in inducing and maintaining disease remission has been described in several case reports of patients with anti-IFNγ autoantibodies and treatment-refractory NTM infection (19, 63, 65). Monitoring p-STAT1 expression in conjunction with B cell numbers and percentages is of utility in such patients in order to assess the efficacy of immune modulation. We and others have shown a correlation between the decrease in peripheral blood B cells and improvement in IFNγ-induced phosphorylation of STAT1 as an indication of the release of the IFNγ signaling pathway from anti-IFNγ AAb mediated inhibition (63).

Recombinant GM-CSF (subcutaneous or inhaled) and B cell depleting agents such as rituximab have been used to treat autoimmune PAP due to anti-GM-CSF autoantibodies (66–68). Monitoring anti-GM-CSF AAb levels and their neutralizing capability may be of utility along with the assessment of clinical parameters for determining the efficacy of treatment.



CONCLUSIONS

Anti-cytokine AAbs causing immunodeficiency or dysregulation now form a distinct group of PIDs that share phenotypic characteristics with PIDs that occur due to pathogenic variants in genes encoding proteins involved in cytokine signaling pathways. As the management of patients with anti-cytokine AAbs differs from those with genetically disrupted cytokine signaling pathways, laboratory analysis for these AAbs is essential to enable not just improved phenotyping of these patients, but also to provide diagnostic and immune monitoring tools.

The neutralizing capability of anti-cytokine AAbs can be assessed by the analysis of the phosphorylation status of signaling molecules downstream of the relevant cytokine receptor. Such assays should be combined with ligand binding assays such as ELISA to demonstrate the presence of an antibody that correlates with neutralizing activity. Since signaling molecules such as STAT1 and STAT5 are phosphorylated by several cytokines, it is necessary to demonstrate specificity of these assays by utilizing alternate recombinant cytokine controls where possible. These assays that demonstrate the neutralizing capability of anti-cytokine AAbs are of utility in immune monitoring, particularly to demonstrate recovery of these cytokine pathways if immune depletion of B cells or plasmapheresis is employed to remove the source of the autoantibody or the autoantibody itself.
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Actin nucleators initiate formation of actin filaments. Among them, the Arp2/3 complex has the ability to form branched actin networks. This complex is regulated by members of the Wiscott-Aldrich syndrome protein (WASp) family. Polymerization of actin filaments can be evaluated through flow cytometry by fluorescent phalloidin staining before and after stimulation with N-formyl-methionyl-leucyl-phenylalanine (fMLP). We identified a missense mutation in the gene ARPC1B (Arp2/3 activator subunit) resulting in defective actin polymerization in four patients (three of them were related). All patients (1 male, 3 female) developed microthrombocytopenia, cellular immune deficiency, eczema, various autoimmune manifestations, recurrent skin abscesses and elevated IgE antibodies. Besides four patients with homozygous mutation in ARPC1B, we also identified six heterozygous carriers without clinical disease (3 males, 3 females) within the same family. We developed a functional test to evaluate Arp2/3 complex function, which consists of flow cytometric detection of intracellular polymerized actin after in vitro fMLP stimulation of leukocytes. Median fluorescence intensities of FITC-phalloidin stained actin were measured in monocytes, neutrophils and lymphocytes of patients, carriers, and healthy control subjects. We detected non-efficient actin polymerization in monocytes and neutrophils of homozygous patients compared to carriers or the healthy subjects. In monocytes, the increase in median fluorescence intensities was significantly lower in patients compared to carriers (104 vs. 213%; p < 0.01) and healthy controls (104 vs. 289%; p < 0.01). Similarly, the increase in median fluorescence intensities in neutrophils was significantly increased in the group with carriers (208%; p < 0.01) and healthy controls (238%; p < 0.01) and significantly decreased in the patient's group (94%). Our functional fMLP/phalloidin test can therefore be used as a practical tool to separate symptomatic patients from asymptomatic mutation associated to actin polymerization.

Keywords: ARPC1B deficiency, Arp2/3, actin polymerization, flow cytometry, functional test, peripheral blood leukocytes


INTRODUCTION

Polymerization of actin plays an important role in many immune functions like proliferation and differentiation of immune cells, migration, intercellular and intracellular signaling and activation of both, innate and adaptive immune responses. Dynamic rearrangement of cell shape relies on rapid assembly and disassembly of filamentous actin (1). To initiate actin assembly during such processes, cells generate free barbed ends that act as templates for polymerization by uncapping or severing existing filaments or by nucleating from monomers de novo (2). The microfilamentous cytoskeleton is a highly dynamic network that is made of actin and numerous actin-associated proteins (3). Polymerization is initiated by three classes of actin nucleators, the actin related protein 2/actin related protein 3 (Arp2/3) complex, the formin family, and the more recently identified Spire, cordon-bleu, and leiomodin family (1). They promote nucleation, in response to specific upstream signals such as integrin activation, T-cell and B-cell receptor ligation and chemokine stimulation (4). Each class of nucleators has a distinct mechanism for initiating actin polymerization (1). The first major actin nucleator to be discovered was the Arp2/3 complex, which is composed of evolutionarily-conserved subunits including the actin-related proteins Arp2 and Arp3 and five additional subunits ARPC1–5 (5). Arp2/3 complex is a macromolecular machine that nucleates branched actin filaments in response to cellular signals. Wiskott-Aldrich syndrome proteins (WASp) family regulates the nucleation activity of Arp2/3 complex, providing a way for cells to assemble branched actin filament networks (6). Rho-family GTPases like Cdc42 and Rac2 are involved in regulation of actin polymerization by directly interacting with WASp (7).

Control of actin dynamics is essential to many cellular processes, including motility, vesicle trafficking, and cell division. The Arp2/3 complex nucleates new (daughter) filaments on the sides of existing (mother) filaments in response to activating stimulus from the WASp family [reviewed in Smith et al. (8)]. Dynamic associations of Arp2/3 complex with mother filament and WASp is temporally coordinated to initiation daughter filament growth which is necessary to perform a variety of cellular functions including motility (9). Phalloidin has been widely used for studying actin polymerization in biochemical assays and in fluorescent microscopy (10). It is a small toxic molecule produced by the poisonous mushrooms Amanita phalloides. Phalloidin stabilizes actin structures and therefore prevents the depolymerization of the actin polymers, resulting in cytotoxicity (11).

Over 300 genes have been causally linked to monogenic forms of primary immunodeficiency disorder (PID), including a number that are associated with actin polymerization are mostly due to genetic defects in such regulatory proteins. Known cytoskeleton-associated PIDs present either as combined or severe combined immunodeficiencies or as phagocyte disorders (4).

Our study focused on ARPC1B deficiency, a recently described PID (12, 13). Disease is characterized by recurrent infections, hypersensitivity, autoimmunity and increased risk of malignancies. Majority of the patients have increased bleeding tendency due to thrombocytopenia and platelet disfunction. Recurrent infections are both bacterial and viral most commonly in the respiratory tract, skin and gastrointestinal tract. Hypersensitivity features include eczema, food allergies, and asthma. Predominant autoimmune features are skin vasculitis and inflammatory bowel disease. Disease clinically resembles with loss-of-function mutations in WAS gene (13, 14).

The aim of our study was to introduce a rapid, very specific and simple functional test to evaluate impaired actin polymerization in patients with mutation in ARPC1B. Intracellularly polymerized actin was measured by flow cytometry with fluorescent phalloidin before and after in vitro fMLP stimulation of leukocytes.



METHODS


Patients/Study Design

In the period from November 2016 to December 2018, we evaluated patients that were initially identified as having Wiskott-Aldrich like syndrome (thrombocytopenia, eczema, variable degree of immunodeficiency), but later ARPC1 mutation were identified. Four patients with homozygous ARPC1B mutation (1 male, 3 females), 6 heterozygous carriers without clinical disease (3 males, 3 females) within the same family and twelve healthy subjects (without ARPC1B mutation) were included in the study. Clinical and immunological parameters of the patients are summarized in Tables 1, 2.



Table 1. Clinical parameters of the patients with ARPC1B mutation at the first evaluation.
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Table 2. Immunological parameters of the patients with mutations in ARPC1B at the first evaluation.
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Genetic Tests

We extracted genomic DNA from whole blood EDTA samples of four patients and their relatives (siblings, parents, grandparents) according to established laboratory protocols using FlexiGene DNA isolation kit (Qiagen, Germany). We performed whole exome sequencing of an index patient in collaboration with Eurofins Genomics (Ebersberg, Germany) using Ion AmpliSeq Exome kit for whole exome enrichment preparation and Ion PI™ Sequencing 200 Kit v3 together with Ion Proton Sequencer (Life Technologies, USA) to perform whole exon sequencing. We analyzed genetic variants with coverage >15x with Variant Studio 2.2 software (Illumina). Since pathogenic mutations leading to WAS-like are likely rare in unaffected populations, we filtered out all variants identified from the latest draft of the 1000 Genomes Project and dbSNP build 132. The search tool for the retrieval of interacting genes/proteins (STRING, http://string-db.org/) was used to construct protein-protein interactions, which are involved downstream and upstream of the WASP protein, and could be involved in defective actin reorganization, cell trafficking and synapse formation. We directed and focused the analysis on actin reorganization defects using the panel of genes (ACTR2, ACTR3, ARPC1A, ARPC1B, ARPC2, ARPC3, ARPC4, ARPC5, ARPC5L, BTK, FYN, GRB2, NCK1, PSTPIP, WIPF1). We excluded from further analysis all variants exceeding the threshold value for known variant minor allele frequency at 1%. We used the autosomal recessive inheritance model to further reduce the number of potential causative variants. We confirmed the identified candidate variant and its family segregation by a targeted Sanger sequencing run on ABI Genetic Analyzer 3500 (Applied Biosystems, USA) using custom oligonucleotides and BigDye Terminator v3.1 sequencing kit (Applied Biosystems, USA). We analyzed the potential deleterious effect of identified genetic variant with several in silico prediction tools: SIFT (Sorting Intolerant from Tolerant; http://sift.bii.a-star.edu.sg), Polyphen2 (http://genetics.bwh.harvard.edu/pph2/), CADD score (http://cadd.gs.washington.edu/score) and Mutation taster (http://www.mutationtaster.org/).



Functional fMLP/Phalloidin Test

The actin polymerization was determined by a flow cytometric assay. Fifty microliter of citrated whole blood was incubated for 20 s with or without 10 μl of N-formyl-methionyl-leucyl-phenylalanine (fMLP) (final concentration 0.83 × 10−3M). The stimulation time with fMLP was selected among different incubation times; 10, 20, 30, 40, 50, 60, 120, and 180 s as optimized for cell viability and phalloidin mean fluorescence intensity (MFI). Thereafter cells were fixed with 50 μL 4% formaldehyde and incubated for 25 min at room temperature. Red blood cells were lysed with 2 mL BD FACSTM Lysing Solution (BD Biosciences, San Jose, CA, USA) for 10 min, centrifuged (5 min, 450 g) and resuspended in 100 μl PBS containing 1% BSA. Cells were then stained with 10 μL CD14 PE (cat. No. 345785; clone MφP9) and 10 μL CD45 PerCP-Cy5.5 (cat. No. 332784: clone 2D1) monoclonal antibodies (Becton Dickinson, CA, USA) and incubated in the dark for another 15 min. Cells were then permeabilized with 1 mL BD Perm/WashTM buffer (BD Biosciences), centrifuged and intracellularly stained with 5 μL of 1,5 μM FITC-phalloidin, final concentration 150 nM (Sigma-Aldrich, USA). The optimal dilution of phalloidin was determined by titration. Following 60 min incubation in dark at 4°C, the sample was washed twice with 1 mL of PBS containing 1% BSA before analysis by flow cytometry within 30 min. Samples were evaluated by a BD FACS Canto I or II cytometer (BD Biosciences, CA, USA), using DIVA software (BD Biosciences, San Diego, USA). At least 10,000 cells were acquired. The data analysis was performed using FlowJo version 10.1 software (TreeStar, Ashland, USA). The cells were gated into monocytes, neutrophils and lymphocytes according to CD45-PerCP Cy5.5 and CD14-PE distribution (Figure 2). The gates were checked by backgating on scatter plots. The FITC-phalloidin fluorescence on monocytes, neutrophils and lymphocytes was displayed on histograms. Patient samples were always measured in duplicates. Normalization was performed by setting the fluorescence intensity of unstimulated samples to 100%. Increase in MFI in the fMLP stimulated samples was calculated as [image: image].

Apoptotic and viable cells we distinguished by 7-AAD vs. annexin V-APC (both from BD Pharmingen) staining. Aggregated doublet cells were excluded from analysis.



Morphological Assay for Actin Polymerization

Mononuclear cells were isolated on a Ficoll–Hypaque gradient. Distribution of F-actin was evaluated in cells fixed with 4% formaldehyde, centrifuged on slides and air dried. After washing with PBS, cells were stained with 100 μL 5M FITC-phalloidin. Labeled samples were again washed in PBS and mounted using VECTASHIELD® mounting medium with DAPI. Slides were examined at 400-or 1,000-fold magnification on a DMRB Leica fluorescence microscope.



Burst Test

The quantitative determination of leukocyte oxidative burst was performed in heparinized whole blood according to instructions of the manufacturer (Glycotope Biotechnology GmbH, Heidelberg, Germany). Briefly, 100 μL of whole blood were stimulated with unlabelled opsonized bacteria (Escherichia coli) as a particular stimulator, protein kinase C ligand phorbol 12-myristate 13-acetate (PMA) as a strong stimulus, or fMLP as low stimulant. This stimulations induce monocytes and granulocytes to produce reactive oxygen metabolites. Radical formation was measured at 37°C by conversion of dihydrorhodamine 123 to the fluorescent rhodamine 123. A sample without stimulus served as negative background control. The reaction was stopped by addition of lysing solution, which also removed erythrocytes. After a washing step, DNA staining was performed to exclude aggregation artifacts. Cells were analyzed by flow cytometry (FACSCanto; Becton Dickinson), using DIVA software (Becton Dickinson) for data acquisition and analysis, and the results were expressed as MFI plotted on histograms (17).



Phagocytosis Test

To determinate the phagocytosis of neutrophil granulocytes and monocytes the cells were ingesting FITC-labeled opsonized E. coli according to instructions of the manufacturer. We used PHAGOTEST kit from Glycotope Biotechnology GmbH. Briefly, heparinized whole blood was incubated with bacteria at 37°C, a negative control sample remains on ice. The phagocytosis was stopped by placing the samples on ice and adding quenching solution, which discrimination between attachment and internalization of bacteria. Erythrocytes were lysed and DNA staining solution was added just before measurement. Cells were analyzed on FACSCanto flow cytometer, using DIVA software (Becton Dickinson). The percentage of cells, which ingested the FITC labeled E. coli, was determinate using the gate on negative control sample on FITC fluorescence histogram.



Statistical Analysis

Increase in median fluorescent intensity was analyzed with independent two-tailed Student's t-test. Statistics were presented as mean of the results ± standard error of the mean (SEM). P < 0.05 were considered statistically significant. Whenever two or more replicate samples where measured on the same day for the same donor, we used the calculated average value of the measurements.




RESULTS


Patients

All patients and carriers came from the north-east Slovenian Roma community. Three patients presented in neonatal period with eczema, thrombocytopenia and bloody diarrhea. Later they developed recurrent bacterial infections of lung and skin, therapy resistant inflammatory bowel disease, allergic reactions and other various autoimmune features (AI vasculitis, AI thrombocytopenia, and pernicious anemia). Forth patient presented with mild excema and autoimmune hemolytic anemia and thrombocytopenia (Evans syndrome) at 7 months. They had decreased IgM and elevated IgA and IgE antibodies, a mild cellular immune deficiency, slightly decreased phagocytic assays. Clinical characteristics of the patients with mutations in ARPC1B are summarized in Table 1.



Genetic Studies

Whole exome sequencing identified a mutation in ARPC1B gene (Arp2/3 activator), resulting in defective actin polymerization.

A novel mutation fits in an autosomal recessive model of inheritance. In ARPC1B gene which codes for p41protein in ARP2/3 complex the homozygous substitution c.265A>C was found. It changes amino acid threonine at position 89 into proline (p.Thr89Pro). We predicted the mutation pathogenicity using several in silico programs: SIFT (deleterious 0.01), Polyphen2 (possibly_damaging 0.903), CADD score (25.5) and Mutation taster (disease causing 0.999). We cite nomenclature according to the HGVS guidelines (www.hgvs.org/mutnomen). Sequence variants were checked using the Mutalyzer program (http://www.LOVD.nl/mutalyzer). The variant was confirmed with Sanger sequencing. Variant is not present in dbSNP or ExAC database (Exome Aggregattion Consortium: http://exac.broadinstitute.org/). Another three patients were also homozygous for the c.265A>C substitution.

Family segregation analysis was performed in several family members. Parents of all patients are heterozygous carriers of the mutation and have not developed clinical signs of the disease.

All patients with mutation in ARPC1B had slightly decreased phagocytosis and normal oxidative burst after stimulation of monocytes and granulocytes with opsonized E. coli or PMA. However, we observed increased respiratory burst in neutrophils after mild stimulation with fMLP in average 67% (Figure 1).
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FIGURE 1. Measurement of oxidative burst and phagocitosis in granulocytes with PHAGOBURSTTM test (Glycotope Biotechnology GmbH, Heidelberg, Germany) by flow cytometer. A representative example of functional granulocyte activity which produced different amount of reactive oxidants in patient with mutation in ARPC1B (A) and healthy control (B). Red – unstimulated granulocytes; blue – fMLP stimulated granulocytes; orange – PMA stimulated granulocytes. Different phagocytic activity of granulocytes from patients with mutation in ARPC1B (C) and healty control (D) after phagocytosis of E. coli (blue histogram) and negative control (red histogram).





Functional fMLP/Phalloidin Test

Median fluorescence intensities of FITC-phalloidin stained actin in monocytes, lymphocytes, and neutrophils were measured by flow cytometry. The data was normalized to percentage of increase in MFI, to compensate for variation in fluorescence intensity between different days. This calculation is described in the methods. The increase of MFI in FITC-phalloidin stained actin was measured on leukocytes populations from patients, carriers, and healthy controls (Figure 2). In monocytes, increase in MFI in patients was significantly lower than in carriers (p = 0.02) or healthy subjects (p ≤ 0.01). In lymphocytes, increase in MFI in patients was not statistically significantly lower than in heterozygotic carries (p = 0.101) or healthy controls (p = 0.108). The most significant differences were observed in neutrophils. In the group with carriers and healthy subjects without ARPC1B mutation, the MFI showed a statistically significant increase (p ≤ 0.01) while in the patient's group there was a significant decrease (p ≤ 0.01) (Figure 3). Average MFI with or without fMLP stimulation as well as increases in MFI for all three groups are shown in Table 3. Morphological and fluorescence images of fMLP activated and non-activated patient's and healthy subject's phalloidin-marked cells are depicted in Figure 4.
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FIGURE 2. Figure shows an example of multicolour staining and flow cytometry analysis of FITC-phalloidin staining. In the representative pseudocolor plot, leukocytes are separated according to CD45 vs. CD14 staining and gated on lymphocytes, monocytes and neutrophil granulocytes. Histograms show the staining profile of intracellular actin in unstimulated (red) and fMLP stimulated samples (blue). A shift in FITC-phalloidin intensity is easily seen in the histogram overlays. The first three histograms show FITC-phalloidin expression on gated lymphocytes, monocytes or neutrophil granulocytes for patient with mutation in ARPC1B. The second and the third row of histograms shows examples of carrier and healthy control.
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FIGURE 3. Actin polymerization in patients, carriers and healthy controls. Graphical presentation of mean increase in mean fluorescent intensity (MFI) ± standard error of the mean (SEM) on lymphocytes, monocytes and neutrophil granulocytes. The percentages of increase in fluorescent intensity are presented by setting the fluorescence intensity of unstimulated samples to 100% as described by the equation[image: image]. Increase in median fluorescent intensity was analyzed with independent two-tailed Student's t-test. Significant differences (*p ≤ 0.05; **p ≤ 0.01) between homozygous, carriers and healthy controls are shown.





Table 3. Average median fluorescence intensity (MFI) of neutrophils and monocytes before and after 20 s stimulation with fMLP in three different groups–homozygous (patients), carriers, and healthy subjects without mutation in ARPC1B.
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FIGURE 4. Giemsa stained blood smears and fluorescent microscopy images of FITC-phalloidin stained cells. (A) Smears of non-stimulated blood specimen of a healthy subject. (B) fMLP-stimulated blood cells of a healthy subject. (C) Non-stimulated patient's blood cells. (D) fMLP-stimulated patient's blood cells.






DISCUSSION

Phalloidin is widely used in studies of actin filament assembly, including analysis of branch formation by Arp2/3 complex. This cyclic peptide binds and stabilizes actin filaments (18). However, the flow cytometry measurement of phalloidin on monocytes and neutrophils in patients with deficiencies in actin polymerization has not yet been considered. Here we have shown that FITC-phalloidin is simple and rapid functional test that can evaluate the last stage of actin polymerization. We identified a missense mutation in the gene ARPC1B resulting in defective actin polymerization in four patients. ARPC1B is prominently expressed in blood/immune cells and is one of two isoforms Arp2/3, which is required for actin filament branching. Thus, ARPC1B deficiency in humans results in defective Arp2/3 actin filament branching that is associated with multisystem disease including platelet abnormalities, cutaneous vasculitis, eosinophilia and predisposition to inflammatory diseases (19). ARPC1B deficiency has a similar multisystem pathogenesis as a lack of expression of WASp, which is also involved in migration and pseudopod formation (20). Mutations in genes that encode actin regulatory proteins in immune cells, give rise to a distinct subset of PIDs. Defects in actin cytoskeleton affect nearly every stage of the immune response: proliferation of hematopoietic cells in the bone marrow, migration, trans-migration through the endothelium to the sight of infection, dramatic shape change needed to phagocytose invading pathogens, presentation of antigens, and the intimate cellular interactions needed for direct cell to cell signaling (1). Immune cells like many other motile cells make 3D actin-filled pseudopodie and navigate through complex environment at speeds of 20 μm/min (20).

Neutrophils respond to chemotactic stimuli, such as fMLP by increasing the nucleation and polymerization of actin filaments. They respond to a gradient of chemoattractant by extending actin-rich pseudopodia preferentially in the direction of the highest concentration of chemotactic molecules. The response to fMLP occur very rapidly, within 5 to 30 s they begin to extend their surface toward the gradient of chemoattractant (21). A few minutes later, neutrophils develop a polarized shape with formation of contracted tail in the rear and F-actin-rich ruffles at the front. Actin acts as the engine that drives neutrophil motility. The cellular amount of polymerized actin can be determined by assessing the content of fluorescent phalloidin, which binds to F-actin in a 1:1 ratio more tightly than to G-actin and, at saturation, the amount of phalloidin bound is a measure of the amount of F-actin present (22). This can be observed with a fluorescence microscope or measured with a flow cytometer (3). Phagocytic cells have very rapid changes in actin polymerization, which is needed for detection and migration toward pathogens, and destroy their targets. According to our results, they are the most appropriate to measure fluorescence intensity of intracellular actin stained with FITC-phalloidin in patients with defect of actin polymerization (Figure 3). Significant difference in fluorescence intensity between patients with mutation in ARPC1B, carriers and healthy controls indicates that the content of polymerized actin in activated monocytes is indeed lower in patients. The same holds for neutrophils, where the observed decrease in actin content below basal levels can be attributed to fMLP-activation induced damage of cells Table 3.

In ARPC1B homozygous patients, we observed increased respiratory burst in neutrophils after mild stimulation with fMLP. Three of our patients with ARPC1B mutation had developed problems with recurrent infection. This could have an effect on the increased oxidative burst after fMLP stimulation, which was not observed in normal blood neutrophils (Figure 1B). It is known that priming of fMLP receptor with cytokines (e.g., TNF-α) facilitates stronger oxidative burst, which in turn has detrimental effect on these oxidizing granulocytes (23, 24). Since higher than normal values of oxidizing granulocytes were also found in PHAGOBURSTTM test (Figure 1), we believe the paradoxical decrease in actin content in neutrophils after stimulation can be explained by the mechanism mentioned above. Therefore, activation of cytokine-primed fMLP receptors triggers prominent oxidative burst in granulocytes. Oxidizing cells are consequently damaged in this process, which leads to the release of actin, resulting in lower fluorescence intensity detection (25). The neutrophil and macrophage abnormalities caused by defective actin polymerization might explain increase frequency of bacterial infections.

WASp and Arp2/3 function has been reported to have crucial role in the formation of immunological synapse between dendritic cells (DC) and lymphocytes (26). In WAS patient's, for example, DC uptake of soluble antigen is normal, but phagocytosis and presentation of particulate antigens is impaired (27). Bouma et al. hypothesized that reduced proliferation of lymphocytes is due to impaired antigen presentation and reduced IL-12 release from the DC (28). On the other hand, poor DC migration after antigen uptake may lead to maturation of DCs before they reach lymph nodes, with ectopic cytokine and chemokine release likely to recruit other immune cells that may contribute to inflammatory processes such as eczema (1). All our patients had eczema and all but the younger one had elevated levels of total IgE which is characteristic for WAS and ARPC1B immunodeficiency. However, the youngest patient had increased levels of food-specific IgE. All patients had thrombocytopenia and developed autoimmune diseases.

On lymphocytes, we did not observe significant differences in actin polymerization between homozygotes, asymptomatic heterozygote and healthy controls. The actin polymerization is not as extensive in lymphocytes compare to more motile monocytes and neutrophils. In our group of patients, we have observed mild cellular deficiency (Table 2), which coincides with previous reports (12). A major defect in T cells with abnormal actin polymerization is their altered immunological synapses formation and reduced chemotaxis. This can lead to defective response to CD3 and antigens in some cases (14). However, in vitro T-cell proliferation in response to combination of anti-CD3 and anti-CD28, cytokines (IL-15, IL-2) and mitogens was in largely normal (12). In our patients, the response to anti-CD3 and anti-CD28 was normal, but response to mitogen phytohaemagglutinin (PHA) was reduced in two related patients. T lymphocytes successfully participated in immunoglobulin isotype switching, because all patients had increased IgG and IgA levels during the course of their disease. Until now, 14 patients with ARPC1B deficiency have been reported in addition to our four patients, and they all had increased–immunoglobulin E (12, 14, 19).

In summary, by measuring actin polymerization on neutrophils and monocytes with a functional fMLP/phalloidin test, we have efficiently distinguished between symptomatic homozygous patients with mutation in ARPC1B, asymptomatic heterozygous carriers and healthy controls. The mutation of Arp2/3 activator subunit (ARPC1B) resulted in defective polymerization of actin. In blood leukocytes, we have observed the biggest differences in increase of median fluorescence intensity on neutrophils and monocytes. Flow cytometry assays may represent a very useful and rapid tool to detect mutation in ARPC1B that leads to impaired actin polymerization. In the future, it would be very interesting to see if similar differences can be observed also in other primary immunodeficiencies due to abnormalities of actin cytoskeleton, for example Wiskott–Aldrich syndrome.
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Advances in flow cytometry have led to greatly improved primary immunodeficiency (PID) diagnostics. This is due to the fact that patient blood cells in suspension do not require further processing for analysis by flow cytometry, and many PIDs lead to alterations in leukocyte numbers, phenotype, and function. A large portion of current PID assays can be classified as “phenotyping” assays, where absolute numbers, frequencies, and markers are investigated using specific antibodies. Inherent drawbacks of antibody technology are the main limitation to this type of testing. On the other hand, “functional” assays measure cellular responses to certain stimuli. While these latter assays are powerful tools that can be used to detect defects in entire pathways and distinguish variants of significance, it requires samples with robust viability and also skilled processing. In this review, we concentrate on hemophagocytic lymphohistiocytosis (HLH), describing the principles and accuracies of flow cytometric assays that have been proven to assist in the screening diagnosis of primary HLH.
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INTRODUCTION

Hemophagocytic lymphohistiocytosis (HLH) can be described as a systemic hyperinflammatory syndrome. It is most often thought to be caused by an inability to clear an inciting infectious or other immunologic trigger. This leads to pathologic immune activation and a positive feedback loop of ever increasing cytokine secretion and cellular cytotoxicity that ultimately results in self harm (1, 2). HLH can be classified as “primary” or “secondary” depending on whether it occurs as a result of an inborn error leading to a dysfunctional immune system like perforin deficiency, or occurs in settings such as infection, malignancy, rheumatologic, or other disease without a known underlying inherited defect in the immune system (3–5). Primary HLH can be caused by mutations in a number of genes which affect cytotoxic lymphocyte granule-mediated cytotoxicity including PRF1, UNC13D, STX11, STXBP2, RAB27A (Griscelli Syndrome), AP3B1 (Hermansky-Pudlak syndrome type 2), and LYST (Chediak-Higashi Syndrome). Primary HLH can also include other genetic diseases such as XIAP deficiency, which is characterized by inflammasome dysregulation, and SAP deficiency which has a complicated mechanism of disease, though these diseases are usually classified as X-linked lymphoproliferative diseases (XLP) type 1 and type 2, respectively. Regardless, the classification of HLH into primary or secondary groups is sometimes difficult due to the varied phenotype presented and delays or limitations in obtaining genetic results. This has necessitated the development of faster diagnostic screening assays. Many excellent reviews exist on the subject of primary HLH and cytotoxic lymphocyte function, and the reader would be wise to refer to them for a deeper understanding on the subject (1, 6–10). In this review, we will focus on summarizing the laboratory assays currently used to screen for genetic abnormalities in primary HLH linked genes and explore their accuracy. We will also briefly discuss possible pitfalls and future directions in diagnosing diseases typically associated with HLH.



PERFORIN DEFICIENCY

NK cells and cytotoxic T lymphocytes are often grouped together as cytotoxic lymphocytes. Their primary role is to kill virus infected or malignant cells (11, 12). Perforin, the pore forming protein, is encoded by the gene PRF1 and is a key player in this process as well as the archetypical example of primary HLH (13). PRF1 is also historically the first primary HLH gene to be identified and is often referred to as familial hemophagocytic lymphohistiocytosis type 2 (FHL2) (14). Perforin is stored within cytotoxic granules. Once secreted from cytotoxic lymphocyte granules, perforin oligomerizes on the surface of target cells to create pores which allow the penetration of contents such as granzymes into the target. Perforin is easily stained for intracellularly in NK cells using a conjugated monoclonal antibody. Perforin has been shown to be absent or highly reduced in persons with biallelic mutations for PRF1 gene. Staining can be performed using fresh whole blood or peripheral blood mononuclear cell (PBMC). First, the various lymphocyte lineages are extracellularly stained followed by cell fixation and permeabilization. Intracellular perforin is then stained for and the cells finally analyzed on a flow cytometer (15). To note, while freshly isolated NK cells contain perforin and are routinely used for perforin analysis, only a minority of cytotoxic T cells in “healthy” individuals express perforin. Perforin expression in resting bulk CD8+ cells thus varies greatly between individuals. To overcome this, bona fide effector T cells can be gated using CD57 if evaluation of perforin in resting T cells is desired (16, 17). This can greatly help in individuals with poor NK cell counts.

The diagnostic accuracy of perforin expression in NK cells for detecting biallelic PRF1 mutations has recently been published and is highly accurate with sensitivity of 96.6% and specificity of 89.5% for an overall area under the curve (AUC) of 0.971 (Table 1) (18, 20). These and other reports have also shown that PRF1 mutation carriers (a mutation in only one allele) often have clearly reduced perforin expression arguing for an allele dependent perforin expression (19, 26, 27).



Table 1. Sensitivity and specificity results for the diagnosis of primary HLH and related diseases extrapolated from various studies using a range of immunological assays.
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The A91V alteration in PRF1 is unique. Having a high prevalence of 0.22 to 3.9% depending on the population studied, it has been assumed to be less pathologic (Figure 1) (28–31). However, in vitro studies have shown that A91V leads to reduced perforin function (32, 33). Individuals with A91V in both compound heterozygous and homozygous state can be identified by laboratory assays and show low to no residual protein expression, and such results may be indiscriminable from other pathologic PRF1 mutations (30, 34, 35).


[image: image]

FIGURE 1. Intracellular staining of perforin and granzyme B in different individuals. Histograms represent gated NK cells showing varying levels of perforin expression as a consequence of the different PRF1 variants as shown.



The lack of perforin leads to an inability to kill target cells. This functional defect can be detected by lowered chromium release using the radioactive chromium cytotoxicity assay (36). Because the chromium release assay shows suboptimal accuracy, many have turned to screening for primary HLH diseases with perforin staining coupled with the degranulation/exocytosis/CD107a assay in place of or in addition to chromium release NK cell function testing. The CD107a assay examines if cytotoxic lymphocytes (NK cells and CTL) can release secretory lysosomes as described below, but this assay does not report if target cells are killed. Samples from patients with perforin deficiency will not show any degranulation abnormalities but is nonetheless often run to confirm normal degranulation. Typical perforin deficiency can thus be confidently diagnosed based on the lack of perforin staining, deficient NK cell cytotoxicity, but normal degranulation.



SECRETORY GRANULE EXOCYTOSIS DEFICIENCY

Autosomal recessive mutations in UNC13D, STX11, or STXBP2 have been linked to primary HLH disease. These encode the proteins Munc13-4, syntaxin-11, or Munc18-2, and as diseases are known as FHL3, FHL4, or FHL5, respectively. The proteins encoded are crucial for perforin-containing secretory lysosome exocytosis, a process more commonly referred to as degranulation. Defects in RAB27A, LYST, and AP3B1, leading to Griscelli syndrome type 2 (GS2), Chediak-Higashi syndrome (CHS), and Hermansky-Pudlak syndrome type 2 (HPS2), respectively, also cause defective degranulation. These latter patients often manifest with HLH and usually, but not always, occulocutaneous albinism (22, 37–42). Together, these 6 genes can be grouped for diagnostic screening as they show a similar cellular phenotype of failed secretory lysosome content release and failure to kill target cells.

At this juncture, it is important to differentiate between the terms “NK cell degranulation” and “NK cell function,” as they are often thought to be one and the same. The NK degranulation assay, also known as CD107a or NK exocytosis assay, evaluates if CD107a containing secretory lysosomes are able to release their content and thus deposit CD107a on the external cell membrane where it is measured as a surrogate for degranulation (Figure 2). Under the microscope, CD107a and perforin often co-localize and so it is assumed that when granules bearing CD107a are externalized, perforin would also most likely be released at the immune synapse (43, 44). In the case of perforin deficiency, the CD107a assay is not useful as a screening tool because secretory lysosomes without perforin are still released and CD107a still expressed on the cell membrane. The CD107a assay is also unable to detect whether granules are headed toward the immune synapse where the target cell is being engaged. When stimulating NK cells in vitro with anti-CD16 antibody, the release of secretory lysosomes are non-polarized which would not be efficient for target cell elimination (43). The CD107a assay has been found useful for the diagnosis of FHL3-5, GS2, CHS, and HPS2, and possibly ORAI1, STIM1, and HPS10 (45–48), because in all these cases, secretory lysosomes are unable reach the cell membrane or fail to fuse with the cell membrane leading to the absence of surface CD107a after relevant stimulation. But, in cases of preserved detection of CD107a upregulation, additional testing to evaluate NK cell killing may be needed, as lysosome degranulation does not necessarily equate to the death of target cells.
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FIGURE 2. Cytotoxic lymphocyte evaluation of an STXBP2 patient. We performed NK cytotoxicity as well as NK and T cell degranulation using fresh PBMC from a case with homozygous c.1430C>T (p.Pro477Leu) mutations. While (A) control NK cells and CD8+CD57+ T cells degranulated as expected when stimulated, respectively with K562 or anti-CD3 antibody, (B) the patient's cytotoxic lymphocytes did not. (C) NK cytotoxicity was also evaluated via 51Cr release and found deficient. In addition, we included cytotoxicity data from a sibling carrying the same homozygous mutation.



As such, the often crowned “gold standard” chromium release assay still holds relevance since described in the 1960s (49, 50). In this assay, K562 cells (ATCC, CCL-243) first preloaded with radioactive chromium-51 will be killed by NK cells and the extent to which the stored chromium is freed is taken to represent the percentage of K562 killed (51–53). No published data exists exploring the accuracies of NK cytotoxicity assay in diagnosing each subtype of primary HLH, possibly due to sample number limitations. Only one recent study attempted to systematically quantify the accuracy of the chromium release NK cell function assay when used in the clinical lab setting for diagnosing PRF1, UNC13D, STX11, STXBP2, RAB27A, LYST, and AP3B1 mutations, and found it lacking with a sensitivity of 60% and specificity of 72% (Table 1) (20).

The low accuracy of this assay, often used during acute phase HLH, may be partly blamed on the assay's dependency on the NK cell percentage in the sample. HLH patients normally experience large expansions of CD8 T cells, and stressed blood samples from these patients often leave large numbers of RBC and cell debris in the peripheral blood mononuclear cell (PBMC) suspension after ficoll. This leads to an artificially low NK cell percentage which is often unaccounted for, giving an impression of reduced NK function when in fact it is due to the overwhelming number of other cells in the mix. Because the assay is sensitive as such, care must be taken when interpreting poor NK cytotoxicity results especially during acute HLH as it could indicate poor sample quality rather than dysfunctional NK cells. While this assay has many limitations, the result distinctly demonstrates whether or not target cells are finally killed (Figure 2) (54). Numerous flow-, colorimetric-, and imaging-based cytotoxicity assays have been touted as possible chromium release assay replacements but no large cohort of primary HLH cases has been validated on any of these platforms (55–59). Pending such reports, the chromium release assay is still the only published clinical standard for NK functional studies.

Therefore, we currently rely on the CD107a NK cell degranulation assay for the screening diagnosis of primary HLH related to mutations in UNC13D, STX11, STXBP2, RAB27A, LYST, and AP3B1. The most commonly used NK degranulation assay tests rested PBMC stimulated with the myelogenous leukemia cell line K562 (21). After co-incubation for several hours, the percentage of NK cells bearing surface CD107a or the fluorescence intensity of CD107a positive NK cells is then evaluated. Persons with a defect in secretory lysosome transport or membrane fusion will show greatly reduced surface CD107a levels (Figure 2). A pan European study found 97% of FHL3-5 and 85% of GS2 and CHS cases had abnormal percentage of NK cell degranulation (<5% CD107a+ NK cells) to give an overall sensitivity of 96% and specificity of 88% in diagnosing a genetic degranulation disorder (Table 1) (21). A follow-up study on a North American cohort evaluated CD107a mean channel fluorescence (MCF) of NK cells instead of percentage of degranulating cells (20). It found 93.8% of patients with biallelic mutations in an HLH-associated degranulation gene with lowered CD107a MCF but only 60.4% of individuals without biallelic mutations in relevant genes with normal CD107a levels, giving an overall area under the curve of 0.86. More recently, a cohort of 21 CHS cases has likewise confirmed the CD107a assay is able to accurately identify primary defects in NK degranulation (22). In the first two studies, a sizable portion of controls were found to have lowered NK degranulation. This could be due to technical issues, stress during blood sample transport, medications leading to reduced lymphocyte reaction, or epigenetic changes resulting in NK cells with a particularly skewed functional response (60–63). So while better than the chromium release assay, the NK-K562 degranulation assay, like all diagnostic assays, is not perfect.

To overcome the shortcomings stemming from an overreliance on any single test, NK degranulation can also be evaluated through other means, for example, via stimulation using PMA, activating antibodies such as anti-CD16 targeting the Fc receptor, or activation of synergistic NK receptors (16, 64, 65). Preliminary data has found Fc stimulation induced degranulation returns 88% sensitivity and 98% specificity in a cohort of 16 FHL3-5 (Table 1) (16). We can thus infer that both NK cell natural cytotoxicity and antibody-dependent cellular cytotoxicity are defective in classical primary HLH. This is an important point to note as immunodeficiencies could affect only one specific pathway. For instance, a certain CD16 (FcγRIIIA) mutation was found to impair natural NK cytotoxicity but Fc specific function was intact (66). Current standard clinical tests limited to only K562 stimulation would be insufficient for detecting abnormalities in such cases.

Cytotoxic T lymphocytes have also been found defective in degranulation in the context of primary HLH due to mutations in the genes required for normal degranulation. Previously, T cell blasts had to be grown up over weeks in order to sufficiently stimulate perforin production in T cells and generate enough cell numbers for experimentation (21). More recently, it was noticed that specific populations of T cells, namely CD3+CD8+CD57+ contain perforin and granzymes ex vivo without prior need for stimulation (17). This population of bone fide effector cells, by virtue of perforin expression, was found to efficiently degranulate upon anti-CD3 antibody stimulation. Crucial to our context, when tested on primary HLH samples, CD3+CD8+CD57+ T cell degranulation was defective to a similar level as in NK cells (16). A small confirmatory study found high sensitivity with a cohort of biallelic pathogenic UNC13D variants (23). With multiple ways to induce degranulation on multiple cell types, we could speculate on possible undiscovered immunodeficiencies that affect only NK cells or T cells and detectable only with a combination of various degranulation assays.

Like perforin, it is possible to directly detect Munc13-4, syntaxin11, Munc18-2, and Rab27a with antibodies (67–69). However, this is usually performed with western blot. One exception is Munc13-4 detection in platelets with flow cytometry (70, 71). Although this assay has been found to be highly accurate for predicting UNC13D mutations, the antibody used is polyclonal and not commercially available.

Taken together, when primary HLH is suspected, performing the triad of perforin staining, NK and/or T cell degranulation, and NK cytotoxicity will give a more complete evaluation of cytotoxic cell activity and improve HLH diagnosis. While all the assays are individually accurate, we suggest moving toward a “multiplexing” of degranulation assays in the future to increase confidence in diagnosis, provide security should any one cell population be poorly represented, and pave the way for detecting degranulation deficiencies in specific pathways or cell types. Additionally, validating a radioactivity-free killing assay that accounts for effector cell counts would be highly useful for true assessment of cytotoxic lymphocyte function.



X-LINKED DISEASES

The genes SH2D1A and XIAP/BIRC4 encode the proteins SAP and XIAP, respectively. Deficiencies in these proteins lead to X-linked lymphoproliferative disease type (XLP) 1 and 2 (72, 73). As their names imply, both genes are X-linked and often manifest HLH with Epstein-Barr virus (EBV) infection (74–76) but beyond that, XLP1 and XLP2 have quite different phenotypes and share little functional or structural similarities (77).

Similar to perforin, SAP and XIAP monoclonal antibodies exist and have been validated clinically for direct intracellular protein detection (Figures 3, 4) (78–80). However, care must be taken when reading such reports as certain pathologic variants have been found to preserve antibody binding leading to false negative (false normal) results (81–83). Also, while the absence of binding can be equated with the absence of that protein and thus strongly suggests a defect, the binding of an antibody to its antigen says nothing about the function of the protein bound. As such, patients expressing normal SAP and XIAP levels, or for that matter all direct antibody phenotyping tests, should still be sequenced if clinically suspicious. Bimodal staining patterns are also useful in identifying female carriers as well as estimating the level of chimerism for transplant monitoring (24, 79). For XIAP, there has been reports of non-random X inactivation in some female carriers. Lymphocytes bearing the wild-type allele have been seen selected in some while others show the opposite, skewing toward the defective X chromosome at risk for disease manifestations (73, 84, 85). Direct screening of SAP returns 87% sensitivity and 89% specificity for the prediction of pathologic mutations in SH2D1A while direct screening of XIAP gives 95% sensitivity and 61% specificity (Table 1) (24, 86).


[image: image]

FIGURE 3. Indirect diagnosis of XLP1. (A) While most SH2D1A mutations result in absent or lowly expressing SAP protein levels, we found (B) a clinically suspicious patient with c.125G > A (p.Cys42Tyr) missense mutation with only a slight reduction in SAP protein expression by flow cytometry. The patient was thus further evaluated for (C) iNKT numbers on bulk CD3+ cells and (D) restimulation-induced cell death (RICD) via anti-CD3 antibody repeated on two occasions. The low iNKT counts and reduced cell death upon TCR restimulation provided evidence that the missense SH2D1A variant found was indeed pathological.
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FIGURE 4. Phenotyping and functional evaluation for XLP2. (A) While a majority of BIRC4 mutations present with absent or lowly expressing XIAP protein levels, we found (B) a patient with c.632A>G (p.Glu211Gly) variant of uncertain significance (VUCS) with only a slight reduction in XIAP protein expression by flow cytometry. Functional evaluation of XIAP can be done through stimulation of NOD2 with L18-MDP. This signaling pathway requires XIAP for TNF transcription through NF-κB. (C,D) When examined, both these cases show equally defective TNF production regardless of XIAP expression revealing the VUCS is in fact a damaging mutation. LPS acts as a positive control that signals through TLR4 demonstrating preserved cellular function in patient cells.



It has been demonstrated that both SAP and XIAP are required for the development of normal invariant NKT (iNKT) cells and for normal T cell restimulation-induced cell death (RICD) (73, 76, 87, 88). As such, iNKT quantification and RICD assays can be performed for cases where direct staining is inconclusive, or if further supporting data is desired (Figure 3). A more sophisticated cytotoxic assay looking at inhibitory 2B4 signaling in NK cells has also been reported to discriminate functional SAP deficiency (89). Likewise, a functional test exists where XIAP function is investigated downstream of NOD2 stimulation on monocytes. Following stimulation with L18-MDP, TNF is normally produced by CD14 positive cells. However, patients with pathologic mutations in XIAP, even where XIAP protein staining was found normal or in patients with milder clinical phenotype, all had equally defective TNF production and could easily be discriminated (Figure 4) (25). A cutoff of 10% TNF-producing monocytes perfectly distinguished 12 XIAP patients from 29 healthy controls and 6 female carriers (Table 1). Subsequent reports demonstrated the assay's usefulness in diagnosing inflammatory bowel disease (IBD) cases with novel XIAP mutations (90, 91). By performing phenotyping as well as functional assays side by side, it is hoped that future cases might be more accurately identified.



OTHER PRIMARY IMMUNODEFICIENICES

A host of patients with other diseases such as ALPS, CGD, CVID, and SCID, as well as variants in genes including BTK, CARMIL2, CD27, ITK, LRBA, MAGT1, NEMO, PIK3CD, RAG2, WAS, NLR genes, and STAT genes, have been implicated with possible HLH (92–94). The assays described so far including NK cell degranulation and cytotoxicity will be of little diagnostic use here except to rule out defective secretory lysosome transport. For some genes, there exist flow cytometric assays that can assist with diagnosis. For example T, B, and NK specific subset phenotyping panels can pick up ALPS (increased double negative T cells), X-linked agammaglobulinemia due to mutations in BTK (low B cell counts or BTK expression), mutations in CD27 (absent surface expression of CD27), mutations in MAGT1 (lowered NKG2D expression), and a variety of SCID disorders (very low B, T, and/or NK counts, reduced recent thymic emigrants and CD45RA expression) (95). The neutrophil oxidative burst assay is an excellent assay for the diagnosis of CGD (96). WAS can be accurately diagnosed through direct staining of intracellular WAS protein (97). Multiple excellent reviews exist for PID diagnostics (98, 99).

A second group of primary immunodeficiency genes demonstrate defective NK cell activity without pronounced HLH. However, before suggesting that NK degranulation and cytotoxicity assays could be used in helping with the diagnosis of these PIDs, larger cohorts of patients must be collected for evaluation to confirm and explore cytotoxic lymphocytes further including: whether or not both NK and CTL are affected, if both degranulation and cytotoxicity are defective, and if the majority of mutations in that gene share the same phenotype. Genes in this group include AP3D1, CTSC, FERMT3, GATA2, IRF8, MYH9, ORAI1, and STIM1 (45, 47, 48, 100–107). From this list, we know that not all persons for whom NK cell function is defective should be labeled primary HLH. Moreover, a thorough evaluation is hampered as many of publications lack NK degranulation or cytotoxicity data, something we hope future endeavors will address. These genes are thus currently not grouped together with the “classical” primary HLH family because clinical HLH is not usually the outstanding feature. Most are also very rare leading to difficulty in performing large cohort evaluations of cytotoxic lymphocyte activity.



THE FUTURE OF HLH DIAGNOSTICS

The HLH field has come some ways since the HLH-2004 criteria were established (108). A European cohort of cases with clinical HLH and PID other than defects in cytotoxicity found 63 cases, 80% of which were CGD and CID (109). Across the Atlantic, another HLH cohort was comprised of only 19% primary HLH disorders, with 58% of patients having other PIDs including genes associated with inflammasome function (92). We reason the high percentage of “non-classical-HLH” cases is a reflection of improved HLH awareness within the community and should be looked upon positively. These and other studies looking into specific sensitivities of various HLH-2004 criteria have found them wanting (110–112). The concern often cited is the inability to distinguish between primary HLH, secondary HLH, and other PIDs. A simple solution that can easily be adopted today is increased screening. As can be concluded from Table 1, many subtypes of primary HLH can be diagnosed with good accuracy. As such, the fulfillment of HLH criteria should act as an actionable gateway to seriously consider PID by performing various laboratory tests as discussed. This in tandem with advanced sequencing should more often than not provide conclusive diagnosis for all the common primary HLH cases. As previously mentioned, we believe the field of HLH diagnostics will move toward a “multiplexing” of screening assays to more quickly screen for multiple defects simultaneously.

The evaluation of gene expression signatures is an exciting development that could help untangle some of the primary vs. secondary HLH questions going forward. Unique interferon-stimulated gene signatures have been found in systemic lupus erythematosus differentiating it from rheumatoid arthritis and control samples (113, 114). Other studies successfully used the interferon score to identify various Mendelian Type-I IFN-mediated autoinflammatory diseases (115, 116). Preliminary work to define a HLH signature has also been performed with favorable results (117, 118). While research on this area is in its infancy today, we postulate a future where specific gene expression fingerprints from tens or hundreds of genes would be elucidated for the various shades of HLH. We could then quickly and accurately segregate HLH into several subcategories as well as deduce their disease status. The signatures could not only act as a “precision” diagnostic tool but also afford us a deeper cellular mechanistic understanding on the pathobiology of various closely related diseases, and thus opportunities for “precision” therapeutics. We are excited to see what the future holds in terms of HLH diagnostics.
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Common variable immunodeficiency (CVID) is one of the most frequently diagnosed primary antibody deficiencies (PADs), a group of disorders characterized by a decrease in one or more immunoglobulin (sub)classes and/or impaired antibody responses caused by inborn defects in B cells in the absence of other major immune defects. CVID patients suffer from recurrent infections and disease-related, non-infectious, complications such as autoimmune manifestations, lymphoproliferation, and malignancies. A timely diagnosis is essential for optimal follow-up and treatment. However, CVID is by definition a diagnosis of exclusion, thereby covering a heterogeneous patient population and making it difficult to establish a definite diagnosis. To aid the diagnosis of CVID patients, and distinguish them from other PADs, we developed an automated machine learning pipeline which performs automated diagnosis based on flow cytometric immunophenotyping. Using this pipeline, we analyzed the immunophenotypic profile in a pediatric and adult cohort of 28 patients with CVID, 23 patients with idiopathic primary hypogammaglobulinemia, 21 patients with IgG subclass deficiency, six patients with isolated IgA deficiency, one patient with isolated IgM deficiency, and 100 unrelated healthy controls. Flow cytometry analysis is traditionally done by manual identification of the cell populations of interest. Yet, this approach has severe limitations including subjectivity of the manual gating and bias toward known populations. To overcome these limitations, we here propose an automated computational flow cytometry pipeline that successfully distinguishes CVID phenotypes from other PADs and healthy controls. Compared to the traditional, manual analysis, our pipeline is fully automated, performing automated quality control and data pre-processing, automated population identification (gating) and deriving features from these populations to build a machine learning classifier to distinguish CVID from other PADs and healthy controls. This results in a more reproducible flow cytometry analysis, and improves the diagnosis compared to manual analysis: our pipelines achieve on average a balanced accuracy score of 0.93 (±0.07), whereas using the manually extracted populations, an averaged balanced accuracy score of 0.72 (±0.23) is achieved.

Keywords: CVID, flow cytometry, FlowSOM, computational pipeline, PAD


INTRODUCTION

Primary antibody deficiencies (PADs), the largest group of primary immune deficiency disorders, are characterized by markedly reduced serum levels of one or more immunoglobulin isotypes and/or inadequate antibody responses to specific antigens due to genetically determined defects in B cell development and/or function, without major impairments in other parts of the immune system. Common variable immunodeficiency (CVID) is one of the most prevalent PAD disorders, and defined as a marked decrease in serum immunoglobulin (Ig) G with a marked decrease in serum IgM and/or IgA, poor antibody responses to vaccination, and exclusion of secondary or other defined causes of hypogammaglobulinemia (1). As CVID is a diagnosis of exclusion, it encompasses a clinically and immunologically heterogeneous patient population with varying age of onset and severity. CVID patients typically have recurrent infections, mainly of the respiratory, and gastrointestinal tracts. In addition, CVID patients are prone to developing disease-related, non-infectious, complications due to immune dysregulation such as autoimmunity, polyclonal lymphoproliferation, granulomatous manifestations, and malignancy (1–3). Although various abnormalities in B and T cell subsets have been previously reported, the pathophysiological mechanisms of CVID are incompletely understood (1). In recent years, several disease genes for monogenic forms of CVID have been identified, but these only account for 2–10% of patients (4). Timely diagnosis of CVID remains an important challenge in clinical practice, where many other disease possibilities often have to be excluded before a definite diagnosis of CVID can be established (5, 6).

To aid the diagnosis of CVID patients, immunophenotyping by flow cytometry is often performed to obtain an overview of which immune cell populations are affected. Recent advances in multi-parameter flow cytometry allow the measurement of larger marker panels, so that increasingly detailed cell subsets can be identified (7–9).

Currently, flow cytometry data is typically analyzed manually by iteratively selecting cell populations on two-dimensional scatterplots. This manual approach is not only time-consuming, but also researcher-dependent and biased toward expected cell populations. In contrast, automated techniques may facilitate the analysis of larger marker panels by testing countless marker combinations, possibly identifying cell populations that might be indicative of disease status, which may have been overlooked during manual gating (10). In recent years, various computational techniques to analyze flow cytometry data have been developed (11). These techniques automate the different steps in the flow cytometry data analysis pipeline, making data analysis exactly reproducible. For example, pre-processing techniques such as FlowAI (12), and flowClean (13) can be used to perform data quality control. They automatically evaluate scatter and marker values over time and filter out regions that show abnormal behavior. To gain insight into the data structure, various techniques can be applied. Dimensionality reduction techniques such as PCA, t-SNE (14), or UMAP (15) perform dimensionality reduction, and project the high-dimensional cytometry data to a lower-dimensional (often two-dimensional) space, allowing a more comprehensive overview. On the other hand, automated population identification techniques also exist, that aim to group (cluster) similar cells into cell populations with similar phenotypes. To this end, many clustering algorithms have been developed (16), some of which also offer specific visualizations [e.g., FlowSOM (17) and Phenograph (18)]. Here, we develop a novel computational pipeline that combines several of these tools to help distinguish CVID patients from patients with other forms of PADs as well as healthy controls.



MATERIALS AND METHODS


Study Cohort

The study cohort was described earlier in Bogaert et al. (9), in which extensive flow cytometric immunophenotyping was performed in patients with different forms of PADs, including CVID, and several control groups. From this cohort, we have reexamined the flow cytometry data from 28 CVID patients, 23 patients with idiopathic primary hypogammaglobulinemia, 21 patients with IgG subclass deficiency, six patients with isolated IgA deficiency, one patient with isolated IgM deficiency, and 100 healthy controls (HCs). CVID was defined as decreased [from hereon always meaning: at least two standard deviations (SD) below the age-adjusted mean according to the local lab reference values, measured at least twice] IgG, decreased IgA and/or IgM, and poor antibody responses to protein and/or polysaccharide vaccines (1). Idiopathic primary hypogammaglobulinemia was defined as decreased IgG, normal or decreased IgA and/or IgM, and good antibody responses to protein and/or polysaccharide vaccines. IgGSD was defined as decreased IgG2 and/or IgG3, normal total IgG and IgM, normal or decreased IgA, and good or poor antibody responses to protein and/or polysaccharide vaccines. Isolated IgA and IgM deficiencies were defined as an isolated decrease in IgA or IgM, respectively, normal IgG, and good antibody responses to protein and/or polysaccharide vaccines. Each patient was verified to fulfill the appropriate definition before enrollment in the study. Patients with other defined causes of antibody deficiency and/or profound T cell defects, as determined by the ESID registry criteria for CVID (http://esid.org/Working-Parties/Registry/Diagnosis-criteria), were excluded. For the current study, the patients with idiopathic primary hypogammaglobulinemia, IgG subclass deficiency, isolated IgA deficiency and isolated IgM deficiency were combined in one patient group from hereon referred to as “other PADs” (n = 51).

Three different marker panels were measured. The first panel focused on identifying the main cell populations in peripheral blood mononuclear cells (PBMCs), the second panel focused on B cell subsets, and the third panel focused on T cell subsets. A detailed overview of the marker panels can be found in Supplementary Table 1. The clinical variables gender, age, and diagnosis were collected from the patients' records. The patients were divided into eight age groups to adjust for age-dependent differences in white blood cell subsets [see Supplementary Table 2; (9, 19)]. Data were measured over 21 experiment days.

The study was approved by the ethical committee of Ghent University Hospital (2012/593). All reported subjects (or their parents in case of pediatric subjects) provided written informed consent for participation in the study, in accordance with the Helsinki Declaration of 1975.



Computational Pipelines

We automated most steps of cytometry data analysis workflow, including quality control and data preprocessing, automated population detection, feature extraction, and predictive model building using machine learning methods to perform diagnosis. The scripts for the computational pipelines can be found on https://github.com/saeyslab/Computational_Pipeline_CVID.

Preprocessing and Quality Control

The fcs files were read into R, compensated with the compensation matrices determined in the previous study and transformed with the estimate Logicle function of the flowCore package. Cells with unreliable measurements (e.g., out of the detection range) were removed. Quality control was done with the FlowAI (12) package. Only the high quality measurements were selected for further processing. Additionally, only live single cells were used for further analysis, based on the manual pregating of the data.

Alongside the computational analysis, results were compared to the manual analysis performed in the original study [see Supplementary Figure 1; (9)]. The cell populations identified for panel 1 included B cells, CD4+ T cells, CD4- T cells, monocytes, natural killer T (NKT) cells, natural killer (NK) cells, basophils, dendritic cells (DCs), plasmacytoid DCs, and conventional DCs. For panel 2 this included IgD+CD27- naive B cells, IgD-CD27+ switched memory B cells (mem B cells), IgD+CD27+ marginal zone-like (MZ-like) B cells, IgD-CD27- B cells, CD24-CD38++ plasmablasts, CD24++CD38++ transitional (trans) B cells, CD21-CD38+ B cells, CD21low B cells, and CD19lowCD138+ plasma cells. The T cell panel 3 populations include CD31+RO-CD4+ T cells, CD31+RO-CD8+ T cells, CD4+ naive T cells, CD4+ effector memory T cells, CD4+ effector memory RA T cells, CD4+ central memory T cells, CD8+ central memory T cells, CD8+ effector memory T cells, CD8+ naive T cells, CD8+ effector memory RA T cells, gamma delta T cells, and regulatory T cells (Treg) cells.

Automated Population Identification and Feature Extraction

Cell populations were identified by FlowSOM, one of the best performing automated gating techniques identified in the benchmark by Weber et al. (16). FlowSOM uses a Self-Organizing Map (SOM) to group similar cells into fine-grained cell types, which are subsequently grouped into metaclusters (coarse-grained cell types) and visualized in a next step using a minimal spanning tree. FlowSOM trees were built separately for each panel with the FlowSOM R package. An aggregated file was created for each panel and contained 3.000.000 cells sampled from all the files for that panel. For panel 1, a FlowSOM model with a 10 ×10 grid and 14 metaclusters was created using the following markers: FSC-A, SSC-A, CD56, CD3, CD123, CD14, CD127, CD4, CD19, HLA-DR, iNKT/CD34, CD16, and CD11c. A FlowSOM model was created for panel 2 using a 10 × 10 grid and 18 metaclusters using the following markers: CD21, CD24, CD27, CD38, CD138, IgA, IgD, IgG, and IgM. The FlowSOM model created for panel 3 was also built with a 10 ×10 grid and 18 metaclusters using the following markers: CCR7, CXCR5, CD45RO, g/dTCR, FoxP3, CD278, CD8, CD31, and CD4. These were compared with the manual gating labels using the purity and F1-measure. Note that the purity is weighted for the number of cells belonging to a cluster.

Purity: [image: image] (M: set of clusters, D: set of classes, N: number of cells)

F1-measure: [image: image] Precision: [image: image] Recall: [image: image]

(TP: True positives, FP: False positives, FN: False negatives)

For each panel, the following set of features were extracted to be used as input for the machine learning models in the next step: cell percentages for each file per cluster (percentages_clusters), per metacluster (percentages_metaclusters), and the cell percentages in the clusters compared to their respective metacluster (percentages_clusters_to_metaclusters). The median fluorescence intensities (MFIs) for all markers were also obtained for every cluster (MFI_cluster) and metacluster (MFI_metacluster). Zero-imputation was used for MFI values of clusters without cells. This resulted in a total of 1,696 features for panel 1, 1,162 features for panel 2 and 1,282 features for panel 3, yielding in total 4,140 features that can be used as input variables for the classifiers to perform automated diagnosing.

To eliminate effects linked to the aging of the immune system, a z-score was applied per age group on the extracted features of the clustering methods and on the features determined from the manual gating. The score was based on the mean (μ) and standard deviation (σ) of the healthy controls in each age group. All the individual values (x) for that age group and feature are normalized with the z-score: [image: image]

Automated Diagnosing Using Machine Learning

To perform automated diagnosis, we compared a number of machine learning models that aim to predict a patient's disease status from the features obtained from the automated gating. To this end, we explored two different types of classifiers: Random Forests, an ensemble based classifier based on a large combination of randomized decision trees, and Support Vector Machines (SVMs), a linear classifier that makes use of structural risk minimization to stimulate model generalization. Random Forest models were constructed using 500 decision trees, and SVM models were trained with a linear kernel function and C-parameter set to one. For each model type, two versions were trained. The first version formulated the problem as a three-class classification problem, distinguishing between CVID, other PADs and healthy patients. The second model version combined the other PADs and healthy control patients into a joint Non-CVID class vs. the CVID patients.

The full classification models were built with six different datasets consisting of the features extracted from the FlowSOM objects: percentages_clusters, percentages_metaclusters, percentages_clusters_to_metaclusters, Clusters (percentages_clusters + MFI_clusters), Meta_clusters (percentages_metaclusters + MFI_metaclusters), and total (percentages_clusters, percentages_metaclusters + MFI_clusters + MFI_metaclusters + percentages_clusters_to_metaclusters).

Model performance was measured using 21-fold cross-validation, leaving one experiment day out at the time. This ensures that the impact of batch effects on individual experiment days can be estimated accurately. The performance was assessed using the balanced accuracy measure due to the class imbalance for the CVID population compared to the other PAD and healthy control population.

Balanced accuracy: [image: image] (TP: True positives, P: Positives, TN: True negatives, Negatives)

For each cross-validation run, one experiment day was left out to test generalization performance. Aggregated fcs files were created with the patient's fcs files missing for the left-out experiment day. FlowSOM objects were built for each aggregation file and age-group specific means and standard deviations for applying the z-scores were calculated at this point. Then all the files, including the left-out files, were mapped onto the FlowSOM object to extract their features and apply the z-scoring. Classification models were built with the features belonging to the train data (not the samples belonging to the left-out experiment day) and the test data was then used to predict their corresponding label.

Feature Selection

To get more insight into which features contribute most to model performance, and check whether removing unimportant features had a beneficial effect on classification performance, feature selection was performed. A feature selection method was applied to both the manual gating cell populations and the features derived from FlowSOM and is based on the feature selection step in Van Gassen et al. (20). For the classification models with two classes, Wilcoxon tests were calculated for every feature in the dataset based on the two labels (CVID vs. No-CVID). A Kruskal-Wallis test was performed for every feature if a classification model was built with CVID, other PADs, and HC labels. The p-values of these tests were then sorted and used for the feature selection step. The two features with the lowest p-values were selected, whereafter new features were iteratively added from the sorted list if the pairwise Pearson correlation between the selected features and the new candidate feature was lower than 0.2. These features were then used to build the classification models described in the previous section.

Classification Models Based on Manual Gating

In the original study, 47 features were extracted from the manual gating to describe the patients' immunophenotype. These values were normalized using the z-score and were also used as features to build the classification models. In the cross-validation step, the features calculated for the patients and healthy controls belonging to one experiment day were iteratively left out of the z-scoring and classification step and used as test data to predict their labels.




RESULTS

We compared the results of the automated pipeline based on automated quality control and population identification with FlowSOM to the results based on the manual gating. In a first step, we aimed to find out whether the population identification by FlowSOM corresponded to the manually gated populations. Subsequently, we evaluated the predictive power of features derived from both automated as well as manually gated populations in combination with machine learning models. Finally, we aimed to identify those features that seem most promising as biomarkers to diagnose CVID from other PADs and healthy controls.


FlowSOM Accurately Identifies the Cell Populations

The FlowSOM tree built for panel 1 coincided well with the manual labels, with an average purity per cluster of 0.94 (Figure 1). When grouping the clusters into metaclusters, the average purity was 0.78 and there was a clear correspondence with the manual populations (e.g., metacluster 10 corresponds with B cells). This translates into an F1-measure of 0.96 and is confirmed when looking at two-dimensional scatter plots corresponding with the manual gating strategy in Supplementary Figure 3.


[image: image]

FIGURE 1. Left: FlowSOM tree for the PBMCs panel 1. The background coloring indicates the metaclustering. Right: FlowSOM tree were the cells from Healthy control PIDHC011 were mapped onto the original FlowSOM tree for panel 1. The colors of the nodes correspond to the manually gated labels.



For the second panel, the average purity was 0.82 per cluster and 0.73 per metacluster, but the F1 measure only 0.60. This lower number is mainly due to a lower recall, which indicates that not all cells from the manually identified populations are captured together in one metacluster. When we noticed this discrepancy, we compared again the labeling on the tree (Figure 2) and the two-dimensional gating (Supplementary Figure 4). This inspection revealed that in the manual gating strategy, the cell populations are first determined based on their expression of CD markers and are later subdivided into smaller populations based on Ig expression. In contrast, the FlowSOM tree is largely split up into quadrants of immunoglobulins, and only then further split based on the CD markers.


[image: image]

FIGURE 2. Top left: FlowSOM tree for the B cell subset panel 2 with expressed CD markers displayed. The background coloring indicates the metaclustering. Top right: FlowSOM tree with expression of immunoglobulins displayed. Bottom: FlowSOM tree where the cells from Healthy control PIDHC011 were mapped onto original FlowSOM tree for panel 2. The colors of the nodes correspond to the manually gated labels.



The average purity per cluster and metacluster was 0.83 and 0.67, respectively, for panel 3 (Figure 3). The F-measure for this panel was 0.60. This lower purity and F-measure again indicate that not all the manually identified populations were captured together in one metacluster but the higher purity of the clusters indicates that the cells that are assigned to one cluster mostly belong to the same manually gated population. The purity of the clusters and metaclusters can also be visually inspected on Supplementary Figure 5.
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FIGURE 3. Left: FlowSOM tree for the T cell subset panel 3. The background coloring indicates the metaclustering. Right: FlowSOM tree were the cells from Healthy control PIDHC011 were mapped onto the original FlowSOM tree for panel 3. The colors of the nodes correspond to the manually gated labels.



The labeling of the clusters and metaclusters of all FlowSOM trees are depicted in Supplementary Figure 2.



Machine Learning Models Accurately Diagnose CVID

To assess the predictive power of the different classification models, a 21-fold cross-validation was performed for every classification model. The balanced accuracy was calculated in order to determine the predictive power of the extracted cell populations of FlowSOM or the manually extracted cell populations in combination with a classifier (random forest or SVM). An overview is given in Figure 4.
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FIGURE 4. Overview of the balanced accuracy scores of the different classification models (performed with 21-fold cross-validation). Color indicates whether feature selection was applied, shape indicates which classification model was used. Overall, FlowSOM features can clearly improve on features extracted from the manual gating.



Overall, it is clear that the models with FlowSOM derived features are able to obtain higher scores than the pipelines using the features from the manual gating. The average balanced accuracy of all manual gating models for the prediction of the CVID and No-CVID class was 0.63 (±0.10) with feature selection and 0.79 (±0.15) without feature selection while the average balanced accuracy of all FlowSOM models was 0.80 (±0.13) and 0.91 (±0.07) with and without feature selection, respectively. For the three-class models the average accuracies was 0.45 (±0.10) with selection and 0.72 (±0.23) without selection for the manual gating features and 0.81 (±0.16) with selection and 0.93 (±0.0) without selection for the FlowSOM features. Several models only misclassified one patient, obtaining a balanced accuracy of 0.982.

In general, the SVM models gave more accurate results than the random forest classifiers if no feature selection step was used, except for a number of classification models built with the manually selected populations and the models using the FlowSOM metacluster percentages of the individual panels. If a feature selection step was used, all models with an SVM classifier performed worse than the random forests models that were built with the selected features. The decrease is smaller when the FlowSOM cluster MFIs and percentages are used together, or if all FlowSOM features are used for panel 2 or for the three panels combined. Feature selection before training the random forest models resulted most of the times in an equal or less result than the models where no initial feature selection step was performed. When using the features derived from the manually gated populations, feature selection always had a negative impact.

The models where features from panel 2 were used also had an overall better performance than the models based on features from panel 1, and were only slightly better in comparison with the models based on the features of the panels combined. When only the features of panel 3 were used, the performance decreased slightly for the FlowSOM features and greatly when the manually gated populations were used compared to the other two panels. When the information was combined of all three panels, the results generally increased compared to the individual panels. Only panel 2 generated some better results for particular models. The top accuracy was only reached for models built for panel 2 for the two-class model but the overall performance of the models is higher when three classes are classified.

In total, 112 models were built for both the two-class and three-class classification problems and built with either an SVM or random forest classifier, with one of the six different feature sets of FlowSOM or the manually selected populations and with or without a feature selection step. From all the possible two-class classification models, 79 individuals (out of 179) were misclassified at least once and nine patients were misclassified in more than 1/3th of the models (listed in Table 1). From all possible three-class classification models, 168 people were misclassified in the three-class classification models from which seven individuals were mislabeled in more than 1/3th of the models. This increase in mistakes between classification problems is due to added misclassifications between healthy controls and other PADs. For four of these ten patients, further follow-up with their physician indicated that they might have been misdiagnosed in our database.



Table 1. Overview of the most frequently misclassified patients.
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Visual Exploration of the Immune State Space Allows for Visual Separation of CVID Patients

To explore the underlying structure of the patient population, dimensionality reduction using t-SNE was performed on the three features with the highest importance scores in the SVM models built on either the manual gating results for the three panels individually or the total feature set extracted from FlowSOM for both panels individually (Figure 5). For both models, there is no grouping visible based on age or gender.
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FIGURE 5. (A1-3) t-SNE result of the patient population with manually gated cell populations of the most important features determined by the SVM model for the three panels individually. (B1-3) t-SNE result of the patient population with the total features of FlowSOM of the most important features determined by the SVM model for the three panels individually. The perplexity for both t-SNEs was set to 15. A z-score was applied on the used features first to eliminate age-linked immune changes.



Looking at diagnosis, there is a grouping of healthy controls for both the model built on the manual features and for the model built on the FlowSOM features. Most CVID patients also seem to group together for both models with the exception of some. The other PAD patients however seem to be spread across the healthy controls and the CVID patients.



Most Important Features in SVM Classification Identify Relevant Populations for CVID Diagnosis

In order to find populations that could play a role in the identification of CVID patients, importance scores were ranked from the SVM result in the three-class classification models for panels 1-3 individually. These are the same features as in the dimensionality exploration section. The expression of the top three features from the models that were built with all the FlowSOM features (i.e., the MFIs and percentages of clusters and metaclusters and the percentages of clusters compared to the metaclusters) were compared across the three different classes and are visualized in Figure 6 for the three panels.
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FIGURE 6. Boxplots calculated for the most important features in the support vector machines built for the three-way classification of all FlowSOM features for either panel 1, 2, or 3. The colored points indicate the values on which the boxplots were built. A z-score was applied on the used features first to eliminate age-linked immune changes.



For all features of the first panel, an increasing trend is visible of the feature values for the CVID patients. These results indicate an increase in a certain CD4+ T cell population compared to the entire CD4+ T cell population and an increase of CD14 expression on a certain population of cDCs. For the second panel there seems to be a decrease of CD27 expression for a particular switched memory B cell population with IgG, CD24 and CD21 expression. A similar trend is visible for another switched memory B cell population where no immunoglobulins but the same CD markers are expressed. The last feature of panel 2 indicates an increase of a CD21low B cell population in CVID patients compared to the other two classes. Three different types of T cells were selected for panel 3. The first population consists of a specific gamma delta T cell population that appears to have decreased in the other PAD and CVID patients. There seems to be a decrease of the CD4+ naive T cells (CD45RO-CCR7+) in the other PAD patients opposed to the healthy controls but this decrease is not greatly extended to the CVID patients. The last feature indicates an increase in MFI expression of FoxP3 for a certain regulatory T cell population.



Feature Selection Identifies Relevant Population for CVID Diagnosis

Although the feature selection steps did not seem to improve the models, the selected features with the lowest p-values still seem to be relevant in the identification of the CVID patients.

The number of selected FlowSOM features ranged from 2 to 43 features with a median of 13 features while the number of the selected manual populations ranged from 4 to 15 features with a median of seven features.

To inspect these features for the three-class classification problem, Kruskal Wallis tests were performed on all the FlowSOM features. The two features with the lowest p-values and the next feature with the lowest p-value and with a low correlation with the first two features were selected. They all had a value smaller than 1.10–10 and are depicted in Figure 7. The features selected for panel 1 indicate an increase of a certain NK cell population compared to the entire NK cell population for the other PAD and CVID patients. For another NK cell population however, there seems to be a decrease in cell counts compared to all immune cells. The difference between the two populations is the expression of CD56. Cluster 89 shows a very low expression of the marker. The final selected feature of panel 1 suggests that for cluster 22, cells (labeled as CD4+ T cells) have a larger cell size due to higher FSC-A values in the other PAD and CVID patients. Upon further inspection, we confirmed that this significant increase was not only the case for cluster 22, but also for the FSC-A MFI of most CD4+ T cell clusters and the metacluster 1 which represents the CD4+ T cells. Unfortunately this could not be confirmed in panel 3 due to altered scattered values because of the fixation step necessary for the use of the intracellular marker FoxP3.
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FIGURE 7. Boxplots calculated for the features selected by the feature selection step in the three-class classification model calculated on all FlowSOM features for either panel 1, 2, or 3. This feature selection step is performed before the classification step in the automated models. The first three features selected with the lowest p-value are displayed for both panels. The colored points indicate the values on which the boxplots were built. A z-score was applied on the used features first to eliminate age-linked immune changes.



For panel 2, a significant decrease is present in two certain switched memory B cell populations, with IgG, CD38, and CD21 expressed, compared to the healthy controls and the other PAD patients. A second switched memory B cell population seems to be increased in CVID patients compared to the other two classes that expresses CD21, IgA, and CD24.

In panel 3, an increase can be found for a certain population of CD8+ effector memory T cells (CD45RO+CCR7-) compared to the other populations in its metacluster in the other PAD patients. This increase toward the healthy controls is also present in the CVID patients but not as pronounced. The MFI however of CCR7 in a certain cluster of regulatory T cells is increased gradually from the healthy controls to the other PADs and the CVID patients. The third important feature of the SVM model is again a cluster to metacluster ratio where a great decrease is noticed in the other PADs compared to the healthy controls and a smaller decrease in the CVID patients of a certain CD31+CD45RO-CD8+ T cell population.



Diagnosis of a New Patient Is Much Faster by Automated Classification Than by Manual Analysis

A big advantage of using automated models during the diagnostic process of patients is that the computational time is much less than the time necessary to manually gate every population in 2D plots. It took our model 2.54 min in total to load the necessary objects to make a prediction, to map the fcs file of a randomly chosen patient on the FlowSOM tree created for panel 1, to extract all possible features (percentages and MFIs), to apply the z-score to these features and to make a prediction with the SVM of a three-class model built on all possible FlowSOM features. When the classification would be done with a manual gating strategy it would take at least 15 min to gate the entire manual gating strategy and classify the patient based on the known CVID criteria. The classifier built on these gated populations, as performed in this study, still uses the populations that have to be gated first which occupies most of the work and time. This means that the usage of a full computational model is much faster than performing classification based on manually placed gates.




DISCUSSION

In this study, the efficiency and accuracy of different models built with varying FlowSOM feature sets or manually gated cell populations were compared in their ability to identify CVID patients, patients with other PADs and healthy controls.

Both types of automated techniques can be used to diagnose CVID but models built on FlowSOM features proved to be faster and more accurate than models built on manually gated cell populations. Even when the number of FlowSOM features dropped lower than the total number of manually gated populations due to feature selection, the random forest models still obtained better results than the models built with all manual features.

The FlowSOM models accurately represented the manually gated cell populations and captured more detail allowing for better classification results with either an SVM or a random forest as classifier. This is confirmed by the features extracted from the FlowSOM tree of panel 2. Although the structure of the tree of this panel does not coincide with the manual gating strategy since it first splits up the immunoglobulins instead of the CD markers, the classification results of the extracted features from this tree still managed to obtain better accuracies in predicting the class labels.

The comparison between these classifiers showed that models built with an SVM outperformed the models with a random forest when no feature selection was applied. However, when this selection limited the number of features, the accuracy of the SVM models dropped below the accuracy of the random forest models.

Adding this feature selection step, in order to remove unimportant features, did not increase the accuracy of the models. For the models built on the manually gated populations, this is explained by the limited number of cell populations that were gated. These populations were specifically selected according to commonly used gating guidelines in order to investigate CVID patients, meaning that filtering these cell populations resulted in a loss of information needed to classify the patients correctly. The fact that CVID is an immunologically heterogeneous disease could explain the accuracy drop for all models built on FlowSOM features. This would indicate that there are many differential alterations in the immune system in CVID patients, other PAD patients and healthy controls and that the distinction between these groups cannot be made based on only a few of them. By performing a feature selection step, too much valuable information would be lost. The heterogeneity of the disease is confirmed by the selection of other features that were considered as most important in the classification step for the different models and by selecting other features during the feature selection step than those that were most important in the SVM or random forest models.

Though it did not seem that feature selection added an advantage in increasing accuracy of the predictions, it still gave valuable insights into the CVID phenotype next to the features that were ranked as most important in the SVM classification. Most of these insights are confirmed in the original study of Bogaert et al. (9) where they also noticed a general decrease of switched memory B cell populations, a decrease of switched memory B cells that express IgG and an increase of CD21low B cells in CVID patients, a decrease in CD4+ naïve T cells and a decrease in NK cells in CVID patients and in patients with other PADs. However, two features, concerning CD4+ T cells, seem to contradict results from the original study. The original results showed a decrease of the general CD4+ T cell population while these features indicates an increase for one CD4+ T cell population in CVID patients and in patients with other PADs. Nevertheless, this is merely an indication of only one CD4+ T cell population that seems to be increased as opposed to the entire CD4+ T cell population.

The advantage of using a FlowSOM model allowed for a deeper insight into these results and delivered a more specific marker profile of the cells (i.e., the decreasing szitched memory B cell percentages for clusters 18 and 30 expressed next to IgG also CD38 and CD21). This also allowed for the comparison in MFIs of markers between cell populations which lead to a certain sw memory B cell population that expressed CD21, CD24, and IgA. For this cell population in CVID and other PAD patients, the CD24 expression was increased. Other examples of the specificity of FlowSOM are the features that either showed the increase of FoxP3 for a certain regulatory T cell population in other PAD but mostly in CVID patients and the feature that showed the increase of CCR7 for another regulatory T cell population.

Multiple features highlighted in this study have not yet been discussed in literature. They concern the increase of the FSC-A marker in the CD4+ T cell population in CVID and other PAD patients, the increase of the CD14 markers for a certain conventional dendritic cell population, the increase in CD8+ effector memory T cells and in CD8+CD45RO-CD31+ T cells and the decrease of certain gamma delta T cells in the other PAD and CVID patients.

There are two features that did not seem to be related to the CVID or other PAD phenotypes that indicate a decrease of the CD27 marker for two switched memory B cell populations. This is explained by the mapping of IgD-CD27- cells instead of switched memory B cells on these clusters of the FlowSOM model for the CVID and other PAD patients.

Another important aspect of the classification models concerns the frequently misdiagnosed patients. Although the best model could predict almost all CVID patients, mistakes were still made. It was shown that these mistakes could be valid and that the follow-up of these patients can give valuable insights into the model. It seemed that two misclassified patients were wrongly diagnosed and that secondary complications have a marked influence on the classification of the patients. However, most of these patients with secondary complications are still correctly diagnosed in the best performing models.

The final conclusion of this study tells us that the use of a classification model built on FlowSOM features would be a quick, accurate and useful tool in the diagnosis of patients with CVID. This, however, should still be confirmed in a larger cohort with a more generalized marker panel in order to integrate the classification models in the daily diagnostic procedures.
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Supplementary Figure 1. Manual gating strategies. The manual gated strategies used to determine the manually selected cell populations is depicted in the figure for panel 1, panel 2, and panel 3.

Supplementary Figure 2. Overview of clustering and meta-clustering labels of FLowSOM trees. Cluster- and meta-clusterlabels were created by building the FlowSOM models for the three panels. These clusterlabels (left) and meta-clusterlabels (right) are used for labeling in the feature extraction step. (A) FlowSOM model created for the panel 1 with focus on Peripheral Blood Mononuclear cells. (B) FlowSOM model created for the panel 2 with focus on B cell subsets. (C) FlowSOM model created for the panel 3 with focus on T cell subsets.

Supplementary Figure 3. Comparison of metaclusters with manual gating panel 1. The manual gated plots are depicted on the first row for PIDHC011 and correspond to the same marker combinations visualized in Supplementary Figure 1. The following rows visualize 2D scatterplots of the same marker combinations of the manual gates in the first row for each metacluster. 100,000 cells were randomly sampled from the FlowSOM tree from panel 1. The background cells are colored black while those of the selected metacluster are plotted in color.

Supplementary Figure 4. Comparison of metaclusters with manual gating panel 2. The manual gated plots are depicted on the first row for PIDHC011 and correspond to the same marker combinations visualized in Supplementary Figure 1. The following rows visualize 2D scatterplots of the same marker combinations of the manual gates in the first row for each metacluster. 100,000 cells were randomly sampled from the FlowSOM tree from panel 2. The background cells are colored black while those of the selected metacluster are plotted in color.

Supplementary Figure 5. Comparison of metaclusters with manual gating panel 3. The manual gated plots are depicted on the first row for PIDHC011 and correspond to the same marker combinations visualized in Supplementary Figure 1. The following rows visualize 2D scatterplots of the same marker combinations of the manual gates in the first row for each metacluster. 100,000 cells were randomly sampled from the FlowSOM tree from panel 1. The background cells are colored black while those of the selected metacluster are plotted in color.
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The advent of flow cytometry has revolutionized the way we approach our research and answer specific scientific questions. The flow cytometer has also become a mainstream diagnostic tool in most hospital and pathology laboratories around the world. In particular the application of flow cytometry has been instrumental to the diagnosis of primary immunodeficiencies (PIDs) that result from monogenic mutations in key genes of the hematopoietic, and occasionally non-hematopoietic, systems. The far-reaching applicability of flow cytometry is in part due to the remarkable sensitivity, down to the single-cell level, of flow-based assays and the extremely user-friendly platforms that enable comprehensive analysis, data interpretation, and importantly, robust and rapid methods for diagnosing PIDs. A prime example is the absence of peripheral blood B cells in patients with agammaglobulinemia due to mutations in BTK or related genes in the BCR signaling pathway. Similarly, the development of intracellular staining protocols to detect expression of SAP, XIAP, or DOCK8 expedites the rapid diagnosis of the X-linked lymphoproliferative diseases or an autosomal recessive form of hyper-IgE syndrome (HIES), respectively. It has also become evident that distinct cohorts of PID patients exhibit unique “lymphocyte phenotypic signatures” that are often diagnostic even prior to identifying the genetic lesion. Flow cytometry-based sorting provides a technique for separating specific subsets of immune cells such that they can be studied in isolation. Thus, flow-based assays can be utilized to measure immune cell function in patients with PIDs, such as degranulation by cytotoxic cells, cytokine expression by many immune cells (i.e., CD4+ and CD8+ T cells, macrophages etc.), B-cell differentiation, and phagocyte respiratory burst in vitro. These assays can also be performed using unfractionated PBMCs, provided the caveat that the composition of lymphocytes between healthy donors and the PID patients under investigation is recognized. These functional deficits can assist not only in the clinical diagnosis of PIDs, but also reveal mechanisms of disease pathogenesis. As we move into the next generation of multiparameter flow cytometers, here we review some of our experiences in the use of flow cytometry in the study, diagnosis, and unraveling the pathophysiology of PIDs.
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INTRODUCTION


The Role of Technological Developments in Understanding Immunology and Immunodeficiency

The application of new technologies to basic research and clinical investigations has greatly improved biochemical and molecular analyses of cellular physiology and identified defects in these processes that underpin human disease. Thus, technological advances have enabled not only fundamental discoveries of basic immunology, but also a greater understanding of disease pathogenesis, rapid diagnoses of these conditions as well as providing opportunities for the development and/or implementation of improved therapies. Great examples of this can be found in the fields of clinical immunology and immunodeficiency.

Using electrophoretic analysis of serum from a young boy with severe and recurrent bacterial infections led to the discovery by Col Ogden Bruton of the first case of agammaglobulinemia (1). Importantly, treating this patient with monthly subcutaneous infusions of concentrated human immune serum globulin prevented further infections (1). These observations established that agammaglobulinemia caused this patient's recurrent infections, and that the gammaglobulin fraction of serum contained antibodies capable of prophylactically preventing infection. Critically, this finding in a single patient—which pre-dated the discovery of B cells by more than a decade (2)—led to the identification 40 years later that mutations in BTK, encoding Bruton's tyrosine kinase, cause X-linked agammaglobulinemia (XLA) (3).

Extending this work by Bruton, the advent of serological reagents capable of reacting with specific lymphocyte subsets—such as polyclonal antisera raised against surface Ig molecules—enabled the identification of B cells in the peripheral blood of healthy individuals, and the absence of Ig-expressing cells in XLA (4–7). Importantly, XLA patients were found to have near-normal frequencies of precursor B cells in their bone marrow (BM), the site of B-cell development (8), establishing that the very early—but not later—stages of B-cell development were intact in XLA patients. Similarly, advances in techniques to fractionate human peripheral blood leukocyte subsets by density gradient centrifugation allowed the isolation of populations enriched for B cells, T cells and monocytes. This elegant approach also revealed a stark paucity of B cells in XLA (9). These analytical approaches demonstrating an absence of peripheral blood Ig-expressing B cells in XLA patients provided a clear explanation for their agammaglobulinemia.

These serological studies using anti-Ig not only defined B cells as the cellular deficiency in XLA, but also gave greater clarity to other immune deficient conditions. For instance, investigation of X-linked or autosomal recessive (AR) severe combined immunodeficiency (SCID) revealed that, despite persistent lymphopenia and hypogammaglobulinemia, the majority (>90%) of lymphocytes in these individuals were actually B cells (7, 10). This established that these conditions were likely due to a deficiency of T cells, thus defining T−B+ SCID. Likewise, studies of males who were hypo- or agammaglobulinemic but had normal frequencies of B cells, along with T cells, delineated an X-linked PID distinct from XLA that probably represented X-linked hyper-IgM syndrome (6, 7).



Monoclonal Abs Enabled Further Delineation, and Prognosis, of Immunodeficiencies

The ability to generate immortalized cells lines (hybridomas) producing monoclonal Abs (mAbs) with defined and distinct specificities (11) led to quantum leaps in basic and clinical immunology. Thus, it quickly became possible to identify immune cell populations and subsets not only according to the differential expression of surface Ig, but also by the presence, or absence of other cell surface molecules. By using mAbs against surface markers that are coordinately expressed during B-cell development, it was found that the very few B cells present in the circulation of XLA patients resembled immature B cells in BM and were distinct from mature B cells in the peripheral blood of healthy donors (12). This finding was critical in identifying the stage at which B cell development is blocked by inactivating mutations in BTK (3).

This approach of studying immune cell subsets by immunofluorescent microscopy was also critical in understanding pathophysiology of HIV infection and subsequent progression to AIDS. Here, a reduction in the number of peripheral blood CD4+ T cells, and a corresponding inversion of the CD4:CD8 T cell ratio, became a defining clinical characteristic of individuals infected with HIV (13–16). Furthermore, the steady decline in numbers of CD4+ T cells in HIV infection became predictive of progression to full blown AIDS, revealing the need to longitudinally track CD4+ T cells as a biomarker of disease progression following HIV infection (16, 17).



Flow Cytometry Revolutionized Immunology and the Study of Immunodeficiencies

While methodologies such as density gradient centrifugation and immunofluorescent microscopy advanced our understanding of basic immunology and disease, they were laborious and often lacked the level of sensitivity and quantitation required to make definitive interpretations of the data. By simultaneously enabling the rapid analysis of large numbers of immune cells, flow cytometry has had a profound impact on immunology (18), including its application to the study of primary and acquired immunodeficiencies.

It became possible to quickly assess the status of CD4+ T cells in HIV infection (17), accurately define the stages and phenotypes of B cell development in human BM and how mutations in genes such as BTK, BLNK, IGHM, IGLL1, CD79A, CD79B, PIK3R1, and TCF3 differentially affect this process (3, 19, 20), and delineate distinct types of SCID due to different gene mutations according to the presence and absence of specific lymphocyte populations, such as B+T−NK– SCID (IL2RG, JAK3), B−T−NK+ SCID (RAG1, RAG2), B+T−NK+ SCID (IL7RA), or B−T−NK− SCID (ADA) (20, 21).

The discoveries of surface molecules that are induced on activated lymphocytes, or distinguish discrete subsets of T and B cells, also led to major advances in the discovery, diagnosis, management, and classification of PIDs (20). Thus, males with X-linked hyper IgM syndrome could be identified by the inability of their CD4+ T cells to upregulate expression of functional CD40L following anti-CD3/CD28 or PMA/ionomycin-mediated activation (22, 23). Common variable immunodeficiency (CVID) due to ICOS mutations was discovered by the identification of a small number of patients whose T cells lacked ICOS expression following in vitro stimulation (24). The finding that CD27 is expressed on human memory, but not naïve, B cells (25, 26) enabled an entirely new stratification system of CVID that could reliably classify patients with various pathologies (27, 28).

We have also exploited this finding, together with the availability of patients with PIDs, to identify non-redundant molecular and cellular requirements for the generation and/or maintenance of memory B cells in humans. Thus, mutations that disrupt (i) CD4+ T cell/B cell interactions and thus delivery of CD4+ T cell-mediated B cell help (e.g., loss of function [LOF] CD40L, ICOS, CD40, NEMO, SH2D1A, RLTPR [CARMIL2], CD27/CD70), (ii) cytokine signaling particularly through IL-21 and STAT3 (i.e., IL21, IL21R, IL2RG, ZNF341, IL10R LOF; STAT3 dominant negative [DN]; STAT1 gain of function [GOF]), or (iii) other intracellular signaling pathways (STK4, DOCK8, SP110 LOF; PIK3CD GOF) all reduce memory B cells (defined as CD19+CD20+CD10−CD27+ cells) in affected individuals (29–41) (Figure 1). Similar studies performed by other investigators have established that signaling via CARD11/BCL10/MALT1 (45), CD19/CD81 (46), and NIK/NFKB2 (47, 48) are also key regulators of the generation and/or maintenance of human memory B cells. Importantly, this approach also established that, for instance, IL12Rβ1/2, IL-23R, TYK2, and STAT1 signaling (32, 42), nor SPPL2A (43) or GINS1 (44), are required for generating and/or maintaining the memory B cell pool in humans (Figure 1).
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FIGURE 1. Impact of inborn errors of immunity on the generation of memory B cells. PBMCs from the indicated numbers of healthy donor controls or from individuals with pathogenic mutations in the indicated genes were stained with mAbs against CD19, CD20, CD10, and CD27. The proportions of B cells exhibiting a CD19+CD10−CD27+ memory phenotype was determined by flow cytometric gating and analysis. Significant differences were determined by ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). The age range of the healthy donors is from birth (cord blood) to ~65 years old. These data are compiled from findings previously reported in the following publications: (29–37, 39–44).



Further advances in flow cytometric methodologies enabled detection of intracellular proteins (49), as well as post-translational modifications to proteins involved in cell signaling (50). These developments were also embraced by the clinical immunology field to facilitate rapid diagnosis of PIDs and discover patients with novel immune defects. The ability to quantify expression of SAP, XIAP, BTK, FOXP3, and DOCK8 proteins by intracellular staining and flow cytometric analysis expedited detection and diagnosis of patients with X-linked lymphoproliferative disease (XLP) type 1 (LOF mutations in SH2D1A), XLP-2 (LOF mutations in XIAP/BIRC4), XLA (BTK), IPEX (FOXP3), and an AR form of HIES (DOCK8), respectively (51–56) (Figure 2). Furthermore, this facilitated the identification of female carriers of some X-linked traits, such as XLP-1, XLP-2, and XLA (51, 55–57, 59) (Figure 2), as well as the discovery of somatic reversion in XLP-1 (60), DOCK8-deficiency (54), and leukocyte adhesion deficiency-1 due to mutations in ITGB2 encoding CD18 (61, 62). Similarly, the detection of intracellular phosphorylated STAT proteins in response to cytokine-mediated stimulation of lymphocyte populations has been developed as a functional screen to identify individuals with LOF mutations in IL10R, IL12RB1, or IFNGR1 (63–65), or GOF mutations in STAT1 (66). Importantly, this technique has been applied to discover patients with novel inborn errors of immunity, including LOF mutations in IL21R (67), IL6ST (68), and IL6R (69). Clinical flow cytometry has also played a valuable role in studying PIDs affecting innate immunity. Assessing respiratory burst in phagocytes using oxidation of fluorescent probes such as dihydrorhodamine 123 (DHR) following leukocyte activation in vitro is the gold standard for diagnosing individuals with either X-linked or AR forms of chronic granulomatous disease (70), as well as females carriers of the X-linked form of this condition (59). Lastly, the use of cell permeable fluorescent dyes such as carboxyfluorescein succinimidyl ester (CFSE), Cell trace violet and Cell trace yellow, to label intracellular molecules and then track the dilution and concomitant reduction in fluorescence intensity of these dyes with each cell division (71, 72) has enabled detailed analysis of the role of cell division in lymphocyte differentiation and how these events can be uncoupled or compromised in various PIDs (29–31, 33, 35–37, 40, 58, 60, 73–76).
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FIGURE 2. Intracellular staining for SAP and DOCK8 in controls, patients, and female carriers. (A) PBMCs from healthy donors, female carriers of the XLP trait, or individuals with pathogenic mutations in SH2D1A, or were stained with mAbs against CD3, CD20, and SAP. Expression of SAP in B cells (tinted histogram) and T cells (open histogram) was then determined. (B) PBMCs from healthy donors, or from an individual suspected of having DOCK8-deficiency were stained with an isotype control Ab (tinted histogram) or a mAb against DOCK8 (open histogram). Expression of DOCK8 in lymphocytes was then determined. These data are compiled from findings previously reported in the following publications: (37, 57, 58).



However, there are important caveats to consider when using flow cytometry to determine potential molecular causes of PIDs. While the vast majority of gene variants found to cause PIDs abolish protein expression, and thus a lack of the encoded protein can be used as a surrogate to confirm the pathogenicity of a mutation, several variants do not affect protein expression and are pathogenic due to them being LOF. An example of this can be found in one of the original descriptions of mutations in CD40LG, which reported detectable expression of CD40L on activated CD4+ T cells from one patient with X-linked hyper-IgM syndrome despite the presence of a predicted inactivating mutation (23). Similarly, pathogenic mutations have been identified in SH2D1A (77), DOCK8 (78), BTK (55, 56), and IL10RA (65) in patients with XLP, AR HIES, XLA and very early onset inflammatory bowel disease, respectively, yet expression of the encoded proteins is unaffected. Despite this, flow cytometry was still valuable in some of these cases to establish the LOF nature of variants that did not affect protein expression. Here, quantifying binding of soluble CD40 to the surface of activated CD4+ T cells established that a specific mutation in CD40LG that preserved protein expression, as determined flow cytometrically using an anti-CD40L mAb, was unable to bind CD40L (23). Likewise, LOF of expressed but mutant IL-10RA was confirmed by demonstrating an inability of IL-10 to induce phosphorylation of STAT3 in PBMCs from this patient (65). Thus, like all aspects of research and clinical immunology, awareness of the limitations of specific assays needs to be borne in mind, and multiple approaches adopted to ensure the most accurate and clinically-actionable results are obtained. But the contribution of flow cytometry to clinical medicine remains central and unquestioned.



Delineation of Human Peripheral Blood Lymphocytes by Flow Cytometry

To study the impact of gene mutations on the human immune system of individuals with PIDs, it is important to first be able to identify distinct populations of immune cells in peripheral blood (PB), as this is the predominant source of cells that is readily obtainable from patients. In line with this, mAbs directed against a myriad of cell surface markers can be used to identify, isolate, and characterize distinct in vivo-generated immune cell subsets (Table 1). Of the main conventional lymphocyte populations CD3, CD4, CD8, CD20, and CD56 have been used to identify total CD3+ T, CD4+ helper T (Th), CD8+ cytotoxic T, CD20+ B, and CD3−CD56+ natural killer (NK) cells (Table 1). In addition to this, unconventional T cell subsets, which contribute to both innate and adaptive immune responses, have been identified within the T cell compartment as CD3+Vα24+Vβ11+ NKT, CD3+γδ+αβ− γδ T and CD3+Vα7.2+CD161+ mucosal associated invariant T (MAIT) cells (79) (Table 1).



Table 1. Immune cell populations identified in human peripheral blood according to specific phenotypes.
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Importantly, differential expression of specific cell surface markers can be used to determine the maturation status of distinct subsets of CD4+ and CD8+ T and B cells. Specifically CCR7 and CD45RA delineate naive (CD45RA+CCR7+), central memory (TCM; CD45RA−CCR7+), and effector memory (TEM; CD45RA−CCR7−) CD4+ T cells, and naive (CD45RA+CCR7+), TCM (CD45RA−CCR7+), TEM (CD45RA− CCR7−), and revertant memory (TEMRA; CD45RA+CCR7−) CD8+ T cell populations (80, 81) (Table 1). The CD4+ T cell compartment can also be resolved into different “helper” subsets based on expression of CD25, CD127, CD45RA, CXCR5, CXCR3, and CCR6. As such, CD4+ T cell populations corresponding to regulatory T cells (Tregs; CD25hiCD127lo), T follicular helper (Tfh; CD45RA−CXCR5+), Th1 (CD45RA−CXCR5−CXCR3+CCR6−), Th2 (CD45RA−CXCR5−CXCR3−CCR6−), and Th17 (CD45RA−CXCR5−CXCR3−CCR6+) subsets can be identified in PB of healthy individuals (32, 81, 82).

CD20+ human B cells can be divided into transitional (CD10+CD27−), naïve (CD10−CD27−), and memory (CD10−CD27+) subsets by their differential expression of CD10 and CD27 (25, 26, 83, 84). Early/immature and late/mature subsets of transitional B cells can also be identified according to differential expression of CD21 or CD44 (35, 83, 84). Furthermore, memory B cells can remain IgMhi or undergo Ig isotype switching to become IgG- or IgA-expressing cells (25, 26) (Table 1). Plasmablasts (CD19+CD38hiCD27hiCD20lo) can also be detected, though these cells persist at very low frequencies in the PB at the basal state (85). A population of CD19hiCD21lo B cells can also be detected within the B cell compartment. These CD19hiCD21lo have been referred to as “atypical” and/or “aged memory” B cells, and have been associated with both health and disease (86–88) (Table 1). Thus, on one hand they have been proposed as being plasmablast precursors that are rapidly re-activated and differentiate into plasmablasts during anamnestic immune responses to specific Ag (86). On the other hand they have been considered to be pathogenic in the setting of chronic infection (e.g., HIV, malaria, Hepatitis B) as they are “exhausted” and unable to clear these pathogens, or self-reactive in Ab-mediated autoimmune disease (SLE, RA, Sjogren's syndrome) (27, 87, 88).



Insights Into Disease Pathogenesis in PIDs

Over the past two decades, our flow cytometric-based studies of various PIDs have provided substantial insight and understanding into the non-redundant roles of specific genes, molecules, and signaling pathways in the development, differentiation and effector function of human B cells, CD4+ T cells, CD8+ T cells and innate-like lymphocytes. These findings have not only identified critical requirements for establishing robust primary and long-lived immunity against various pathogens, but have elucidated mechanisms underlying infectious susceptibility in the setting of these PIDs, and defined specialized functions of discrete subsets of immune cells host defense. Some of our key findings from these studies are summarized below:

Autosomal Dominant Hyper IgE Syndrome Due to STAT3 Mutations

AD HIES is characterized by recurrent opportunistic bacterial (Staphylococcal) and fungal (Candida sps.) infections, recurrent cyst-forming pneumonia and impaired generation of Ag-specific Abs following vaccination or infection, despite dramatically increased levels of serum IgE (89). Affected individuals also present with non-immune connective tissue defects such as broad facial features, high palate, retention of primary teeth, hyperextensibility, scoliosis, osteoporosis, and recurrent fractures (89). AD-HIES was found to result from heterozygous germline DN mutations in STAT3 (STAT3DN) (90, 91). Examination of PBMCs from these patients has revealed a “lymphocyte phenotype signature” that is distinct from healthy donors.

Specifically, while there were normal frequencies of total CD4+ T cells in STAT3DN, we found increases in proportions of naïve and decreases in proportions of TCM cells (Figures 3A,B, 4A,B) (32). Further investigations into CD4+ T cell subsets revealed a significant decrease in CXCR5+ Tfh and CCR6+ Th17 cells and to a lesser extent an increase in the CXCR5−CXCR3−CCR6− memory population (32, 92, 94, 95), which contains Th2 cells, in patients with STAT3DN mutations (Figures 3C, 4C,D). Frequencies of total CD8+ T cells are comparable in healthy donors and STAT3DN patients (Figure 3D), however STAT3DN patients have an increase in naïve and a corresponding decrease in TCM, TEM, and TEMRA CD8+ T cells (Figures 3E, 4E,F) (73). Examination of the B cell compartment of STAT3DN patients also revealed stark differences to healthy donors. Despite normal frequencies of total B cells (Figure 3F), they tended to be more immature as revealed by an increase in transitional and naïve B cells and a concurrent decrease in memory B cells (Figures 1, 3G) (31, 32, 74). Interestingly, despite the severe reduction in memory B cells, those that do develop in STAT3DN patients have undergone Ig isotype switching, albeit with a trend toward IgG and away from IgA (Figure 3H) (31, 74).
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FIGURE 3. Identification of immune cell populations in STAT3DN patients. (A) Total CD4 T cells, (B) naïve, central memory (TCM), effector memory (TEM) CD4+ T cells, (C) regulatory T cells (Treg) T follicular helper (Tfh) cells, Th1, Th2, Th17 CD4+ T cells, (D) total CD8+ T cells, (E) naïve, TCM, TEM, and revertant memory (TEMRA) CD8+ T cells, (F) total B cells, (G) transitional, naive and memory B cells, (H) IgM, IgG and IgA memory B cells, (I) NK cells, (J) NKT cells, (K) γδ T cells and (L) mucosal associated invariant T (MAIT) cells were identified in normal donors (N) and STAT3DN patients (S). Each point represents a different sample and horizontal line represents the average; statistics were performed in Prism using t-test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). These data are compiled from findings previously reported in the following publications: (31, 32, 73–75, 92, 93).
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FIGURE 4. Recessive mutations in ZNF341 phenocopy clinical and cellular defects due to autosomal dominant STAT3 mutations to cause AR HIES. PBMCs from healthy donors or from individuals with pathogenic STAT3 DN or ZNF341 LOF mutations were stained with mAbs against CD4, CD8, CD45RA, CCR7, CXCR3, CCR6, CXCR5, CD127, and CD25. (A,B) Total CD4+ T cells were identified as CD4+CD8− cells, and then proportions of naïve, TCM, TEM, and TEMRA cells were determined. (C,D) the memory compartment (CD4+CD45RA−) of CD4+ T cells was analyzed to quantify the proportions of cells with a CXCR3−CCR6+ Th17-, CXCR3+CCR6− Th1-, CXCR3+CCR6+ Th1/17-, and CXCR3−CCR6− Th2-type phenotype. (E,F) Total CD8+ T cells were identified as CD4−CD8+ cells, and then proportions of naïve, TCM, TEM, and TEMRA cells were determined. The contour plots in (A,C,E) are representative of 1 healthy donor, and 1 patient each with mutations in STAT3 or ZNF341. The graphs represent the mean ± sem of CD4+ and CD8+ T cell subsets detected in the PB of 17 healthy donors, 8 STAT3DN patients or 4 ZNF341-deficient patients. Significant differences were determined by ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). These data are compiled from our findings previously reported in Beziat et al. (40).



In regards to innate-like lymphocytes, the frequencies of NK and γδ T cells in the PB of STAT3DN patients is normal (Figures 3I,K). However, we found a severe reduction in NKT and MAIT cells in the absence of intact STAT3 signaling (Figures 3J,L) (93, 95). Taken together this analysis revealed a distinct phenotype for STAT3DN lymphocytes compared to healthy controls. This lymphocyte signature has not only aided in the identification of potential STAT3DN patients, but also provided valuable insights into disease susceptibility and a cellular and molecular explanation for the clinical features of STAT3 deficiency. For instance, CCR6+ Th17 cells are implicated in protective immunity against fungal infections (81, 95). Thus, the severe reduction in Th17 cells in STAT3DN patients explains their extreme susceptibility to Candida albicans and subsequent chronic mucocutaneous candidiasis. Furthermore, the significant reductions in memory B cells and Tfh cells due to STAT3 deficiency are likely to account for defects in long-lived humoral immunity in STAT3DN patients (95).

While these findings established critical roles for STAT3 signaling in the generation and/or maintenance of various populations of effector lymphocytes, they did not directly identify the upstream STAT3-activating cytokine(s) required for these processes. However, this has now been achieved by the identification and analysis of PID patients with inactivating mutations in specific cytokines or their receptors that signal through STAT3. Thus, IL-21/IL-21R/STAT3 signaling is required for establishing the pool of memory B cells (31, 32, 74, 95) and NKT cells (93, 95), IL-23R/IL-12Rβ1/STAT3 (but not IL-12Rβ2) signaling is necessary for MAIT cells (42, 93), and IL-23R/IL-12Rβ1/STAT3 and IL-21/IL-21R/STAT3 signaling likely co-operate to generate Th17 cells (32, 42, 95).

Mutations in the Novel Transcription Factor ZNF341 Underlie a Form of Autosomal Recessive HIES That Phenotypically and Functionally Resembles STAT3 Deficiency

Recently, 2 studies identified 19 patients with an AR form of HIES who essentially clinically phenocopied individuals with STAT3DN mutations (40, 96). The molecular lesion underlying this form of recessive HIES was found to be bi-allelic mutations in the novel transcription factor ZNF341. The link between ZNF341 and STAT3 function was provided by the finding that ZNF341 binds to the STAT3 promoter and regulates STAT3 expression. Consequently, ZNF341-deficient patients have low levels of STAT3 mRNA and protein and poor responses following stimulation with STAT3-activating cytokines (40, 96).

When PBMCs from ZNF341-deficient patients were examined, we identified a lymphocyte signature very similar to that of STAT3DN patients. The CD4+ T cell compartment was comprised of increased frequencies of naïve and decreased frequencies of TCM cells (Figures 4A,B) (32, 40). This could be further broken down to reveal decreases in CCR6+ Th17 (Figures 4C,D) and CXCR5+ Tfh cells and increases in Th2 cells (40, 96). The paucity of Th17 phenotype cells in ZNF341- and STAT3-deficient patients (i.e., CD4+CCR6+CXCR3− memory T cells) was confirmed functionally by demonstrating by flow cytometry reductions in proportions of their memory CD4+ T cells that expressed intracellular IL17A, IL17F, and IL22 (Figures 5A,B) (32, 40, 92), canonical cytokines produced by Th17 cells (81, 95). Similarly, ZNF341-deficient and STAT3DN patients had increased proportions of memory CD4+ T cells expressing the characteristic Th2 cytokines IL-4 and IL-13 (Figures 5C,D) (40), consistent with the finding of increased CD4+CD45RA−CXCR5−CCR6−CXCR3− memory cells (Figure 3C), as well as the hyper-IgE phenotype and Th2-associated pathologies, in these individuals (40, 95, 96). However, in contrast to STAT3DN patients, the CD8+ T cell compartment in ZNF341-deficient patients was relatively comparable to that of normal donors (Figures 4E,F) (40, 73). ZNF341-deficient patients have similar decreases in memory B cells as STAT3DN patients (Figure 1), and their few memory B cells are predominantly IgG+ rather than IgA+ (31, 40, 74). When populations of innate-like T cells were examined, ZNF341-deficient patients had comparable frequencies of γδ T and NKT cells, but fewer MAIT cells than healthy donors (40). In contrast to STAT3, ZNF341 is likely to be important for NK cell development, as these cells are significantly decreased in ZNF341-deficient patients compared to healthy controls (40).
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FIGURE 5. CD4+ T cell defects detectable by immunophenotyping of STAT3DN and ZNF341-deficient patients correlate with compromised function determined flow cytometrically in vitro. Sort-purified CD4+ memory T cells isolated from healthy donors or individuals with pathogenic STAT3 DN or ZNF341 LOF mutations were cultured in vitro with anti-CD2/CD3/CD28 mAb conjugated to beads. Following 5 days, the cells were harvested, washed, and then restimulated with PMA/ionomycin for 6 h, with Brefeldin A being added for the final 4 h of culture. Cells were then harvested, fixed, permeabilised, and stained with fluorescently-labeled mAbs specific for (A,B) IL-17A and IL-17F, or (C,D) IL-4 and IL-13. The proportions of cytokine-expressing cells were then determined by flow cytometric analysis. Contour plots (A,C) are representative of 1 healthy donor, and 1 patient with mutations in STAT3 or ZNF341. The graphs (B,D) represent the mean ± sem of CD4+ memory T cells expressing the indicated cytokine from 23–28 healthy donors, 6–7 STAT3DN patients or 4–6 ZNF341-deficient patients. These data are compiled from our findings previously reported in Beziat et al. (40).



DOCK8-Deficiency

Dedicator of cytokinesis 8 (DOCK8) deficiency is a combined immunodeficiency caused by AR LOF mutations in DOCK8 (97). This disorder is characterized by recurrent cutaneous viral, bacterial and fungal infections, increased serum IgE levels, and severe atopic disease, including food-induced anaphylaxis (97). Similar to SAP expression in XLP, the use of mAbs to detect DOCK8 expression has been crucial for the diagnosis of DOCK8-deficient patients (37, 53, 97) (Figure 2). Intracellular flow cytometry for DOCK8 expression has also detected somatic reversion in these patients (54).

DOCK8-deficient patients also have a unique lymphocyte phenotype, with decreased frequencies of CD4+ T cells, but normal frequencies of CD8+ T cells, resulting in an inverted CD4:CD8 ratio compared to healthy donors (37, 58, 76). When DOCK8-deficient CD4+ and CD8+ T cells were further investigated, we found a decrease in naïve CD4+ and CD8+ T cells and a corresponding increase in CD4+ TEM and CD8+ TEM and TEMRA populations compared to healthy donors (37, 58, 76). Furthermore, memory T cells in DOCK8-deficiency contained reduced frequencies of CD27+, CD28+, and CD127+ and higher frequencies of CD57+, CD95+, and PD1+ cells, indicating these cells had undergone premature exhaustion or senescence compared to their counterparts in healthy donors (37, 58, 76). There were also reductions in frequencies of CD4+CCR6+ memory T cells in DOCK8-deficient patients, suggesting a role for DOCK8 in Th17 cells (37, 58, 78). This loss of CCR6+ Th17 cells also provides a cellular explanation for increased susceptibility of DOCK8-deficient patients to infections with Candida sp. (81, 95). The B cell compartment in DOCK8-deficient patients comprises normal frequencies of total and transitional B cells, however there are increases in naïve and decreases in memory B cells compared to healthy donors (37, 98), thus highlighting a requirement for DOCK8 for B cell differentiation. DOCK8-deficient patients were also found to have decreased αβ T, NKT, and MAIT cells, normal frequencies of NK cells, but increased γδ T cells (37). Importantly, this cellular phenotype has been able to predict individuals with AR HIES who may have pathogenic mutations in DOCK8, and provide explanations for clinical features of this condition (37, 58, 76).

X-Linked Lymphoproliferative Disease

XLP-1 is a rare X-linked PID whereby affected males present with extreme sensitivity to disease resulting from Epstein-Barr virus (EBV) infection. Following exposure to EBV, XLP patients develop severe infectious mononucleosis, leading to often-fatal hemophagocytic lymphohistiocytosis (99). XLP-1 patients also exhibit hypogammaglobulinemia and a heightened risk of developing B-cell lymphoma, both of which occur independently of exposure to EBV (99). XLP-1 results from LOF mutations in SH2D1A, encoding signaling lymphocytic activation molecule (SLAM)-associated protein (SAP) (20). SAP is a small intracellular adaptor protein that binds to tyrosine-based motifs in the intracellular domain of SLAM family members and regulates signaling downstream of these receptors (99). The availability of mAbs specific for SAP has been instrumental in expanding our knowledge of this condition. Thus, flow cytometry has (i) accurately defined the cell types that express SAP (predominantly T, NK, and NKT cells, but rarely B cells), (ii) offered a rapid and sensitive diagnostic tool to detect not only XLP patients whom lack SAP expression, but also female carriers of the XLP trait who have bimodal SAP expression in their T and NK cells (Figure 2) (57), and (3) revealed lymphocyte defects in XLP-1, thereby providing insight into disease pathogenesis. XLP patients have a paucity for CD27+ memory B cells (Figure 1), and the few memory B cells detected express IgM, thereby indicating an inability to undergo class switching to express IgG or IgA (29, 30). Within the CD4+ T cell compartment, XLP patients have a comparable frequency of naïve, TCM and TEM populations to healthy donors (29). Although XLP patients have a normal frequency of Tfh cells (100, 101), the inability of these cells to support B cell differentiation in an in vitro helper assay indicates defective B-helper function (30). Together, these observations identify defective CD4+ T cell help as the cellular basis for hypogammaglobulinemia in XLP-1 patients, rather than a B-cell intrinsic defect. This is indeed consistent with the fact that B cells do not express SAP (57, 60) and XLP B cells function normally when provided with the correct T-dependent stimuli in vitro (30).

CD8+ T cells from XLP patients are skewed toward TEM and TEMRA cells, usually at the expense of naïve T cells. Interestingly, by utilizing intracellular flow cytometry to detect SAP expression, we were able to show that some XLP patients undergo somatic reversion and a population of SAP+ CD45RA−CCR7− TEM cells is detectable within their CD8+ T cells (60). These reverted SAP+ CD8+ T cells in XLP patients could respond to EBV and kill-EBV infected B cells, suggesting they were able to provide protective immunity against ongoing EBV infection (60). These functional features were detected by concomitantly tracking proliferation and degranulation of EBV-specific CD8+ T cells (60), further illustrating the utility of flow cytometry in establishing functionality of immune cells in PIDs.

XLP patients also lack NKT cells, revealing an essential role for SAP in the development of this cell type and potentially implicating NKT cells in some of the clinical manifestations of XLP such as impaired anti-viral and anti-tumor immune responses (102). Consistent with this essential role of SAP in NKT cell development, female XLP carriers undergo X chromosome inactivation within NKT cells, but not T or NK cells, resulting in all NKT cells in these carriers expressing only the WT allele (57, 102).




FINAL REMARKS

Flow cytometry has been central to enhancing our understanding of PIDs. It has enabled diagnoses and provided mechanistic insights into disease pathogenesis in many PIDs. For example, the severe reduction in Th17 cells and memory B cells in STAT3DN, ZNF341-, and DOCK8-deficient patients explains susceptibility to recurrent opportunistic bacterial and fungal infections, and impaired long-lived protective humoral immunity, respectively. While our focus has been on lymphocyte populations, flow cytometry has been used to identify other populations such as monocytes (CD14+), dendritic cell (DC) subsets [plasmacytoid DCs (pDCs; lineage−HLA-DR+CD123+), CD1c+ myeloid DCs (CD1c+ mDCs; lineage−HLA-DR+CD11c+CD1c+), and CD141+ mDC (CD141+ mDC; lineage−HLA-DR+CD11c+CD141+)], and innate lymphoid cells [(ILCs), ILC1, ILC2, and ILC precursors (ILCPs)]. Beyond deep immunophenotypic analysis by examining expression of specific cell surface molecules, flow cytometry has also been used to diagnose PIDs by assessing expression of specific intracellular proteins (SAP, DOCK8, XIAP, BTK) as well as quantifying cytokine-induced STAT phosphorylation and Ag-receptor induced calcium flux. As we move toward the next generation of flow cytometers, which are capable of simultaneously detecting upward of 28 fluorochromes, the future is looking brighter, fluorescent even, in terms of the applicability of flow cytometry in the study and diagnosis of PIDs.
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Genetic primary immunodeficiency diseases are increasingly recognized, with pathogenic mutations changing the composition of circulating leukocyte subsets measured by flow cytometry (FCM). Discerning changes in multiple subpopulations is challenging, and subtle trends might be missed if traditional reference ranges derived from a control population are applied. We developed an algorithm where centiles were allocated using non-parametric comparison to controls, generating multiparameter heat maps to simultaneously represent all leukocyte subpopulations for inspection of trends within a cohort or segregation with a putative genetic mutation. To illustrate this method, we analyzed patients with Primary Antibody Deficiency (PAD) and kindreds harboring mutations in TNFRSF13B (encoding TACI), CTLA4, and CARD11. In PAD, loss of switched memory B cells (B-SM) was readily demonstrated, but as a continuous, not dichotomous, variable. Expansion of CXCR5+/CD45RA- CD4+ T cells (X5-Th cells) was a prominent feature in PAD, particularly in TACI mutants, and patients with expansion in CD21-lo B cells or transitional B cells were readily apparent. We observed differences between unaffected and affected TACI mutants (increased B cells and CD8+ T-effector memory cells, loss of B-SM cells and non-classical monocytes), cellular signatures that distinguished CTLA4 haploinsufficiency itself (expansion of plasmablasts, activated CD4+ T cells, regulatory T cells, and X5-Th cells) from its clinical expression (B-cell depletion), and those that were associated with CARD11 gain-of-function mutation (decreased CD8+ T effector memory cells, B cells, CD21-lo B cells, B-SM cells, and NK cells). Co-efficients of variation exceeded 30% for 36/54 FCM parameters, but by comparing inter-assay variation with disease-related variation, we ranked each parameter in terms of laboratory precision vs. disease variability, identifying X5-Th cells (and derivatives), naïve, activated, and central memory CD8+ T cells, transitional B cells, memory and SM-B cells, plasmablasts, activated CD4 cells, and total T cells as the 10 most useful cellular parameters. Applying these to cluster analysis of our PAD cohort, we could detect subgroups with the potential to reflect underlying genotypes. Heat mapping of normalized FCM data reveals cellular trends missed by standard reference ranges, identifies changes associating with a phenotype or genotype, and could inform hypotheses regarding pathogenesis of genetic immunodeficiency.
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INTRODUCTION

Widespread availability of DNA sequencing has uncovered an expanding array of genetic explanations for primary immunodeficiency disorders (PIDs) (1). Causative mutations can change cellular function and affect the balance between protective immunity and immune tolerance, resulting in clinical phenotypes of recurrent infection with or without autoimmunity. Changes in cellular physiology frequently result in quantitative differences in the composition of circulating leukocyte populations, which can be determined using multiparameter flow cytometry (FCM); indeed the power of this technique to measure an increasing array of specific subpopulations has challenged the ability to depict and analyse potentially important and pathogenically relevant cellular changes that might accompany or even identify a disease phenotype or genotype.

Traditionally, quantitative variations in cell subpopulations have been deemed to be abnormal if they vary significantly from a background control population, with the target range calculated based on two standard deviations either side of the mean, or by using 95% confidence intervals if non-parametric in distribution. Whilst stringent, this approach has the potential to miss less extreme but physiologically relevant cellular changes when found consistently in a cohort of patients, defined either by clinical phenotype or genotype; such subtle cellular changes could be more readily identified if all relevant parameters could be visually presented simultaneously, allowing identification of trends that might be considered for subsequent statistical analysis, and analysis in larger cohorts.

We conceived an analysis technique in which FCM data from 51 cellular parameters in an individual patient were compared non-parametrically to corresponding data from controls, generating centiles which could be depicted in heat maps. Heat maps could then be aligned within a kindred or clinical phenotype, allowing identification of consistent cellular trends. Here we demonstrate this technique by analyzing a cohort of patients with PID, including kindreds with known PID-associated mutations. The same technique should be applicable to guiding the search for new potentially pathogenic mutations uncovered in WGS screens.



METHODS


Patient and Control Subjects

The cohort consisted of 77 control subjects and 199 patients with various immunological diagnoses, including autoimmunity (112), primary immunodeficiency conditions (57), oncology (21), neurological disease (5), sarcoidosis (3), and autoinflammatory conditions (1). Control subjects were aged between 20 and 72 years (median 40.5, mean ± SD: 40.8 ± 12.9) and were 64% female. We studied a subset of 22 patients from the primary immunodeficiency group who had primary antibody deficiency (PAD), 19 of whom met IUIS criteria for Common Variable Immunodeficiency (CVID) (2); the remaining 3 had specific antibody deficiency, 1 of whom was on infliximab (Supplementary Table 1). All PAD patients were on immunoglobulin replacement therapy and no other members of the PAD cohort were on immunosuppressives. PAD patients were aged between 10 and 72 years (median 36, mean ± SD: 38.3 ± 16.8) and were 55% female. See Supplementary Table 1 for details of patients reported in Figures 3–6.

Written informed consent was obtained as part of the Australian Point Mutation in Systemic Lupus Erythematosus study (APOSLE), the Centre for Personalized Immunology (CPI) program, the Healthy Blood Donors register and the Hematology Research Tissue Bank (The Canberra Hospital, Canberra, Australia). This study was carried out in accordance with the recommendations of the National Statement on Ethical Conduct in Human Research (2007), National Health and Medical Research Council with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Sydney Local Health District HREC at Concord Repatriation General Hospital, ACT Health HREC, ACT Hematology Research Tissue Bank Committee and Australian National University HREC.



Cell Surface Staining Approach and Gating

We processed cells collected from the 276 subjects detailed above, many of whom had already undergone Whole Exome or Whole Genome sequencing under HREC-approved protocols, for flow cytometry. Blood was collected into ACD 9 ml collection tubes and processed within 24 h of collection. Peripheral blood mononuclear cells (PBMCs) were purified by layering blood over Ficoll-Paque, resuspended in RPMI, 10% DMSO and FCS, then stored in liquid nitrogen prior to analysis.

Immunophenotyping of PBMCs was performed using 1 × 106 cells for each staining panel. Cells were thawed at 37°C and washed with FACS buffer (PBS/2% bovine serum/0.05% sodium azide). Fc receptors were blocked using Human TruStain FcX (Cat #422302; Biolegend) and dead cells discrimination performed with LD Fixable Dead Cell stain (Cat #L34962; Invitrogen) according to the manufacturer's instructions. PBMCs were stained with four antibody cocktails (Supplementary Table 2) enabling identification of 54 cell parameters (Figure 1). Samples were fixed with eBioscience FoxP3 Fixation/Permeabilization reagent (Cat #00-5523-00; Invitrogen) according to the manufacturer's protocol. Flow cytometric acquisition was performed using a BD Fortessa FACS analyser at the Microscopy and Cytometry Resource Facility, John Curtin School of Medical Research and data analysis performed in Flowjo (v10; TreeStar). Repeated analysis of stored PBMCs from a single control was included with every FCM run, which allowed experimental variation in each parameter to be measured.
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FIGURE 1. Cellular subpopulations as measured by FCM. Schematic shows the 54 separate cell populations determined using the four antibody panels (see section Methods). Lines show the relationship to parent populations.





Cell Populations and Methodological Aspects of FCM Analysis

The FCM analysis is shown in Supplementary Figure 1; initial gating was on viable singlet cells. Lymphocytes were gated by scatter; for non-lymphocyte populations, a broad leukocyte light scatter gate was used after excluding CD3, CD19, and CD56 expressing cells. Subpopulations were quantitated as a proportion of various parent populations, to generate up to 54 separate parameters per subject. Given varying approaches to defining transitional B cells, four commonly used gating strategies were initially applied: CD38+/CD10+, CD38+/CD24+, CD38+/IgM-hi, and CD38+/CD21-lo (Figure 1 and Supplementary Figure 1), although the latter strategy was abandoned because of its inclusion of circulating plasmablasts. Since the three remaining subsets were highly correlated (Supplementary Figure 2), we chose to use the CD38+/CD24+ proportion of B cells to represent the transitional cell population, leaving 51 total FCM parameters. NK cells, defined as CD3–/CD19– lymphocytes that expressed either CD16 or CD56, could be divided into three subpopulations (CD16–/CD56-hi, CD16+/CD56-dim, and CD16+/CD56–), and these were arbitrarily designated NK-1, -2, and -3, respectively (Figure 1 and Supplementary Figure 1). In the process of analysis, we found inconsistencies in CD4 T-helper (Th) chemokine receptor staining, such that values were censored when they were unable to clearly delineate four Th cell populations. We also observed that low density neutrophils appeared to accumulate with increasing time between collection and cryopreservation (data not shown).

In attempting to analyse memory T cell populations, we noted that some subjects over-expressed CD45RA, making precise gating impossible; these samples were censored for memory T cell parameters. This notable phenomenon reflects the action of a synonymous C > G variant at nucleotide position 77 in exon 4 (rs17612648) of the Protein tyrosine phosphatase receptor type C gene (PTPRC) that encodes the CD45 pan leukocyte receptor, that has previously been shown to interfere with CD45 splicing in T cells (3, 4). The variant allele, occurring in approximately 8% of individuals, acts in a dominant manner to maintain CD45RA expression on T cells following in vitro cell activation (5, 6). Although memory cell formation and function is not affected (5), T cells of individuals carrying this allele do not downregulate CD45RA. Since many subjects in our cohort had had genetic sequencing, we were able to identify seven individuals carrying the PTPRCC77G allele who had also undergone immunophenotyping. Consistent with previous reports, we observed that all CD4+ and CD8+ T cells in these individuals expressed high levels of CD45RA (Supplementary Figure 3). The effect was more pronounced on CD8+ cells than CD4+ T cells, however a true CD45RA– population was not evident in either subset of T cell. Interestingly, we did not identify any CD45RA over-expressors in our healthy controls.



Description of Normalization Algorithm/Software

Spreadsheet data for all FCM cellular populations from the study population were compared with the comparable data generated from controls. Bespoke software was written to analyse each subject parameter and to generate centiles by comparison with controls. To do this, the software sorted control values in ascending order and each one was allocated a centile value. The lowest value was allocated a centile of 1/(n+1), and the highest was 1–[1/(n+1)], where n is the number of values in the control cohort; this approach allowed extreme ‘unprecedented’ values, namely those which were never found in the control population, to be emphasized (Figure 2). The test parameter value was then compared with the sorted control values and attributed the corresponding centile (0–1), with further adjustment based on interpolation between the two neighboring control values. Centiles from each subject were then color coded in two ways: (i) continuously, where color intensity varied with deviation from the median (0.5 = black), values above the median depicted in intensity of red, and values below the median, in intensity of green; and (ii) discontinuously, where color strata represented variation from normal, differentiating the extreme 5, 10, or 25% in each direction; the central 50% of control values were represented as green (Figure 2).
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FIGURE 2. Heat mapping strategy for continuous green-black-red shading (A), or discontinuous shading (B). For continuous shading, colors vary continuously in shades of green (below control median), or red (above control median) with an intensity proportional to the difference from the median (0.5 centile). For discontinuous shading, colors vary stepwise as shown, based on the difference from the median, with the middle 50% of the control population in pale green, then progressively from light to dark blue (below control median), or yellow/orange/red/brown (above control median). Centiles for the control population are defined to vary from 1/(n+1) to 1–[1/(n+1)], depicted as “100%” in (B), where n is the size of the control population; such an approach allows identification of “extreme” or unprecedented values, namely those lying outside the bounds of the control population. Other percentages represent the proportion of the control population included in each indicated color stratum.





Statistics

All comparisons were performed in GraphPad Prism 8.0 for Mac, using Mann-Whitney non-parameteric comparison of non-paired values; p-values below 0.05 were considered significant.



Cluster Analysis

To look for clusters of cellular changes within CVID patients, centile data from selected cellular parameters were generated. These data were loaded onto Morpheus (https://software.broadinstitute.org/morpheus/) and hierarchical clustering applied using 1-Pearson correlation.




RESULTS


Non-parametric Heatmapping to Depict Cellular Changes in Patients With Primary Antibody Deficiency

Flow cytometry has an important role in understanding cellular changes in primary antibody deficiency disorders, particularly Common Variable Immunodeficiency (CVID). Sub-classifications have been based on differences in B-cell maturation patterns, the critical parameters including the proportions of total B cells, switched memory B cells (B-SM), CD21-lo B cells (sometimes referred to as “anergic” B cells) and transitional B cells (7, 8). We applied our analysis technique to our cohort of 22 patients with Primary Antibody Deficiency (PAD), 19 of whom met criteria for CVID (Supplementary Table 1), using heat mapping with continuous color shading (Figure 2A) to visually represent variations in the measured 51 cellular parameters, sorting patients on the basis of an ascending value for B-SM cells. This technique readily identified the known reduction in B-SM cells in CVID (Figure 3), but also demonstrated that this parameter was a continuous (rather than dichotomous) variable amongst PAD patients. Thus, whilst 16/22 (74%) subjects fulfilled objective criteria for “deficiency” of B-SM cells—values less or equal to the published cut-off of 0.4% of lymphocytes, also referred to as Freiberg I (9, 10)—the trend to SM-B cell reduction was evident in all but two patients (Figure 3, subjects “u” and “v”).
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FIGURE 3. Heat mapping with continuous color shading (as depicted in Figure 2A) in PAD patients. Heat maps from individual patients (labeled a to v) are ordered from left to right based on increasing proportions of switched memory B cells (B-SM), with the cut-off of 0.4% of total lymphocytes shown. The expansion of CD21-lo B cells can be readily appreciated (labeled), as can the expansion in CXCR5+/CD45RA–CD4 T cells (X5-Th), and Tfh-effector cells and (as a percentage of CD4 T cells). Inset shows the comparisons between control values (n = 77) and PAD patients for X5-Th and Tfh-effector cells. Details of PAD patients presented in Supplementary Table 2.



The reported expansion in CD21-lo cells could also readily be discerned from the PAD heat-map (Figure 3), particularly prominent in three patients (boxed, Figure 3), but was found in patients with “normal” as well as statistically deficient B-SM cells. Although our cohort was too small to make firm conclusions about clinical associations, we noted that 2 of the 3 patients with CD21-lo B cell expansions also had clinical lymphoproliferation and autoimmunity (Figure 3, subjects “e” and “t,” Supplementary Table 1), both reported associations (7, 11–13). A subset of patients with expansion of transitional B cells could also readily be appreciated (Figure 3) (8).

We could also demonstrate expansion of circulating CXCR5+/CD45RA− CD4+ T helper cells (here termed X5-Th) as a feature of PAD (Figure 3) (14, 15). Both the X5-Th cells and as well as the PD-1+/CD45RA-/CCR7-lo subpopulation (here termed Tfh-effector cells), a population that has been shown to correlate more closely with germinal center activity (16, 17), were significantly increased (p = 0.0021 and p = 0.0016, respectively). In contrast to previous reports (15), we found no correlation between the degree of SM-B cell depletion and the proportion of X5-Th cells (data not shown).

Thus, simultaneous representation of FCM parameters in a heat map, statistically normalized to a control population, can readily identify the known cellular patterns and trends in PAD patients, but also has the potential to facilitate discovery of new cellular changes not previously identified.



Normalized Heat Mapping in Genetic Immunodeficiencies

Cellular changes might be noted in a proportion of patients with PAD, as demonstrated above, but no single change is characteristic. This is likely due to the fact that multiple gene mutations can result in the heterogeneous PAD clinical phenotype, with recent reports suggesting that up 30–40% of patients may have a monogenic disorder (18–21). Stratifying PIDs based on genetic mutation should result in more uniform cellular findings and reduce heterogeneity. Furthermore, since many of the identified causes are autosomal dominant with incomplete penetrance, cellular phenotyping might have the potential to distinguish the clinical phenotype of the mutation from healthy relatives with the same mutation. On the other hand, such changes might be missed if abnormalities are defined by and restricted to 95% confidence interval cut-offs. Using heat maps to depict variations from normal in patients with known mutations in TNFRSF13B, CTLA4, and CARD11, we asked whether we could identify trends within defined cellular populations that might be relevant to the genetic pathogenesis of their immunodeficiency.

TACI

Heterozygous and homozygous mutations in TNFRSF13B encoding the lymphocyte receptor TACI (transmembrane activator and calcium-modulating cyclophilin ligand interactor) are associated with CVID (22–24). Mutations affecting TNFRSF13B are found in 8% of CVID patients, however they are also found in 2% of the normal population (24), indicating that TNFRSF13B is a genetic risk factor for CVID, with disease expression presumably dependent on genetic modifiers or environmental triggers. Although TNFRSF13B is a highly polymorphic gene, two damaging variants resulting in protein mutations C104R and A181E (25) are most strongly associated with antibody failure (24, 26). We identified four patients with the A181E mutation in our CVID cohort, three heterozygous and one homozygous; we compared the cellular profiles of these four patients with two unaffected members of our cohort who had TACI mutations (one C104R, one A181E) but without antibody deficiency. Depicting the cellular changes as heatmaps, we looked for variations common to TACI mutants that were not present in unaffected individuals, and then statistically analyzed relevant parameters.

TACI mutant patients in our cohort showed consistently higher proportions of X5-Th cells, particularly their Th1 counterparts (X5-Th1), and Tfh-effector cells (Figure 4 and Supplementary Table 3), with the X5-Th cell expansion appearing even more prominently in TACI mutants than in the PAD cohort overall (Figure 3); we noted however that the difference found in the PAD cohort remained statistically significant after removal of the TACI mutants (data not shown). TACI mutants also showed expansion of CD8+ effector memory T cells, and total B cells, with reductions in B-SM cells and non-classical monocytes (Figure 4). Even though most of these changes did not lie outside the 95% confidence intervals (Supplementary Table 3), when analyzed as a group, the differences were significant (Figure 4B). Interestingly, we saw a similar increase in X5-Th cell cells in the patient homozygous for TACI mutation as in the heterozygotes, whereas it has been previously reported that only heterozygous TACI patients showed this expansion (27).
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FIGURE 4. Analysis of cellular parameters in CVID patients carrying TACI variants in comparison to TACI mutant control subjects without CVID. (A) Heat mapping with discontinuous shading for four unrelated CVID patients carrying the TACI A181E allele, one homozygous, along with two healthy individuals with A181E, or C104R alleles. Boxes highlight parameters for which cellular changes differ in those with CVID compared with TACI controls. (B) Scatter plots showing raw values for populations identified in (A), along with representative FCM contour plots of these critical parameters (C). Raw and centile data is presented in Supplementary Table 3.



CTLA4 Patients

Heterozygosity for loss-of-function mutations in CTLA4 gives rise to an autosomal dominant autoimmune lymphoproliferative syndrome (Type V MIM# 616100) with incomplete penetrance (28, 29). Clinical features are similar to CVID with an added propensity to autoimmunity. Reported cellular abnormalities have included expansion of CD21-lo B cells, reduction in naive T cells, over-expression of PD-1 by T-cells, and sometimes expansion of regulatory T (Treg) cells (28, 29). We studied a kindred with CTLA4 haploinsufficiency (heterozygous c.152_ins+GA), and generated normalized heat-maps of the heterozygous proband (profound hypogammaglobulinaemia, enteropathy and interstitial lung disease), the heterozygous brother (minimal clinical manifestations), and the unaffected adult daughter who did not carry the variant CTLA4 allele (Figure 5). From the resulting heatmap we observed that CTLA4 haploinsufficiency itself resulted in expansion of Treg cells, activated CD4+ cells, Tfh-effector cells (CCR7-lo/PD-1-hi, as a percentage of either CD4+ T cells, or CXCR5+ CD4+ T cells), and circulating plasmablasts, irrespective of the clinical phenotype (Figure 5 and Supplementary Table 3). In contrast, only the hypogammaglobulinaemic proband showed reduction of B cells (<1%).


[image: image]

FIGURE 5. Analysis of cellular parameters in a CTLA4 haploinsufficient kindred. (A) Heat mapping with discontinuous shading showing changes in cell populations for the CTLA4 haploinsufficient proband with CVID, in comparison with the clinically normal brother with the CTLA4 mutation, the unaffected proband's adult daughter without CTLA4 mutation and the internal control. Boxes highlight parameters for which cellular changes differ between the two CTLA4 mutants, the unaffected subjects, and between the CTLA4 mutants with or without clinical expression. (B) Scatter plots showing raw values for populations identified in (A), along with representative FCM contour plots of these critical parameters (C). Raw and centile data is presented in Supplementary Table 3.



CARD11

CARD11 is a scaffold protein distal to antigen-receptor engagement in lymphocytes; dominant negative mutations give rise to a diverse clinical phenotype which includes atopic disease, autoimmunity and a combined immunodeficiency involving both B and T cell immunodeficiency (30). Mutations result in defects of T cell activation, NFκB activation and production of cytokines, such as IFN-γ, and IL-2 (20, 31), however changes in cellular phenotype are less established. In a recent multicenter study, we and others reported B-cell defects, including low total and memory B-cells, along with increased naïve and decreased memory T cells, however changes in peripheral lymphocytes differed considerably depending on the specific CARD11 mutation (30). Using the same technique described above, we studied two unrelated kindreds with two different dominant negative CARD11 mutations (R47H (c.140G>A), and R974C (c.2920C>T), previously reported (30). In the two affected patients, there was reduction in CD8+ effector memory T cells, total NK cells and B cells (the latter two parameters giving rise to a relative increase in total T cell proportion), along with a reduction in the CD21-lo proportion of B cells (Figure 6 and Supplementary Table 3).
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FIGURE 6. Analysis of cellular parameters in a CARD11 mutant kindred. (A) Heat mapping with discontinuous shading showing changes in cell populations for two unrelated patients with dominant negative CARD11 mutations, along with their relative(s) without mutation. Boxes highlight cellular changes common to the two CARD11 mutants, but differing from the family members. (B) Scatter plots showing raw values for populations identified in (A), along with representative FCM contour plots of these critical parameters (C); in the B-cell contour plot, black boxes and numbers refer to total CD19+ cells, and red boxes and numbers refer to CD19+/CD27+ memory B cells. Raw and centile data is presented in Supplementary Table 3.





Critical Cell Population Changes Determined by Ranking FCM Parameters by Laboratory and Disease Variation

We have demonstrated that cellular trends within a clinical phenotype or genotype can be readily depicted using our approach, but the inherent variability of FCM could challenge the reliability of the technique for general application. Such variability might relate to interlaboratory differences in monoclonal antibodies, their conjugate, the flow cytometer and its set-up, fluorescence compensation settings, and variations in subjective gating strategies between operators, but also to stochastic factors within the laboratory and inherent to the methodology itself. To measure inter-assay variation in our laboratory, we analyzed the same frozen cells from a single subject (collected on three separate occasions) in each of 28 runs, and measured the co-efficients of variation (CV) for the 54 original analysis parameters. Despite using the same monoclonal antibodies, conjugate, dilution, flow cytometer, operators (RT, AL) and gating review (DF), more than half of the parameters measured showed significant imprecision, with CV values above 30% for 36/54 parameters (Supplementary Figure 4). In the case of CVID, such laboratory variations could have significant implications for assessment, diagnosis and classification; considering only those parameters used for classification of CVID, we still found intra-laboratory CV values around 30% (Supplementary Figure 4), meaning that individual patients could vary in whether or not they fulfilled diagnostic criteria for CVID, or else be classified into different sub-groups at different timepoints, depending on random variations in the methodology alone.

Despite challenges posed by intra-laboratory variability, we asked whether parameters could be chosen that show more acceptable laboratory variation yet vary even more widely within patient populations. If so, realistically measurable cell parameters could be prioritized to ‘profile’ more reliably a specific immune disease phenotype (e.g., CVID, lupus, Sjogren's), or to assist in the diagnosis of immune disease, based on the hypothesis that there exist unique combinations of cellular changes characteristic to a disease or a disease subset.

To identify such critical cell parameters, we plotted co-efficients of variation for the control sample (reflecting intra-laboratory variation) against variation for each test parameter in the entire disease cohort of 199 patients with miscellaneous conditions, including PID, autoimmunity, autoinflammatory disease, and cancer (see section Methods). By calculating the quotient of disease-based variation against inter-assay variation, we identified the top parameters that might be most useful for this purpose (Figure 7 and inset). Interestingly, X5-Th cells and their derivatives (Tfh-effector and Tfh-memory cells, X5-Th1, X5-Th1/17 cells, and X5-Th17 cells, all as %CD4 T cells), emerged as reproducible cell parameters that were at the same time most variable in disease; as these values all varied in parallel to the parent population (X5-Th cells), the latter parameter was deemed the most independent for cluster analysis (see below). Other critical parameters were naïve, activated and central memory CD8+ T cells, transitional B cells, memory B cells, SM-B cells, plasmablasts, activated CD4 cells, and total T cells (inset, Figure 7). On the other hand, the remaining traditional lymphocyte subsets frequently measured in the diagnosis of immune disease, namely CD4, CD8, CD19, and total NK cells, whilst reproducible methodologically, showed much less variation in disease, and hence might be less useful in practice than other cellular populations now quantifiable in the laboratory. Finally, when we restricted analysis of parameter variation to the PID patients alone, IgA-expressing switched memory B cells (B-SM-IgA (%B)) emerged as an important variable in this cohort, in addition to the those identified above (data not shown).
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FIGURE 7. Comparison between CV percentages of 51 cellular parameters derived from the internal FCM control, and the same variation in the entire CPI cohort with widely varying immune conditions (see section Methods). The line shows the cut-off for the top 10 parameters with the highest ratio of disease-driven variation divided by internal variation, and these 10 parameters, and corresponding raw values appear in the table inset.



Finally, we asked the question as to whether restricting analysis to these critical 10 parameters might have the potential to stratify better PAD patients, perhaps giving clues to their genetic pathogenesis. By generating centiles for the 10 most discriminating parameters in our PAD cohort, and submitting them for cluster analysis, we were indeed able to identify a number of subgroups (Figure 8). The largest subgroup (I) was characterized by expansion of X5-Th cells with loss of B-SM cells; this subgroup included all TACI heterozygotes. Interestingly, the TACI homozygote clustered with the CTLA heterozygote, a group which were characterized by the above two characteristics along with T-cell (both CD4 and CD8) activation (Figure 8, subgroup II). A third subgroup lacked X5-Th cell expansion, but showed expansion of transitional B cells and naïve CD8 cells (Figure 8, subgroup III). Finally, the two patients with NFKB2 mutation were distinct from the remaining PAD patients, lacking X5-Th cell expansion, but with expansion of plasmablasts and decreased transitional B cells (subgroup IV). The addition of B-SM-IgA (%B) to the other 10 parameters did not change these subgroups, presumably because all but two of the PAD cohort were depleted of IgA-expressing switched memory B cells (data not shown); nevertheless, including this parameter may be important when analyzing PID cohorts not uniformly selected on the basis of antibody failure.
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FIGURE 8. Cluster analysis of PAD patients based on centiles of the top 10 cellular parameters determined as outlined in the legend to Figure 7 (see text). Hereditary branches show relatedness in terms of cellular similarities, the major ones highlighted in boxes. Known genotypes are shown.






DISCUSSION

Flow cytometry facilitates rapid quantitation of multiple circulating white blood cell subpopulations, yet depicting variations in these parameters in disease, and associating such changes with corresponding genetic mutations, can be difficult. Here we report a non-parametric method for mapping variations in cellular subpopulations to facilitate detection of relevant cellular trends; raw patient values were converted into centiles based on comparison to controls, the centiles were mapped to color changes, and then the colors were assembled into a heat map. By aligning heat maps within a disease cohort (PAD, Figure 3), a genetic cohort (TACI, Figure 4) or within one or more genetic kindreds (CTLA4, Figure 5; CARD11, Figure 6), we have demonstrated how cellular changes can be readily identified, and specific candidate parameters chosen for definitive statistical analysis. For example, reported cellular changes associated with CVID were readily appreciated (Figure 3), and cellular fingerprints were successfully identified in the genetic cohorts or kindreds (Figures 4–6).

Our method of non-parametric heat mapping thus has the potential to detect more subtle, but nevertheless relevant and consistent, cellular changes than would be detected by applying traditional “normal ranges” based on the control mean plus or minus two standard deviations (parametric distributions), or 95% confidence intervals (non-parametric distributions). Whilst reference ranges are important for an individual patient, when studying cohorts of patients or kindreds, variations in cellular parameters, either increased or decreased, might show consistent, and pathogenically relevant trends even though individual values might lie within the target range. For example, most of the changes we found in our genetic subgroups were statistically significant despite individually having centiles between 0.025 and 0.975 (Supplementary Table 3), which would otherwise represent the non-parametric normal range. Furthermore, when searching out real alterations in cell composition that are dependent on the possible effects of subtle gene changes, one cannot assume that the biological effect on a given cell population will be so extreme that they can be categorized into “expanded” vs. “deficient,” based on a defined 95% confidence interval alone.

Defining cellular changes in immune disease could therefore generate hypotheses regarding the pathogenesis of genetic immunodeficiencies. We noted, for example, the expansion of X5-Th cells in CVID patients, particularly in those with TNFSF13B mutations. It is perhaps counter-intuitive that patients with antibody deficiency should have increased X5-Th cells (commonly referred to as circulating T-follicular helper cells, cTfh), a phenotype that has been frequently associated with autoimmunity (32). However, studies in TACI deficient mice have shown that expansion of Tfh cells is extrinsically regulated by increased expression of ICOSL on B cells, and that antibody deficiency results from the important role that TACI plays in promoting plasma cell survival (33). Also, whether expansion of X5-Th cells reflects heightened Tfh cell activity or numbers in secondary lymphoid tissues of CVID patients remains unknown. Furthermore, Tfh cells are B cell dependent, and have been shown to be deficient in patients who lack B cells as a result of BTK deficiency (34); this phenomenon was observed in our NFKB2 patients, who also exhibited profound B cell deficiency (subjects “b” and “d,” Figure 3). Given the association of cTfh cells with autoimmunity, it is tempting to speculate that this change might also play a pathogenic role in the increase propensity to autoimmunity in CVID patients with TACI-deficiency (35). However, it cannot be assumed that an increase in cTfh cell numbers would necessarily correlate with an increase in cTfh cell function; analysis of cTfh cells from a range of different genetic PIDs has revealed that mutations can impact both the quality and quantity of cTfh cells (36), and thus it is relevant to ask whether the increased frequency of cTfh cells in TACI-mutant CVID patients also correlates with changes in function.

We also observed increased Tfh-effector cells and plasmablasts in CTLA4 haploinsufficient subjects (Figure 5), which has not previously been reported. Whilst our numbers are small and require further validation in additional kindreds, overactivity of Tfh-effector cells would be consistent with the spontaneous development of germinal centers in CTLA4-deficient mice (37) and might suggest that in addition to the defect in negative regulation due to reduced expression of CTLA4, Tfh effector cells might drive increased germinal centre output and possibly contribute to the increased propensity toward autoimmunity in these patients. The similarity in cellular phenotype in the patient and her unaffected brother does raise questions as to the pathogenesis of the clinical expression in CTLA4 haploinsufficiency, and whether these patients are ‘primed’ for susceptibility to environmental factors that might be responsible for driving the antibody deficiency and, in this patient, B-cell loss.

Non-parametric heat mapping might also facilitate the search for genetic explanations of immune disease, based on the assumption that a mutation or polymorphism under study is pathogenically relevant and alters cellular subpopulations in the blood. To do this, heat maps from members of a kindred can be assembled, and cell parameters that associate with specific genetic changes identified for further analysis. Should such cellular fingerprints prove to be characteristic of a particular genotype, diagnosis of immunodeficiency diseases could be facilitated by aligning the cellular heatmap of a new patient with an immunodeficiency (or other immune) condition with the heatmaps of other patients with established clinical or genetic diagnoses, similarities in critical parameters prompting a provisional diagnosis prior to confirmatory testing. For example, in the CTLA4 kindred (Figure 5), the lack of characteristic cellular changes in the daughter suggested her WT genotype well-before the CTLA4 sequencing results were known. Similarly, the clustering of the two NFKB2-deficient patients together on the basis of 10 critical FCM parameters (Figure 8) implies that this approach could also be used to prompt a genetic diagnosis based on cellular phenotype alone.

Analysis of FCM data in this way may however be limited by the wide inter-assay variation that seems intrinsic to FCM as a technique; despite careful control of methodological conditions, we noted high CV values for most cellular parameters measured (Supplementary Figure 4). It should be evident that such variation challenges the wide-spread application of defined cut-offs, for example in CVID, since the same patient may change their classification or ability to fulfill diagnostic criteria based on random laboratory variables alone. We have addressed this laboratory variation in two ways. Firstly, we have depicted variation using normalized heat mapping such that trends can be detected even if they do not lie outside reference ranges. Using PAD as an example, we were able to demonstrate known trends without the need to define “normal” vs. “abnormal” (Figure 3). Secondly, we selected critical parameters that were both reproducible in the laboratory and also most variable in disease, based on the observation that disease-related cellular variation always exceeded intra-laboratory variations (Figure 7), and that cellular parameters could be ranked in terms of their utility for such profiling. We demonstrated this approach in PAD, where clusters of changes could be identified based on a selection of 10 of the most discriminating cellular parameters, and in some cases could be characteristic of a particularly genotype (NFKB2, Figure 8, subgroup IV). A similar approach could be used to look for critical commonalities within a heterogeneous immunological disease (e.g., lupus, Sjögren's), carefully selecting or weighting sorting parameters based on both their laboratory reproducibility and simultaneously their greater variation in immunological disease.

There were a few limitations to our study. Numbers within each study population or kindred were relatively small, and it would be important to apply our methodology to larger genetic cohorts. We stress however that the aim of our study was never to develop a new classification system for CVID, nor to provide definitive data on the cellular phenotypes of the genetic PIDs studies, as our relatively small numbers would never have had the power to replicate the findings of more substantial, multicenter cohorts such as those reported in the Freiburg or Euroclass studies (8, 9), particularly in regard to clinical correlations. Nevertheless, our technique of normalizing patient data to control samples may readily be applied to such larger cohorts, and that careful selection of differentiating parameters (Figure 8) might facilitate discovery of clustering algorithms that more closely correlate with the expanding array of genetic changes associated with immunologic disease.

Given the methodological variability in the FCM technique itself, it was also difficult to exclude that variations in specific cellular parameters in our cohorts might have arisen through such random variation alone. Nevertheless, the statistical comparisons we did employ were often highly significant, with p-values < 0.01. Since many of our cellular parameters were interdependent, adjustment for multiple comparisons was not feasible, however the False Discovery Rate when comparing 50 parameters would predict that <1 parameter should have p-value ≤ 0.01 by chance alone; given the number of cellular differences we were able to identify, often with p-values below 0.01, we believe that the changes we noted were not only real, but also afforded credence to the techniques used to identify them. Our technique might be less practical however in pediatric settings, given the need for reliable age-dependent control reference values. Some parameters, such as low-density neutrophils, were too methodologically variable to be useful, and few of the myeloid markers emerged as useful candidate parameters, perhaps expected given the focus here on “lymphocyte-centric” immunodeficiency diseases; such parameters might play a role in other (perhaps autoimmune) conditions where innate mechanisms are more prominent pathogenically. Despite these limitations, we were able to fulfill the main aim of our study namely to demonstrate an approach to visually depict trends within small cohorts, trends which can then be used to generate hypotheses for confirmation in larger groups.

Here we illustrate the use of non-parametric normalized heat mapping of FCM parameters to represent changes in cellular parameters in a phenotype or genotype. By relinquishing reliance on reference intervals, this technique can discern trends within a disease or kindred, possibly improve diagnosis or classification, and refine understanding of the pathogenic relevance of gene mutations in established and emerging PID.
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Supplementary Figure 1. Immunophenotyping gating strategies. Flow cytometry plots showing the gating strategy employed to differentiate and quantify each of the 54 cell parameters. Plots are pre-gated on live cells or lymphocytes (as indicated) after removal of doublets. Four antibody FACS panels were used covering T cells (A,B), B cells (C), and myeloid/NK cells (D). Cell populations are named on final gate. Markers used to define each gate are indicated. Arrows between plots indicate sub-gating.

Supplementary Figure 2. Correlation between values derived from 3 different transitional gating strategies (see section Methods). Scatter plots show the correlation between the frequency of transitional B cell populations in all analyzed patients and controls, as defined by either CD38+/CD24+ B cells (“Trans-b”) as the independent variable, in comparison to CD38+/CD10+ B cells (“Trans-a”) or CD38+/IgM-hi B cells (“Trans-c”).

Supplementary Figure 3. T cell memory subpopulation gating demonstrating CD45RA over-expression in an individual bearing the variant PTPRC G77 allele (bottom) compared to an individual with the wild type allele (top). Gating on CD4 (left) or CD8 T cells (right).

Supplementary Figure 4. Coefficients of Variation (CV) for all 54 FCM parameters. Values above 30% were considered to show significant imprecision and are shaded.

Supplementary Table 1. Details of the PID patients in the four cohorts analyzed in the cited figures.

Supplementary Table 2. Reagents used for staining cells for flow cytometry, for the four separate panels.

Supplementary Table 3. Raw percentages and derived centiles for each of the FCM parameters from subjects whose corresponding heatmaps are presented in Figures 4–6 (Cent. = centiles).
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Flow cytometry has emerged as a useful technology that has facilitated our understanding of the human immune system. Primary immune deficiency disorders (PIDDs) are a heterogeneous group of inherited disorders affecting the immune system. More than 350 genes causing various PIDDs have been identified. While the initial suspicion and recognition of PIDDs is clinical, laboratory tools such as flow cytometry and genetic sequencing are essential for confirmation and categorization. Genetic sequencing, however, are prohibitively expensive and not readily available in resource constrained settings. Flow cytometry remains a simple, yet powerful, tool for multi-parametric analysis of cells. While it is confirmatory of diagnosis in certain conditions, in others it helps in narrowing the list of putative genes to be analyzed. The utility of flow cytometry in diagnosis of PIDDs can be divided into four major categories: (a) Enumeration of lymphocyte subsets in peripheral blood. (b) Detection of intracellular signaling molecules, transcription factors, and cytokines. (c) Functional assessment of adaptive and innate immune cells (e.g., T cell function in severe combined immune deficiency and natural killer cell function in familial hemophagocytic lymphohistiocytosis). (d) Evaluation of normal biological processes (e.g., class switching in B cells by B cell immunophenotyping). This review focuses on use of flow cytometry in disease-specific diagnosis of PIDDs in the context of a developing country.

Keywords: flow cytometry, recent advances, clinical applications, immune dysregulation, immune deficiencies, primary immunodefciencies

The term “flow cytometry” refers to evaluation of multiple cell characteristics in a flow system that delivers a single cell suspension at a defined point of measurement (1). Flow cytometry can be used for analysis of intracellular and extracellular proteins, cell sorting, apoptosis, cell proliferation, and quantification of DNA. Utility of flow cytometry in clinical studies was first described by Dr. Louis Kamentsky in the year 1965 (2). Since its first description, there have been major technological advances in the field of flow cytometry, and this technology has revolutionized the field of cell biology.

Flow cytometry is a key investigation for analysis of leucocyte subsets and function and is an essential diagnostic tool in clinical immunology. Primary immune deficiency disorders (PIDDs) are a group of inherited disorders affecting single or multiple components of the immune system, resulting in increased predisposition to infections and immune-dysregulation (3). Flow cytometry is often one of the first investigations to delineate the type of PIDD (4). In our previous review, we highlighted the progress of PIDD research in India and the spectrum of cases with PIDDs at our institute (5). In this review, we discuss the utility of flow cytometry in diagnosis and management of patients with PIDDs in context of a developing country.


SETTING UP OF FLOW CYTOMETRY FACILITY AT OUR CENTER

(a) We have been performing flow cytometry for clinical and research work in PIDDs on a dedicated Beckman Coulter, two-laser, six-color platform (Navios) (Figure 1). This is a robust and user-friendly instrument but is limited by the number of parameters that can be studied in a single tube.

(b) Majority of samples that we process are obtained from patients who visit our institute and these samples are processed the same day.

(c) Our laboratory is situated in close proximity to the clinical service areas. This facilitates processing of samples and coordination between clinical and laboratory personnel.

(d) However, as we are a designated Center for Advance Research in PIDDs under the Indian Council of Medical Research, we also receive samples from other parts of India (Figure 1).

(e) These samples are dispatched by commercial courier and usually reach our laboratory within 48–72 h. All such couriered samples are accompanied by a transport control.

(f) In our experience, these samples do not deteriorate if processed within 48–72 h of having been drawn but we face difficulty during summer months (May–June) when the blood often gets hemolyzed. Assays designed to estimate lymphocyte or neutrophil function (e.g., Dihydrorhodamine 123 assay) are more likely to be jeopardized due to delays in transportation than assays for estimation of cell surface molecules. We also routinely use CD45 as a gating marker and 7-aminoactinomycin D (AAD) to differentiate between live and dead cells. Abnormal results are interpreted in relation to results obtained for travel control.

(g) We usually follow the recommended protocols for processing samples but have made some improvisations based on our experience and keeping in mind cost constraints. We carefully titrate each fresh lot of antibodies and use the antibody concentration with the highest signal-to-noise ratio. This is often much less than the volume recommended by the manufacturer.

(h) All samples are processed with appropriate controls. However, this does add to laboratory costs.

(i) Before acquisition of samples, we run quality control (QC) beads (Flow check beads for Navios) for verification of optical alignment and fluidics stability. This can be checked by calculating coefficient of variation in different detectors. Other set of fluorospheres (Flow set) are also used on a regular basis to standardize light scatter intensity and fluorescent intensity. Stabilized leucocytes with known quantity of surface antigens (Immuno-Trol cells) are used to verify monoclonal antibody performance, sample staining (lysis), and analysis. If coefficient of variation is out of range, we clean the instrument again and rerun the quality control beads. If QC requirements are not met, we withhold processing of samples.

(j) For each lot of antibodies, we perform compensation in a multicolor experiment. This is achieved using cells containing mutually exclusive population of same fluorochromes. Compensation is re-established after any change in hardware, laser alignment, and change in filters or optics.


[image: image]

FIGURE 1. An overview of development of flow cytometry services for PIDs at our center. (A) Timeline showing the establishment of flow cytometry tests in the laboratory. (B) Timeline showing the increase in manpower and support for the laboratory services. (C) Bar graph showing the number of flow cytometry tests for PIDs performed in our laboratory in the last 5 years (#Data available from August 2015 to December 2015/*Data available from January 2019 to July 2019).





ROLE OF FLOW CYTOMETRY IN DIAGNOSIS OF COMBINED IMMUNE DEFICIENCY (CID)


Severe Combined Immune Deficiency (SCID)

SCID comprises a group of disorders that predominantly affect T cell development and function. In addition to T cell defects, there may be impaired B cell and/or NK cell development (6).

Immunophenotyping of Lymphocyte Subsets to Classify SCID

A preliminary lymphocyte subset analysis by flow cytometry that includes markers for B lymphocytes (CD19), T lymphocytes (CD3), and natural killer cells (CD56/16) is the first-line investigation for SCID, and it helps in identifying the subtypes of SCID (7–13) (Table 1, Supplementary Figure 1A). Isolated CD4 lymphopenia has been described with MHC Class II deficiency (RFXANK, CIITA, RFXAP) and hypomorphic RAG variants (14). HLA-DR expression by flow cytometry would also be decreased in patients with MHC Class II deficiency. Isolated CD8 lymphopenia with preserved CD4 counts can be seen with TAP1, TAP2, and ZAP70 defects (15).



Table 1. Immunophenotyping in severe combined immune deficiency (SCID) with associated genetic defects.

[image: image]




Normal numbers of CD3 counts can be seen in patients with SCID with associated Omenn syndrome (OS) or maternal T cell engraftment. Estimation of naïve T cells (CD45RA+ CD45RO–CD62L+) and memory T cells (CD45RO+CD45RA–CD62L–) in CD4+ and CD8+T lymphocyte populations is helpful in these situations as naïve T cell population is grossly decreased (16) (Supplementary Figures 1B,C).

Surface expression of common γ chain (CD132) and interleukin receptor 7α chain (CD127) on monocytes and T lymphocytes, respectively, can also be utilized to characterize X-linked SCID and IL7R deficiency, respectively (17) (Supplementary Figures 1D,E).

Functional Assays

Phosphorylation of downstream signal transducer and activator of transcription (STAT) is impaired in cases of defects with IL2RG and JAK3. Expression of phosphorylated STAT3 or STAT5 in the lymphocytes after stimulation with IL-2 and IL-21 is low in these patients as compared to normal controls (4).

Estimation of Lymphocyte Proliferation

Flow cytometry is also used for assessment of T cell proliferation in response to antigens or mitogens using carboxy fluorescein diacetate succinimidyl ester (CFSE) or cell trace dyes that integrate with intracellular proteins of the cell. When T lymphocytes are stimulated with mitogens [e.g., phytohemagglutinin (PHA)] or anti CD3 with CD28, the cells divide and the dye gets apportioned equally between two daughter cells. Patients with SCID show impaired T cell proliferation and decreased response to the dye after stimulation with PHA. Other dyes like Cell Trace Violet and CellTrace Far Red have also been used for lymphocyte proliferation studies (18).

Assessment of Radiosensitive Forms of SCID

Radiosensitivity flow assay is one of the newer techniques that help in functional assessment of patients with radiosensitive forms of SCID (e.g., DCLRE1C, PRKDC, LIG4, NHEJ1, and NBS1) (19). We have not standardized this in our laboratory yet.

Laboratory Work Flow for SCID at Our Center

In a suspected case of SCID or other CID, we first perform lymphocyte subset analysis using a limited panel of four antibodies, i.e., CD45, CD3, CD19, and CD56. Lymphocytes are gated using SSc vs. CD45 and different subsets are estimated. In patients with SCID with completely absent T cells, we do not assay naïve or memory T cell population. When T cells are present in reduced or normal numbers in a suspected case of SCID or CID, we perform T cell subset analysis using CD3, CD4, CD8, CD45RA, and CD45RO antibodies to estimate the naïve and memory T cells. As we have been getting reasonable results with this antibody cocktail, we have not considered addition of CD62L for processing these samples (20).

HLA-DR estimation on CD3+ T lymphocytes is performed along with naïve and memory T cell estimation in patients with suspected OS. We are not in a position to perform Vβ repertoire analysis in these patients as it is prohibitively expensive.

T cell function is analyzed using CFSE staining. Depending on the immune phenotype and family history we perform expression of IL-2RG on monocytes if the phenotype is T–B+NK– or if there is strong suspicion of X-linked recessive inheritance. Similarly, in patients with T–B+NK+ SCID, we perform IL-7R (CD127) staining. We have erroneously diagnosed IL7R deficiency when CD127 expression was checked on gated lymphocytes and found to be low. This is due to internalization of IL7R during episodes of severe lymphopenia and also due to the fact that if T cells are decreased, gating lymphocytes for IL7R expression is not an appropriate strategy. We have now developed protocols for CD127 expression on CD19+ B lymphocytes.

Clinical Correlate

Flow cytometry also helps in monitoring of engraftment of T cells post-hematopoietic stem cell transplantation in patients with SCID (Supplementary Figure 2). We have used flow cytometry for antenatal screening of SCID by measurement of lymphocyte subsets in cord blood samples, especially when amniocentesis or chorionic villous sampling is not possible, and genetic basis of SCID is not available.



DOCK8 Deficiency

DOCK8 defect is an autosomal recessive form of CID characterized clinically by severe cutaneous viral infections such as warts or molluscum contagiosum. Laboratory investigations may reveal eosinophilia and increased serum levels of IgE. Immunological features include low T and B cell numbers, decreased levels of serum IgM, and impaired functional antibody response (21).

DOCK8 is an intracellular protein expressed in myeloid and lymphoid lineages (22). Intracellular staining of DOCK8 in lymphocytes by flow cytometry can be used to recognize patients with DOCK8 defect and also monitor the expression of DOCK8 in various cell lineages following HSCT in patients with this defect (23).

Laboratory Work Flow for DOCK8 at Our Center

In a suspected case of DOCK8 deficiency, we perform this assay on lymphocytes and neutrophils. As fluorochrome-labeled anti-DOCK8 is presently not available in India, we use a custom-designed antibody labeled with a chosen fluorochrome. This is technically more difficult to standardize.



Hyper-IgM Syndrome

Hyper-IgM syndromes are inherited disorders that mainly affect somatic hypermutation and B cell class switch recombination (24). Serum IgM levels of affected patients may be normal or elevated but IgG and IgA levels are usually decreased.

X-linked Hyper-IgM syndrome occurs due to defect in CD40L that encodes for CD40 (CD154) present on activated T cells. The assay is usually performed along with CD69 or CD25 staining of lymphocytes to confirm lymphocyte activation status. Increased expression of CD69 or CD25 along with decreased or absent expression of CD154 on activated lymphocytes is suggestive of CD40L defect (25) (Supplementary Figure 3). In our experience, flow cytometry may not give a clue in all patients with CD40L defect. As expression of CD40L can be normal in 5–10% cases, staining with CD40-muIg can be used in these situations. Autosomal recessive hyper-IgM syndrome due to CD40 defect can also be identified by flow cytometry by analyzing expression of CD40 in B cells.

Laboratory Work Flow for Hyper IgM at Our Center

In our center, we study CD40L (CD154) expression by flow cytometry on activated CD4+/CD69+ helper T cells after stimulation with phorbol myristate acetate (PMA) and ionomycin. Percentage expression and median fluorescence intensity of CD40L on activated dual positive CD4+/CD69+ helper T cells is compared with age- and sex-matched healthy controls.



Wiskott-Aldrich Syndrome (WAS)

WAS is an X-linked recessive condition characterized by eczema, thrombocytopenia (with platelets that are characteristically small in size), and CID (26). The WAS gene encodes for a 502-amino acid protein (WASp) that contributes to cell motility, actin polymerization, and apoptosis (27). The WASp antibody is directed against WAS protein that is evaluated both on lymphocytes and monocytes.

Flow cytometry plays an important role in detection of WASp through intracellular staining, after fixation and permeabilization of cells (28).

Laboratory Work Flow for WAS at Our Center

In patients with WAS, we perform intracellular staining assay of WAS. We use CD45 and fluorochrome-labeled WAS antibody for this assay. Lymphocytes, monocytes, and neutrophils are gated on CD45 vs. SSc, and expression of WAS protein is checked in each of these leucocyte subsets. The presence or absence of protein is determined by calculating Stain Index (SI) ([image: image]) of controls as well as patient samples and then SI ratio (SI ratio = [image: image]) is calculated for each patient. We consider an SI ratio <0.65 on gated lymphocytes to be suggestive of WAS. The SI ratio of patient vs. control remains uniform irrespective of change in MFI, which occurs at each instance when the flow cytometer is recalibrated. We have performed 127 WASp assays from January 2016 to May 2019. In 76 suspected cases, the SI of the test was compared with that of single control/case. Similarly, for 10 cases, the SI of test was compared to the average SI of two controls for each case. Lately, in 41 suspected cases, we have compared the SI of test with an average SI of 3 controls/case. A ratio of 0.65 was determined as a cutoff from these comparisons.

Clinical Correlate

Flow cytometry often provides the first clue in identification of WAS in males being worked up for persistent thrombocytopenia. Normal WASp expression, however, does not rule out WAS as the protein may be non-functional. In such cases, genetic workup is warranted. Flow cytometry can also be used to monitor patients with WAS who have undergone HSCT and also to check for carrier status of females who would typically show a bimodal expression of WASp due to lyonization (Supplementary Figure 4).




ROLE OF FLOW CYTOMETRY IN HUMORAL IMMUNE DEFICIENCIES


X-Linked Agammaglobulinemia (XLA)

XLA is an X-linked recessive antibody deficiency due to mutations in the BTK gene. Investigations reveal profound hypogammaglobulinemia with decreased or absent peripheral B cells and reduced BTK expression in monocytes on flow cytometry (29). Female carriers of XLA show a bimodal expression of BTK protein (30). In some patients, it becomes necessary to perform genetic analysis and correlate with the BTK flow analysis, as some missense mutations may show near-normal levels of BTK protein expression (31) (Supplementary Figure 5).

Laboratory Work Flow for XLA at Our Center

For patients with suspected XLA, we perform CD3/CD19/CD56 lymphocyte subset assay by gating lymphocytes on CD45 vs. SSc. Btk protein expression analysis is carried out on monocytes in patients with low B cell count (<2%). CD14 antibody is used for labeling monocytes for Btk expression. A control sample is always run for comparison. Both percentage and median fluorescence intensity (ΔMFI) are measured in patients and control.



Common Variable Immune Deficiency (CVID)

The term common variable immune deficiency (CVID) refers to a heterogeneous group of diseases defined by low IgG and IgA or IgM deficiency with a decreased antibody response to vaccination (32). Unlike XLA, patients with CVID usually do not have decreased number of B cells. However, most patients with CVID have an abnormal B cell differentiation and reduced memory B cells (33). Memory B cell subsets that are commonly assayed in CVID include class-switched memory B cells (CD19+CD27+IgM–IgD–), marginal zone-like B cells (CD19+CD27+IgM+IgD+), plasmablasts (CD19+CD20−IgM-CD38hiCD27+), transitional B cells (CD19+CD27−CD24hiCD38hiIgMhiCD10+), and CD21– and CD21+ B cells (34). These can be evaluated by flow cytometry (Supplementary Figure 6).

A large number of monogenic defects have been described in patients with CVID. These include defects in CD19, CD81, CR2, MS4A1, ICOS, CTLA4, LRBA, NFKB1, NFKB2, TNFRSF13C, PIK3CD, and PIK3R1 (35). However, more than 80% of patients with CVID do not appear to have any monogenic basis for their disease (36). Expression of CD19, CD81, CD21, CD20, ICOS, and BAFF-R can be estimated by flow cytometry. ICOS is detected on activated T cells and BAFF-R is detected on B cells. Cytotoxic T lymphocyte-associated protein 4 (CTLA-4) is a costimulatory molecule. It is expressed on activated T cells and binds to CD28 on B cells. CTLA-4 is essential for functioning of regulatory T cells (37). CTLA-4 expression on flow cytometry is studied on mitogen-stimulated CD4+ T lymphocytes (38). Intracellular expression of Lipopolysaccharide Responsive Beige-like Anchor Protein (LRBA) can be assessed by flow cytometry in monocytes, T cells, and NK cells.

Laboratory Work Flow for CVID at Our Center

We perform B cell immunophenotyping for naïve, switched, and unswitched B lymphocytes in patients with suspected CVID using CD19, CD27, sIgD, and sIgM antibodies. We do not routinely estimate transitional B cells or CD21 low B cells, although this would be useful in defining distinct subsets of CVID patients.

Clinical Correlate

Secondary hypogammaglobulinemia can occur due to drugs or loss of immunoglobulin in conditions such as nephrotic syndrome and protein losing enteropathy. Clinicians often face a dilemma when patients with autoimmune disorders who are receiving steroids turn out to have a low IgG level. This can be a manifestation of CVID or may represent secondary hypogammaglobulinemia due to glucocorticoids. Identification of reduced switch memory B cell patients with low IgA concentration has been reported to be useful in differentiating CVID from secondary hypogammaglobulinemia due to glucocorticoids (39).




ROLE OF FLOW CYTOMETRY IN DISEASES WITH IMMUNE DYSREGULATION


Hemophagocytic Lymphohistiocytosis (HLH)

HLH is a life-threatening disorder due to excessive activation of macrophages and cytotoxic lymphocytes resulting in a cytokine storm. HLH is composed of two major subtypes: primary HLH due to genetic defects and secondary HLH that is associated with an underlying predisposing condition such as an infection, malignancy, or rheumatologic disease (40). Primary HLH results from genetic defects affecting function of NK and cytotoxic CD8+T cells. The most common genetic defect identified is PRF1 that encodes for perforin, a cytolytic enzyme released by NK cells or CD8+ T cells for killing of intracellular pathogens. Defects in UNC13D, STXBP2, and STX11 (41–43) that are involved in cytotoxic lymphocyte degranulation also lead to primary HLH. Flow cytometry helps in measurement of perforin expression and evaluation of CD107a degranulation in NK and CD8+ T cells (44, 45) (Supplementary Figure 7). Other defects like Chédiak–Higashi syndrome, Griscelli syndrome Type 2, and Hermansky-Pudlak syndrome Type 2 also have defective degranulation. X-linked lymphoproliferative (XLP) syndrome is a rare disorder characterized by profound hypogammaglobulinemia, Epstein–Barr virus (EBV)-induced lymphoproliferation, and fatal hemophagocytosis. Patients with XLP1 have a defect in the SH2 domain of a SLAM-associated protein (SAP). XLP2 is due to a defect in XIAP, which is an X- linked inhibitor of apoptosis gene. Expression of both XIAP and SAP can be detected by intracellular staining on flow cytometry (46) (Supplementary Table 1).

Laboratory Work Flow for HLH at Our Center

In patients with suspected HLH, we carry out perforin expression by flow cytometry on CD56+ NK cells after intracellular staining. When NK cells are markedly reduced, we estimate the perforin expression on cytotoxic T cells (CD3+CD8+). If perforin expression is found to be normal, granule release assay (CD107a) is performed on PBMCs by stimulating the cells with PMA and ionomycin and Golgi stop (monensin). We also perform CD107a assay in patients with Chédiak–Higashi syndrome and Griscelli Type 2 syndrome.



Autoimmune Lymphoproliferative Syndrome (ALPS)

ALPS is characterized by lymphoproliferation, multilineage cytopenias, and an increased risk of B cell lymphoma (47). Patients with ALPS usually have defects in FAS and FASL that mediate apoptosis of lymphocytes. Defective apoptosis of developing lymphocytes in thymus results in an increase of double-negative T cells (CD3+TCRαβ+CD4–CD8–) (48) (Supplementary Figure 8). Annexin-V+/propidium iodide (PI2) staining helps in detecting reduced apoptosis in this disorder (49).

Laboratory Work Flow for ALPS at Our Center

We estimate double-negative T (DNT) cells in patients with suspected ALPS using CD3, TCRαβ, CD4, and CD8 antibodies. CD4 and CD8 antibodies are tagged with the same fluorochrome. Percentage of DNTs >1.5% of all lymphocytes or 2.5% of CD3+ T lymphocytes is considered abnormal.



Immune Dysregulation, Polyendocrinopathy, Enteropathy X-Linked (IPEX) Syndrome

IPEX syndrome is a rare x-linked recessive monogenic autoimmune disorder resulting from a mutation in the gene FOXP3. Patients present with eczematous dermatitis, enteropathy, and an endocrinopathy (usually diabetes mellitus or hypothyroidism) (50). Most patients with this disorder have reduced CD4+CD25+CD127low Treg or CD4+CD25+FOXP3+ cells. Normal numbers of CD4+CD25+CD127low cells are found in case of hypomorphic FOXP3 mutation (51). CD25 deficiency is an autosomal recessive defect that has similar clinical manifestations to that of IPEX syndrome. CD25 deficiency is caused by pathogenic variants in the IL2RA gene that codes for the α subunit (CD25) of IL2 receptor complex. IL2 α chain with β (CD122) and γ (CD132) subunits forms the high-affinity IL2 receptor. CD25 is present on the surface of T regulatory cells that help maintaining immune homeostasis (52).

Laboratory Work Flow for IPEX Syndrome at Our Center

We analyze T regulatory cells by surface staining with CD4+CD25+CD127+ or by analysis of intracellular FOXP3 expression in suspected cases of IPEX syndrome.




ROLE OF FLOW CYTOMETRY IN PHAGOCYTIC DEFECTS


Chronic Granulomatous Disease (CGD)

CGD results from a dysfunctional NADPH oxidase activity leading to defective oxidative burst in neutrophils (53). The NADPH oxidase complex has six subunits—two cell-membrane-bound proteins (gp91phox and p22phox, encoded by CYBB and CYBA genes) and four cytosolic components (p47phox, p67phox, p40phox, and cybc1 encoded by NCF1, NCF2, NCF4, and CYBC1 genes) (54, 55). Patients with CGD have reduced or absent NADPH oxidase activity leading to reduced or no conversion of DHR into fluorescent rhodamine (56) (Supplementary Figure 9).

The ΔMFI is markedly decreased in patients with CGD. Further, flow cytometry analysis for NADPH oxidase components may be performed by surface staining of gp91phox for X-linked CGD and intracellular staining for cytoplasmic component p47phox and p67phox in patients with autosomal forms of CGD. In x-linked carriers of CGD, the DHR histogram depicts a pathognomonic double peak pattern due to lyonization (57) (Supplementary Figure 10). The DHR assay can also be performed on cord blood for screening of antenatal cases. The laboratory workflow for CGD at our center is summarized in Supplementary Figure 11.



Leukocyte Adhesion Defect

Leukocyte adhesion defect is characterized clinically by recurrent bacterial infections with little or no pus formation. Children usually present with omphalitis and delayed separation of umbilical cord. There are three types of LAD:

LAD I: It is an autosomal recessive disorder caused by reduced functioning or expression of CD18, the β subunit of leukocyte β2 integrins. It is caused by mutation in the ITGB2 (integrin b2, CD18) that encodes for β2 integrin (58). Reduced or absent expression of CD18 or CD11 in neutrophils in LAD1 can be detected by flow cytometry (Supplementary Figure 12).

LAD II: Patients with LAD II have abnormalities in fucosylation of cell-surface glycoprotein. Reduced or absent expression of CD15 on neutrophils is characteristic of LADII.

LAD III: Patients with LAD III present with recurrent infections, increased bleeding tendency, and leucocytosis. LAD III deficiency can be detected by FERMT3 gene sequencing. Neutrophil adherence and chemotaxis are significantly decreased in these patients (59). We currently do not perform neutrophil chemotaxis assay at our laboratory.

Laboratory Work Up of LAD at Our Center

In suspected cases of LAD deficiency, we assess CD18, CD11a, CD11b, and CD11c expression on gated neutrophils.




ROLE OF FLOW CYTOMETRY IN DIAGNOSIS OF OTHER IMMUNE DEFICIENCY SYNDROMES


STAT3 Loss of Function

Autosomal dominant hyper IgE syndrome (HIES) results from a loss of function mutation in STAT3. STAT3 defect impairs the downstream Th17 pathway and this explains the increased frequency of infections with extracellular organisms such as Staphylococcus aureus and Candida albicans (60). Th17 lymphocyte number and pSTAT3 expression (upon IL-6 stimulation) is reduced in patients with STAT3 defect.

Clinical Correlate

Clinical presentation of patients with infantile eczema can, at times, be similar to that of HIES. In such situations, the National Institutes of Health (NIH) score can be useful in differentiating the two conditions (61). Flow-cytometry-based assessment of Th17 and pSTAT3 also helps in resolving the clinical dilemma. Patients with STAT3 defect usually have a decreased Th17 number and reduced pSTAT3 expression.

Laboratory Work Flow of HIES at Our Center

In our center, we perform Th17 cell analysis and also study the pSTAT3 expression on peripheral blood mononuclear cells (PBMCs) after stimulation with PMA and ionomycin or IL-6.




ROLE OF FLOW CYTOMETRY IN DIAGNOSIS OF INNATE IMMUNITY


Mendelian Susceptibility to Mycobacterial Disease (MSMD)

Patients with MSMD have a defect in the IFN-γ/IL-12 pathway and are prone to infections with Mycobacterium and Salmonella spp. (62). Genetic defects that have been shown to result in MSMD include IFNGR1, IFNGR2, IL-12RB1, and STAT1 (63). Flow cytometry helps in detection of IL-12RB1 on mitogen-stimulated T cells and both subunits of IFN-γ receptor (IFNGR1 and IFNGR2). In autosomal recessive IFN-γR1 deficiency, there is a reduced expression of IFN-γR1 (64). However, in partial autosomal dominant IFNγR1 defect, IFNGR1 is overexpressed due to impaired recycling of the receptor (65). Intracellular staining of STAT1 after stimulation with recombinant IFN-γ may help in assessment of function of IFNγR1 and IFNγR2 (66). Similarly, function of IL-12Rβ1 can be assessed by measuring phosphorylated STAT4 (pSTAT4) in lymphocytes following stimulation with IL-12 (67) (Supplementary Figure 13).

Laboratory Work Flow of MSMD at Our Center

In a suspected case of MSMD, we perform IFN-γR1 and IL12Rβ1 assay using flow cytometry. The IFN-γR1 assay is carried out by surface staining using anti-human CD119. Lymphocytes, monocytes, and neutrophils are gated using SSc vs. FSc, and the percentage of IFN-γR1-positive cells is estimated along with the median fluorescence intensity. In patients with complete or partial IFNγR1 deficiency, the expression is reduced. However, in patients with partial dominant IFNγR1 defect, the expression may be paradoxically increased compared to control. Percentage of CD212 is analyzed on CD3-positive cells after stimulation of PBMCs with PHA for 3 days. A significantly reduced SI is a pointer toward IL12Rβ1 defect.




USE OF FLOW CYTOMETRY IN DIAGNOSIS OF IRAK4 AND MYD88 DEFICIENCY

Interleukin-1 receptor-associated kinase (IRAK4) plays an important part in Toll-like receptor and IL-1 receptor signaling. Ligand binding leads to trigger of adapter protein myeloid differentiation primary response 88 (MyD88) that augments the downstream signal induction (68). Mutation in MYD88 or IRAK4 impairs TLR signaling pathway. Shedding of CD62L from the surface of granulocytes occurs if the TLR signaling pathway is intact. In case of defect in MYD88 and IRAK-4, CD62L shedding is impaired and this can be assessed with the help of flow cytometry after stimulation of granulocytes with lipopolysaccharide (TLR4 ligand) (Supplementary Table 2).


Laboratory Work Flow for MyD88/IRAK4 Deficiency at Our Center

In our laboratory, we stimulate neutrophils with PMA or LPS [such as LPS (TLR4 agonist)] and then stain these with anti-human CD62L. Patients with MyD88, IRAK4, and NEMO do not shed CD62L on stimulated neutrophils. A control sample is always necessary for this assay. We do not have facilities to see the cytokine measurements (TNF α) after stimulation with LPS.




FLOW CYTOMETRY ASSAYS THAT ARE PLANNED TO BE DEVELOPED IN OUR LABORATORY


Activated PI3 Kinase Delta Syndrome (APDS)

Patients with APDS syndrome may harbor heterozygous gain-of-function mutation in PIK3CD (APDS1) or loss-of-function mutations in PIK3R1 (APDS2), resulting in an enhanced PI3K and downstream Akt/mTOR signaling. Premature immunosenescence and immune exhaustion involving T cells leads to an increased predisposition to infection and autoimmunity. T cell immunosenescence is associated with telomere-dependent replicative senescence of cells, which is measured by cell surface expression of CD57 (69). Senescent (CD8+CD57+) T lymphocytes accumulate in the enlarged lymph nodes (70). Flow cytometry can also be used in analysis of enhanced phosphorylation of AKT in CD3 and CD19 cells.



Ataxia Telangiectasia

Ataxia telangiectasia (AT) is a neurodegenerative disorder characterized by conjunctival telangiectasia, radiosensitivity, cerebellar ataxia, immunological defects, and increased susceptibility to malignancy (71).

It is characterized by mutation in the ATM gene encoding a protein that assists in cell cycle arrest of damaged cells, recombination, apoptosis, and DNA repair. The earliest event at the double-strand break is phosphorylation of H2AX (histone) protein; measurement of γ-H2AX protein can be carried out by irradiating the cells and staining the cells with γ-H2AX antibody. Levels of γ-H2AX protein are found to be lower in patients with AT as compared to normal control, thereby making it a good diagnostic test for patients with AT (72).




CONCLUSION

Flow cytometry plays a major role in diagnosis and classification of PIDDs and is often used as a first-line investigation. Expression of several surface and intracellular proteins can be reliably assessed and quantified using multicolor flow cytometry. It is also the preferred technique for studying cell signaling pathways and cell–cell interactions and for assaying lymphocyte proliferation. Recent advances in flow cytometry techniques would further facilitate the workup of patients with PIDDs.
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Supplementary Figure 1. (A) Lymphocyte subset analysis depicting normal lymphocyte proportions of lymphocytes in healthy control; Absent T lymphocytes and reduced NK cells in a case of T–B+NK– SCID; Reduced T lymphocytes, normal NK, and relative increase in proportion of B lymphocytes representing T–B+NK+ SCID; Absent T and B lymphocytes with increased proportion of NK cells representing T–B–NK+ SCID; Severe lymphopenia with reduced T, B, and NK cells (T–B–NK– SCID) in an infant with ADA deficiency; Lymphocytes were gated on CD45 vs. SSc and different subsets were estimated on gated lymphocytes. (B) Decreased total naïve T lymphocytes (CD3+CD45RA+CD45RO–), naïve helper T cells (CD3+CD4+CD45RA+CD45RO–) and naïve cytotoxic T cells (CD3+CD8+CD45RA+CD45RO–) in a case of SCID; CD3+ T cells were gated on CD3 vs. SSc and CD45RA was observed on CD3, CD4, and CD8 cells. (C) Increased expression of HLA DR on T lymphocytes in a patient with Omenn syndrome. (D) Reduced expression of CD127 on gated lymphocytes in a case T–B+NK+ SCID due to mutation in IL-7R. (E) Reduced expression of CD132 (common γ chain) on neutrophils, monocytes, and lymphocytes in a case of T–B+NK– SCID due to mutation in IL2RG.

Supplementary Figure 2. Lymphocyte subset analysis in a patient with T-B-NK+ SCID (A) Pre-transplant; (B–E) After hematopoietic stem cell transplantation. Lymphocytes were gated on CD45 vs. SSc and further subsets were analyzed on gated lymphocytes.

Supplementary Figure 3. Decreased expression of CD40L on activated T Lymphocytes (CD4+CD69+) in response to stimulation with PMA and ionomycin. PBMCs were gated on FSc vs. SSc and activated T lymphocytes were analyzed on the gated PBMCs.

Supplementary Figure 4. Expression of Wiskott–Aldrich Syndrome protein (WASp) in (A) a healthy control; (B) a patient with WAS; (C) after hematopoietic stem cell transplantation in patient depicted in (B); Lymphocytes were gated on FSc vs. SSc.

Supplementary Figure 5. (A) Absent B lymphocytes and (B) absent Btk protein expression on gated monocytes in a patient with XLA.

Supplementary Figure 6. B cell phenotyping showing decreased class switched B lymphocytes and reduced switched memory B lymphocytes in a case of CD40 deficiency. (A) Control (B) Patient. Lymphocytes were gated on FSc. vs SSc, further B lymphocytes were gated on CD19+ to analyze the B cell subsets.

Supplementary Figure 7. Evaluation for hemophagocytic lymphohistiocytosis. (A) Reduced perforin expression on CD56+NK cells in a patient with HLH; lymphocytes were gated on FSc vs. SSc graph. Further, the CD56+ cells are analyzed on gated lymphocytes. (B) PBMCs stimulated with PMA and ionomycin and stained with CD107a show reduced expression in a patient. PBMCs were gated on FSc vs. SSc followed by CD56+ NK cells from the gated PBMCs.

Supplementary Figure 8. Increase in double-negative T cells (TCR αβ+, CD3+, CD4–, CD8–) in a patient with ALPS (FASL mutation). Lymphocytes were gated on CD45 vs. SSc graph and further DNTs were seen on CD4 CD8 vs. TCR-αβ dot plot.

Supplementary Figure 9. Dihydrorhodamine assay for chronic granulomatous disease: (A) Normal shift of fluorescence peak in a control. (B) No shift in a patient with CGD. (C) Bimodal expression in a female carrier of X-linked CGD. Neutrophils were gated on FSc vs. SSc plot and oxidative burst was evaluated on gated neutrophils.

Supplementary Figure 10. Flow cytometry analysis of b558 expression. (A) Normal expression in a control. (B) Patient with X-linked CGD. (C) Dual peaks in a carrier female. Neutrophils were gated on FSc vs. SSc plot and b558 was evaluated on gated neutrophils.

Supplementary Figure 11. Laboratory workflow for patients with chronic granulomatous disease (CGD) diagnosed at our center. *DHR/gp91phox expression in the mother is performed only in cases of males with CGD.

Supplementary Figure 12. Absent expression of CD18 on gated neutrophils in a patient with LAD-1. Neutrophils were gated on FSc vs. SSc plot.

Supplementary Figure 13. (A) Decreased expression of IL12Rβ1 after stimulation of PBMCs with PHA; PBMCs were gated on FSc vs. SSc followed by CD3+ T cells from the gated PBMCs. (B) Increased expression of IFNγR1 expression on gated neutrophils in a patient with partial dominant IFNγR1 defect. Neutrophils, monocytes, and lymphocytes were gated on FSc vs. SSc plot.

Supplementary Table 1. Flow cytometry-based tests for diseases of immune dysregulation.

Supplementary Table 2. Flow cytometry-based tests for defects in intrinsic and innate immunity.
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Talaromyces (Penicillium) marneffei is an AIDS-defining infection in Southeast Asia and is associated with high mortality. It is rare in non-immunosuppressed individuals, especially children. Little is known about host immune response and genetic susceptibility to this endemic fungus. Genetic defects in the interferon-gamma (IFN-γ)/STAT1 signaling pathway, CD40/CD40 ligand- and IL12/IL12-receptor-mediated crosstalk between phagocytes and T-cells, and STAT3-mediated Th17 differentiation have been reported in HIV-negative children with talaromycosis and other endemic mycoses such as histoplasmosis, coccidioidomycosis, and paracoccidioidomycosis. There is a need to design a diagnostic algorithm to evaluate such patients. In this article, we review a cohort of pediatric patients with disseminated talaromycosis referred to the Asian Primary Immunodeficiency Network for genetic diagnosis of PID. Using these illustrative cases, we propose a diagnostics pipeline that begins with immunoglobulin pattern (IgG, IgA, IgM, and IgE) and enumeration of lymphocyte subpopulations (T-, B-, and NK-cells). The former could provide clues for hyper-IgM syndrome and hyper-IgE syndrome. Flow cytometric evaluation of CD40L expression should be performed for patients suspected to have X-linked hyper-IgM syndrome. Defects in interferon-mediated JAK-STAT signaling are evaluated by STAT1 phosphorylation studies by flow cytometry. STAT1 hyperphosphorylation in response to IFN-α or IFN-γ and delayed dephosphorylation is diagnostic for gain-of-function STAT1 disorder, while absent STAT1 phosphorylation in response to IFN-γ but normal response to IFN-α is suggestive of IFN-γ receptor deficiency. This simple and rapid diagnostic algorithm will be useful in guiding genetic studies for patients with disseminated talaromycosis requiring immunological investigations.

Keywords: Taloromyces marneffei, flow cytometry, X-linked hyper-IgM syndrome, CD40L, STAT1, interferon gamma receptor deficiency


INTRODUCTION

Talaromyces marneffei (previously known as Penicillium marneffei) is a pathogenic fungus indigenous to Southeast Asia (1–5). Before the human immunodeficiency virus (HIV) epidemic, T. marneffei was an extremely rare pathogen in humans (1). Since the late 1980s, talaromycosis emerged as a clinically important opportunistic infection following the exponential growth in the incidence of HIV in Southeast Asia, especially in Northern Thailand, Vietnam, Guangxi, and Guangdong in Southern China (2–6). An increasing number of cases have also been reported in Myanmar, Laos, Cambodia, Singapore, Malaysia, Indonesia, and northeastern India (7, 8). T. marneffei infection is classified as an acquired immunodeficiency syndrome (AIDS)-defining illness and listed as one of the HIV clinical stage 4 conditions (6). The trend of T. marneffei infection closely paralleled that of HIV, and in areas where reduction of HIV transmission and availability of highly active antiretroviral therapy (HAART) have improved, a decrease in the prevalence of T. marneffei infection has been observed (9, 10). A similar trend is also observed in endemic mycoses caused by other thermally dimorphic fungi such as coccidioidomycosis and histoplasmosis (11, 12). The close relationship between disease manifestation and severity with CD4+ cell count confirms the central importance of cell-mediated immunity against endemic fungi.

While the vast majority of talaromycosis were reported in patients with AIDS, a smaller proportion of cases were described in patients with hematological malignancies, autoimmune diseases, and diabetes mellitus and renal or hematopoietic stem cell transplant recipients (13, 14). Autoantibody against IFN-γ has been reported to be associated with adult-onset immunodeficiency in patients of Asian ethnicity, resulting in predisposition to talaromycosis, melioidosis, salmonellosis, and non-tuberculous mycobacterial infections (15–20). Talaromycosis in otherwise healthy children is uncommon. We performed a systematic literature review of 509 reports on human T. marneffei infection published between 1950 and 2011, and identified 32 patients aged 3 months to 16 years with no known HIV infection. Twenty-four patients (75%) had disseminated disease, and 55% died of talaromycosis. Eight patients, all reported prior to 2010, had some forms of immunodeficiencies which were not genetically defined (hypogammaglobulinemia, CD4 lymphopenia, common variable immunodeficiency, Kostmann syndrome, and clinically probable X-linked hyper-IgM syndrome) or blood disorders such as aplastic anemia. Four others had abnormal immune functions while immune evaluation was not performed for the rest (21). In 2014, we discovered gain-of-function (GOF) STAT1 disorder as the underlying cause of disseminated talaromycosis in 3 pediatric patients in Hong Kong (22). Recently, primary immunodeficiencies (PID) in HIV-negative children with T. marneffei infection have been increasingly recognized, including CD40L deficiency and autosomal dominant (AD) hyper-IgE syndrome (23–29). However, talaromycosis as an indicator of underlying PID in HIV-negative children is still under-recognized, as diagnostic immunological evaluations remained limited in many recently published cases (30–34).

The close epidemiological relationship between HIV and T. marneffei, and the fact that talaromycosis is an AIDS-defining illness (6) suggests that individuals who are HIV negative and without secondary immunodeficiencies may have underlying immune defects that are unrecognized. There is a need to adopt a systematic approach to evaluate HIV-negative individuals with talaromycosis, by performing stepwise immunological investigations to guide confirmatory genetic tests, targeting on disorders affecting IFN-γ mediated crosstalk between phagocytic cells and T-lymphocytes, and signaling pathways involved in T-helper 1 (Th1) and Th17 differentiation. In this article, we illustrate how flow cytometric evaluation can be incorporated into a simple and rapid diagnostic algorithm for patients with disseminated talaromycosis requiring immunological investigations.



METHODOLOGY


Patients

The Asian Primary Immunodeficiency (APID) Network was established by the Department of Pediatrics and Adolescent Medicine, The University of Hong Kong (35). Since 2001, 1,599 patients with suspected PID from more than 90 centers in 13 countries and regions in Asia were referred to the APID Network for genetic studies. Among them, eight patients had T. marneffei infection including four from Hong Kong, two from Southern China and two from Northern Thailand. Clinical features and immunological parameters were retrieved from the database. Consent for genetic diagnosis and functional study was obtained from parents, and the study was approved by the Institutional Review Board of The University of Hong Kong/Hospital Authority Hong Kong West Cluster.



Flow Cytometric Evaluation of CD40 Ligand (CD40L) Expression

Detailed methodology was previously reported by An et al. (36) and Du et al. (29). Briefly, peripheral blood mononuclear cells (PBMC) obtained from patients and healthy controls were isolated by ficoll-hypaque density gradient centrifugation. At least 1 × 106 PBMCs were cultured at 37°C for 4 h at 500 μl RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS), and activated by 50 ng/ml phorbol myristate acetate (PMA) and 500 ng/ml ionomycin (Sigma, Shanghai, China). Cells were collected, washed and incubated with PerCP-Cy5.5-conjugated anti-human CD3 (mouse IgG1, κ, clone OKT3), FITC-conjugated anti-human CD8 (mouse IgG1, κ, clone RPA-T8), and PE-conjugated anti-human CD154 antibody (mouse IgG1, κ, clone 24-31) or PE-conjugated isotype control (IgG1, clone P3). All antibodies were obtained from eBioscience (San Diego, CA, USA). Flow cytometric analysis was performed (FACSCanto II, BD Biosciences), gating on live cells determined by scatter characteristics. Data was analyzed using FlowJo software (Tree Star, Ashland, OR, USA). The percentage of CD3+CD8-CD154+ cells was determined by gating on dot-plot histograms and comparing with cells stained with isotype control reagents.



Flow Cytometric Quantification of STAT1 Phosphorylation

Detailed methodology was previously published by our group (22). 106 PBMCs were stimulated with recombinant human IFN-α (40,000 IU/ml) or IFN-γ (5,000 IU/ml) for 20 or 30 min as indicated. To study the kinetics of STAT1 dephosphorylation, cells were further treated with staurosporine (500 nM) for 30 min. Cells were washed and stained with FITC-conjugated anti-human CD3 and pacific-blue-conjugated anti-human CD14. This was followed by fixation with BD Phosflow™ Fix Buffer I and permeabilization in BD Phosflow™ Perm Buffer III. After wash, cells were stained with AlexaFluor® 647-conjugated anti-human STAT1 (pY701) for intracellular phosphorylated STAT1 (pSTAT1). The percentage of intracellular pSTAT1 expression and mean fluorescent intensity (MFI) in CD3+ T-cells and CD14+ monocytes were determined by using flow cytometry and analyzed by FlowJo (version: 8.8.2). Gating strategy is shown in Supplementary Figure 1.



Sanger Sequencing

Genomic DNA was isolated from peripheral blood obtained from the subjects. Fiffty nanograms DNA were added to sequencing primers for human STAT1, CD40LG, and IFNGR1 genes for sequence analysis (see Supplementary Table 1 for primer sequences) using Applied Biosystems 3730xl DNA Analyzer. Sequence analysis with reference sequence of the corresponding genes was performed using the National Center for Biotechnology Information program Basic Local Alignment Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi/).



Whole Exome Sequencing Procedure

Three microgram of genomic DNA extracted from the patient's PBMCs for exon capture by using Agilent SureSelect Human All Exon 50 Mb and library preparation, according to standard procedures. WES was performed using Illumina HiSeq 2000 (Illumina, Inc., San Diego, CA 92122 USA) on genomic DNA enriched for exonic fragments using Agilent SureSelect V3 (Agilent technologies, Santa Clara, CA 95051 USA). The data were processed using GATK. Briefly, paired-end reads were mapped to human reference genome (GRCh37/hg19) using Burrows-Wheeler Aligner (http://bio-bwa.sourceforge.net/). Picard was used to mark duplicated reads and Realigner Target Creator and Base Recalibrator of GATK were used for realignment and base quality recalibration. Single nucleotide variants (SNVs) were called by using GATK (http://www.broadinstitute.org/gatk/), and indel were identified by using GATKindel, Dindel (http://www.sanger.ac.uk/resources/software/dindel/), and Pindel (https://trac.nbic.nl/pindel/). SNVs with minor allele frequency of 1% are considered as polymorphism. SNV calls with a quality phred score of more than 30, mapping quality phred score of more than 10, and coverage depth of more than 10 were kept for further analysis. Mutations were annotated using annovar. Of the SNV calls, their population frequency in dbSNP, 1000 Genome Project, NHLBI Exome Sequencing Project (ESP) ESP6500 data set (http://evs.gs.washington.edu/EVS/), and an internal database on exome sequencing was examined and relatively common variants considered unlikely to be related to the disease phenotype were excluded from further consideration. Potential functional impact of the missense mutations was also evaluated by algorithms including SIFT, PolyPhen2, LJB_PolyP, LJB_MutationTaster, LJB_LRT, and those considered to be unlikely to have a strong functional impact on the protein structure and function were also removed from further consideration. Variants that were considered high (frame shift mutations, splicing site mutations, start/stop gains and losses) and moderate functional impact (missense substitutions and non-frame shift insertion deletions) were further considered. The putative disease-causing variants were confirmed by Sanger sequencing.




RESULTS


Family 1

A 29-month old boy (F1) was admitted because of persistent fever for 1 month and neck mass for 10 days. Chest X-ray showed pneumonic changes. Cervical lymph node biopsy and endobronchial biopsy both yielded T. marneffei. Blood culture was positive for T. marneffei and Staphylococcus epidermidis. He has a past history of recurrent infections since 13 months of age. He received BCG vaccination at birth, and developed left axillary lymphadenitis which resolved spontaneously. His complete blood count was unremarkable. Lymphocyte subset showed reduced T and NK cells, and Immunoglobulin profile showed reduced serum IgG (431 mg/dl), lowish IgA (44 mg/dl), and IgM (62mg/dl; Table 1). HIV serology was negative. CD40L expression on CD3+ T-cells activated by phorbol myristate acetate (PMA) and ionomycin was absent in the patient, and normal in both parents (Figure 1). X-linked hyper-IgM syndrome was genetically confirmed by the identification of a mutation in the TNFSF5 (CD40L) gene, g.IVS1+1G>A predictive of aberrant splicing (Figure 2). The episode of disseminated talaromycosis was treated with voriconazole for 4 months. He was put on trimethoprim sulfamethoxazole prophylaxis and continued with monthly immunoglobulin replacement. Two years later, he developed persistent sinusitis and culture from nasal secretions again yielded T. marneffei. He was treated with a short course of voriconazole.



Table 1. Hematological and immunological parameters.
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FIGURE 1. CD40L expression in patient F1 and his parents. Peripheral blood mononuclear cells (PBMCs) were activated by phorbol myristate acetate (PMA) and ionomycin, followed by immunostaining with anti-CD3-PerCP-Cy5.5, anti-CD8-FITC, and anti-CD154-PE antibody. Flow cytometric analysis was performed gating on CD3+ T-cells. CD3+CD8-CD154+, represented by UL (upper left quadrant), indicated activated T-cells expressing CD40L.
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FIGURE 2. (A) Pedigrees of Families 1–6. (B) Mutations identified in patients with T. marneffei infections. (i) Splice site mutation in TNFSF5 (CD40L) in Patient F1; (ii) heterozygous missense mutations in STAT1 identified in Patients F2 (p.A267V), F3 (p.T288I), F4 (p.L358F), F5.1, and F5.2 (p.M390I); (iii) homozygous mutation in IFNGR1 identified in Patient F6.2 (p.V61fsX69) and his deceased elder sister (F6.1). Both parents were found to be heterozygous carriers of the mutation.



At 6 years, he developed fever, cough, stridor and shortness of breath. Laryngoscopy showed vocal cord swelling, and he was subsequently intubated and ventilated for acute upper airway obstruction. Throat swab and sputum yielded positive growth of T. marneffei. CT scan showed thickened vocal cord and laryngeal narrowing. There was segmental collapse and consolidation in the left lung, and calcified lymph nodes in the bilateral hilar and mediastinal regions. There was clinical improvement after adding on anti-fungal treatment and he was extubated 3 days later. He completed a 6-week course of voriconazole and had good clinical recovery, and was put on fluconazole prophylaxis. A 10/10 matched-unrelated donor was identified and he is currently prepared for haematopoietic stem cell transplantation.



Family 2, 3, and 4

We previously reported 3 pediatric patients with T. marneffei infection and chronic mucocutaneous candidiasis (CMC) caused by GOF STAT1 mutations (22). Briefly, F2 presented with cervical and mediastinal lymphadenopathy at 15 years and fine needle aspiration of the cervical lymph node yielded T. marneffei. F3 presented with pneumonia and otitis externa at the age of 7 years. Nasopharyngeal aspirate was positive for influenza A with prolonged carriage. Computed tomography (CT) of the thorax showed mediastinal and hilar lymphadenopathy with multiple thin-walled pulmonary cystic cavities. Bronchoalveolar lavage yielded T. marneffei and cytomegalovirus. Ear swab culture was positive for Candida albicans and C. tropicalis. Both F2 and F3 received amphotericin treatment with good response, and were put on long-term itraconazole prophylaxis without disease recurrence.

F4 presented with fever and cervical lymphadenopathy at 5 years old. Lymph node biopsy yielded Mycobacterium tuberculosis and T. marneffei. She received anti-tuberculosis treatment and itraconazole with good response. At 16 years old, she developed invasive aspergillosis and haemophagocytic syndrome, and died of massive pulmonary hemorrhage.

Immunological parameters were summarized in Table 1. Whole exome sequencing revealed the presence of heterozygous mutation in STAT1 gene in the coiled-coil domain for F2 (c.800C>T, p.A267V) and F3 (c.863C>T, p.T288I), and DNA-binding domain for F4 (c.1074G>T, p.L358F; Figure 2). PBMCs from these patients showed increased STAT1 phosphorylation toward interferon (IFN)-α and IFN-γ as well as delayed STAT1 dephosphorylation in the presence of staurosporine, indicating that they were GOF mutations.



Family 5

A 9-year old boy (F5.2) was referred for recurrent pneumonia and chronic onychomycosis. Upon inquiry on family history, the boy's father (F5.1) has a history of protracted fungal infection in his childhood. The description of his clinical course could be traced back to a case report by Yuen et al. published in 1986, the first report of pediatric disseminated T. marneffei infection in Hong Kong (37). In brief, F5.1 presented with bilateral cervical lymphadenopathy at 10 years old in 1983 and was initially treated with anti-tuberculous drugs. There was progressive enlargement of the cervical lymph nodes complicated by ulceration of the overlying skin and perforation of the hard palate. He was also found to have enlarged mediastinal lymph nodes causing superior vena cava (SVC) obstruction. Tissue from the neck ulcer and axillary lymph node yielded T. marneffei. Lymphocyte subset showed profound T-lymphopenia (CD4 93/μl and CD8 138/μl). He was treated with intravenous amphotericin B and oral flucytosine for 3 months with good response. However, 3 years later he presented again with generalized skin lesions, oral ulceration, and recurrence of mediastinal lymphadenopathy. He was treated with amphotericin B for 3 months but shortly after stopping anti-fungal treatment, he had recurrent disease with osteomyelitis involving the left distal radius and ulna, left thumb metacarpus and right tibia (38). Treatment with amphotericin B was resumed but he experienced severe adverse reactions, which necessitated the switch to oral fluconazole. The disease went into remission after 6 months of fluconazole, which he continued taking for a total of 2 years. He had no further disease recurrence and remained largely asymptomatic. His CD4+ and CD8+ T-cells returned to normal, but he was found to have impaired natural killer (NK) cell cytotoxicity (38). He had no medical follow-up since the late 1990s.

F5.1 was 40 years old when he was seen in our clinic together with his son. He had classical features of CMC. He had multiple scars in the neck that corresponded to the history of ulcerated cervical lymphadenopathy. He had mild facial puffiness, and the prominent superficial veins in the neck and upper chest were the result of previous SVC obstruction.

PBMCs obtained from the father and son showed increased STAT1 phosphorylation (pSTAT1) toward IFN-α stimulation (MFI = 282 for F5.1 and 296 for F5.2, vs. 153 ± 8.0 in 3 healthy controls, mean ± SEM), as well as reduced STAT1 dephosphorylation in the presence of staurosporine (Figure 3). A heterozygous missense mutation in the DNA binding domain of the STAT1 gene (c.1170G>A, p.M390I) was identified by Sanger sequencing (Figure 2). Both patients remained clinically well while on anti-fungal prophylaxis.


[image: image]

FIGURE 3. PBMCs were stimulated with IFN-α (40,000 IU/ml) followed by treatment with staurosporine (500 nM) for 30 min, and analyzed for intracellular pSTAT1 expression by gating on CD3+ T-cells. The increase in %pSTAT1+ population in stimulated cells relative to unstimulated cells was calculated. (A) Representative histograms are shown for Patients F5.1 and F5.2 and 3 healthy controls. (B) %pSTAT1+ T-cells (i) and mean fluorescent intensity (MFI) (ii) in Patients F5.1 and F5.2 compared with 3 healthy controls. Data expressed as mean ± SEM.





Family 6

F6.2 is the second child of a family belongs to the Karen ethnic group residing in the Thailand-Myanmar border. His parents are third cousins. His elder sister (F6.1) had disseminated T. marneffei infection at 5 months, and died of fulminant Salmonella septicemia at 11 months. She was negative for HIV, and immunological investigations including lymphocyte subset, immunoglobulin levels, and dihydrorhodamine reduction (DHR) was unremarkable. WES revealed a novel homozygous frameshift mutation (c.182dupT, p.V61fsX69) in the IFNGR1 gene, resulting in a premature stop codon upstream to the segment encoding the transmembrane domain (Figure 2Biii). Parents were heterozygous carriers (Figure 2A). F6.2 developed disseminated BCG and Salmonella septicemia at 2 months of age. At 12 months, he was admitted to Chiang Mai University Hospital for high fever and refusal to stand and walk. Blood culture yielded T. marneffei and plain X-ray of his legs showed osteolytic lesion in the left distal tibia. He received amphotericin B for 6 weeks with good treatment response. His daily activities returned to normal and he was put on isoniazid, rifampicin and itraconazole prophylaxis.

In view of the family history, Sanger sequencing of the IFNGR1 gene was performed which showed that F6.2 had the same homozygous frameshift mutation as his deceased sister. PBMCs obtained from F6.2 showed defective STAT1 phosphorylation toward IFN-γ stimulation in CD14+ monocytes compared with 4 healthy controls (Figures 4Aii,Bii,Civ), while STAT1 phosphorylation toward IFN-α stimulation was preserved in CD3+ T-cells (Figures 4Ai,Bi,Ci,ii), implying defective IFN-γ receptor-mediated signaling.
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FIGURE 4. Flow cytometric analysis of STAT1 phosphorylation (pSTAT1) in CD3+ T-cells and CD14+ monocytes in response to IFN-α and IFN-γ. Representative flow plots showing % pSTAT1+ cells in (A) Patient F6.2 and (B) a healthy control. Peripheral blood mononuclear cells (PBMCs) were stimulated with IFN-α (40,000 IU/ml) or IFN-γ (5,000 IU/ml) for 20 or 30 min. Intracellular phosphorylated STAT1 (pSTAT1) was evaluated by gating on CD3+ and CD14+ cells in PBMCs stimulated with IFN-α (Ai, Bi) and CD14+ cells in PBMCs stimulated with IFN-γ (Aii, Bii). (C) Mean fluorescent intensity (MFI) of pSTAT1 in Patient F6.2 and 4 healthy controls, data expressed as mean ± SEM.






PIDS IN HIV-NEGATIVE CHILDREN WITH TALAROMYCOSIS AND PROPOSED DIAGNOSTIC ALGORITHM

In addition to the above described patients, 12 cases of pediatric patients with talaromycosis and underlying PIDs were reported in the literature (22–29), and they are summarized in Table 2. Out of these 19 patients, 13 patients (68%) were below the age of 5 years when they had T. marneffei infection. 15 patients (79%) had disseminated talaromycosis and two of them had recurrence. Only one patient died of talaromycosis due to multi-organ failure. PIDs diagnosed included X-linked hyper-IgM syndrome (n = 10), AD hyper-IgE syndrome (n = 3), AD GOF STAT1 disorder (n = 4), and autosomal recessive (AR) IFNγR1 deficiency (n = 2).



Table 2. Primary Immunodeficiencies reported in HIV-negative children with T. marneffei infection.
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We propose a diagnostic algorithm targeting at the above PIDs for immunological evaluation of HIV-negative children with talaromycosis in whom secondary causes of immunosuppression are excluded (Figure 5). History taking and physical examination should focus on identifying past history or concurrent opportunistic infections including BCG complications and non-tuberculous mycobacteria infections, salmonellosis, Pneumocystis jiroveci pneumonia, cryptosporidiosis, severe human herpes virus infections (e.g., varicella zoster virus, cytomegalovirus, and Epstein Barr virus), chronic mucocutaneous candidiasis, onychomycosis, and other invasive fungal infections such as aspergillosis. Recurrent sinopulmonary infections are common in CD40L deficiency and AD GOF STAT1 disorder. Coarse facies, high-arched palate, retention of deciduous teeth, scoliosis, cold abscesses and pneumatoceles are suggestive of AD hyper-IgE syndrome. Detailed family history on recurrent infections, early infant deaths and parental consanguinity should be sought. A basic panel of immunological investigations including immunoglobulin pattern (IgG, IgA, IgM, and IgE) and lymphocyte subset should be performed. Low IgG, low IgA, and normal or high IgM in a male patient raises suspicion for CD40L deficiency and one should proceed with flow cytometric evaluation of CD40L expression. The presence of pneumoatoceles, eosinophilia, and elevated IgE, in the presence of somatic features of AD hyper-IgE syndrome, should prompt genetic confirmation of STAT3 gene mutation. Defects in interferon-mediated JAK-STAT signaling are evaluated by STAT1 phosphorylation studies by flow cytometry. STAT1 hyperphosphorylation in response to IFN-α or IFN-γ and delayed dephosphorylation in the presence of staurosporine is diagnostic for GOF STAT1 disorder, while absent STAT1 phosphorylation in response to IFN-γ but normal response to IFN-α is suggestive of IFN-γ receptor deficiency. Although endemic mycoses have not been reported in patients with chronic granulomatous disease (CGD), it is reasonable to include nitroblue tetrazolium test (NBT) or dihydrorhodamine test (DHR) as a screening strategy for invasive fungal infections. In older children or teenagers who are otherwise healthy, autoantibodies against IFN-γ should be measured.
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FIGURE 5. Algorithm for immunological evaluation of pediatric patientswith disseminated Talaromyces marneffei infection. AD, autosomal dominant; BCG, Bacille Calmette-Guerin; CMV, cytomegalovirus; EBV, Epstein-Barr virus; GOF, gain-of-function; HIES, hyper-IgE syndrome; NTM, non-tuberculous mycobacteria; pSTAT1, phosphorylated STAT1; VZV, varicella zoster virus; X-HIM, X-linked hyper-IgM syndrome.





DISCUSSION

The mechanism of immune response toward penicilliosis is poorly understood. Human penicilliosis is believed to be initiated by inhalation of conidia which are subsequently phagocytosed by alveolar macrophages. They survive in the intracellular environment of macrophages and develop into the yeast phase. Once established within the macrophages, T. marneffei readily disseminates throughout the body causing systemic infection when host immune response is suppressed. Clinically, only the yeast form is found in tissues and peripheral blood (3, 39). Only a few studies on cell mediated immune response toward T. marneffei were available in the literature. T. marneffei infection is fatal in nude mice or T-cell depleted mice, indicating the importance of T-cell response in the immune defense against T. marneffei (40, 41). Fungicidal activity of T. marneffei yeast by human and murine macrophages could be enhanced by IFNγ via stimulation of L-arginine-dependent nitric oxide pathway (42). In mice infected by T. marneffei, a Th1-polarized pattern of cytokines (IFN-γ and IL-12) was observed in the spleen, and systemic T. marneffei infection was invariably fatal in IFN-γ-knockout mice (43). The importance of IFN-γ in host defense against T. marneffei is best illustrated by the association of high-titer anti-IFNγ autoantibody with disseminated non-tuberculous mycobacteria (NTM) infection, talaromycosis, histoplasmosis, cryptococcosis, melioidosis, non-typhoidal salmonellosis, and severe varicella zoster virus infections in adults without HIV infection (15–20). These infections are typical of advanced AIDS despite the fact that these patients had essentially normal numbers of CD4+ T cells and other lymphocytes (17). F6.1 and F6.2 were the first cases of invasive mycoses reported in AR IFNγR1 deficiency. Susceptibility to candidiasis and filamentous fungi has not been described in patients with AR IFNγR1 deficiency; instead, histoplasmosis (44) and coccidioidomycosis (45) were reported in patients with AD partial IFN-γR1 deficiency residing in endemic regions in the United States. Both patients had disseminated mycoses with lymphadenopathy, pulmonary and skeletal involvement necessitating surgical intervention, and recurrent/refractory disease course requiring prolonged intensive anti-fungal treatment, as well as concomitant NTM infections. Both patients received IFN-γ as an adjunctive treatment that led to clearance of infections. Taken together, it is most likely that IFN-γ plays a critical role in host immunity against dimorphic fungi.

The current understanding about inborn errors of immunity predisposing to talaromycosis is limited. The geographical regions with the highest incidence of T. marneffei infections are relatively less developed in terms of PID specialist service. It is likely that many HIV-negative children with talaromycosis have not received thorough immunological investigations, and hence the proportion of such cases with underlying PIDs is unknown. Through our APID Network and literature search, the types of PIDs that have been documented in children with T. marneffei infection include CD40L deficiency, AD hyper-IgE syndrome, GOF STAT1 disorder and AD IFN-γR1 deficiency. These PIDs have also been identified in other endemic mycoses including histoplasmosis (44, 46–61), coccidioidomycosis (45, 53, 61–63) and paracoccidioidomycosis (64). Such dimorphic fungi have also caused disseminated disease in patients with IL12Rβ1 deficiency (65–69). In addition, disseminated histoplasmosis was reported in patients with GATA2 deficiency (52, 70) and NEMO deficiency (52), mainly in adults. The susceptibility to endemic mycoses in CD40L, NEMO, IL12Rβ1 and IFN-γR1 deficiencies highlights the critical role of IL-12/IFN-γ crosstalk in macrophage activation and killing of these dimorphic fungi. On the other hand, impaired Th17 response in GOF STAT1 defect and AD hyper-IgE syndrome leads to CMC and invasive fungal infections caused by filamentous and dimorphic fungal pathogens. In fact, IL12Rβ1, NEMO, CD40L, and IFNγR1 deficiencies also result in impaired Th17 generation from naïve T-cells which likely contribute to susceptibility to fungal infection (71). There is a gap of knowledge in Th17-mediated cellular response against T. marneffei infection and mechanistic studies are required. Endemic mycoses have not been reported in patients with CGD (72), so it appears that defective oxidative burst per se is not sufficient to cause an increased risk to dimorphic fungi, suggesting that other mechanisms of phagosomal killing may compensate for the lack of NADPH oxidase activity in eliminating these pathogens in the cytosolic compartment.

An algorithmic approach in history taking, targeted physical examination and stepwise immunological investigations will be helpful to assist clinicians in recognizing and diagnosing PIDs in patients with talaromycosis who are HIV-negative. Flow cytometric evaluation of CD40L expression and STAT1 phosphorylation is simple and rapid, with a turnaround time of less than 1 day to obtain a result that can provide important diagnostic information that guides treatment and genetic confirmation. STAT1 phosphorylation serve as a functional test of cellular responses mediated by type I (IFN-α/β) and type II (IFN-γ) IFNs. Flow cytometry-based STAT1 functional study has been described by Mizoguchi et al. (73) and Bitar et al. (74) as a rapid screening method to facilitate the diagnosis of CMC caused by GOF STAT1, which is characterized by STAT1 hyperphosphorylation in response to IFN-α or IFN-γ stimulation, and delayed dephosphorylation in the presence of staurosporine. Absence of STAT1 phosphorylation in response to IFN-γ but present in IFN-α stimulation suggests IFN-γ receptor deficiency. Impaired or absent STAT1 phosphorylation in response to both IFN-α and IFN-γ suggest loss-of-function STAT1 defect, and possibly JAK1 defect (75). Such functional defects, if present, should be confirmed by gene sequencing. If these tests are unrevealing, genetic defects of other molecules involved in IFN-γ production (IL12B, IL12Rβ1, TYK2, RORγ, ISG15, NEMO) or signaling pathway downstream to IFN-γ (GATA2, IRF8) should be considered (76), given the central importance of IFN-γ in host defense against T. marneffei. Considering the broad diagnostic possibilities, it would be reasonable to proceed with whole exome sequencing to identify the causative gene mutations. It is likely that increased awareness and improved diagnostics will unveil more PIDs underlying HIV-negative talaromycosis and other endemic mycoses, which will in turn advance our understanding about human immune response against this distinctive group of pathogenic fungi.
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Complete Multilineage CD4 Expression Defect Associated With Warts Due to an Inherited Homozygous CD4 Gene Mutation
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Idiopathic T-CD4 lymphocytopenia (ICL) is a rare and heterogeneous syndrome characterized by opportunistic infections due to reduced CD4 T-lymphocytes (<300 cells/μl or <20% T-cells) in the absence of HIV infection and other primary causes of lymphopenia. Molecular testing of ICL has revealed defects in genes not specific to CD4 T-cells, with pleiotropic effects on other cell types. Here we report for the first time an absolute CD4 lymphocytopenia (<0.01 CD4+ T-cells/μl) due to an autosomal recessive CD4 gene mutation that completely abrogates CD4 protein expression on the surface membrane of T-cells, monocytes, and dendritic cells. A 45-year-old female born to consanguineous parents consulted because of exuberant, relapsing, and treatment-refractory warts on her hands and feet since the age of 10 years, in the absence of other recurrent infections or symptoms. Serological studies were negative for severe infections, including HIV 1/2, HTLV-1, and syphilis, but positive for CMV and EBV. Blood analysis showed the absence of CD4+ T-cells (<0.01%) with repeatedly increased counts of B-cells, naïve CD8+ T-lymphocytes, and particularly, CD4/CD8 double-negative (DN) TCRαβ+ TCRγδ− T-cells (30% of T-cells; 400 cells/μl). Flow cytometric staining of CD4 using monoclonal antibodies directed against five different epitopes, located in two different domains of the protein, confirmed no cell surface membrane or intracytoplasmic expression of CD4 on T-cells, monocytes, and dendritic cells but normal soluble CD4 plasma levels. DN T-cells showed a phenotypic and functional profile similar to normal CD4+ T-cells as regards expression of maturation markers, T-helper and T-regulatory chemokine receptors, TCRvβ repertoire, and in vitro cytokine production against polyclonal and antigen-specific stimuli. Sequencing of the CD4 gene revealed a homozygous (splicing) mutation affecting the last bp on intron 7–8, leading to deletion of the juxtamembrane and intracellular domains of the protein and complete abrogation of CD4 expression on the cell membrane. These findings support previous studies in CD4 KO mice suggesting that surrogate DN helper and regulatory T-cells capable of supporting antigen-specific immune responses are produced in the absence of CD4 signaling and point out the need for better understanding the role of CD4 on thymic selection and the immune response.

Keywords: CD4, warts, double-negative T-cells (DNTs), CD4 lymphopenia, idiopathic CD4 lymphocytopenia


BACKGROUND

CD4 is a monomeric type I transmembrane glycoprotein consisting of four immunoglobulin-like extracellular domains connected by a short stalk to a transmembrane domain and a short cytoplasmic tail (1–4). Although rare polymorphisms have been described in humans that suppress reactivity with the anti-CD4 OKT4 antibody clone (5, 6), comparison of CD4 sequences from different animal species indicates that the basic structure of this molecule was highly preserved during evolution for more than 400 million years (7). The CD4 molecule is mostly known because it has long been used to define helper T-cells and, more recently, regulatory T-cells (Tregs). These represent two functionally unique T-cell populations responsible for driving humoral and cytotoxic responses through production of different cytokine profiles (8, 9) and suppressing the immune response (10), respectively. In addition, lower CD4 expression is also detected on antigen-presenting cells such as monocytes and dendritic cells (DCs) (11) and on megakaryocytic precursors (12).

Multiple studies have demonstrated that CD4 serves as a co-receptor during T-cell receptor (TCR) recognition of major histocompatibility complex MHC/HLA class II–associated peptides (1–3). Binding of the membrane-distal D1 domain of CD4 to non-polymorphic residues of MHC/HLA class II molecules provides a more potent stimulus for the T-cell than simply ligating the TCR alone (1–3). Thus, ligation of CD4 to MHC/HLA class II has been shown to induce positive selection of helper T-cells during thymic differentiation (4) and supports activation of helper T-cells and Tregs in blood and other lymphoid and non-lymphoid tissues (1–3). However, CD4–MHC/HLA class II affinity is low, leading to weak binding between the two proteins (2, 3). As a consequence, other molecules are required for productive interactions with downstream effects. In fact, it has been confirmed in murine models that differentiation of helper T-cells can occur in the absence of CD4 expression, suggesting that signaling via this co-receptor might be dispensable (13, 14). Thus, in CD4 knock-out (KO) mice, an expanded subpopulation of CD4/CD8 double-negative (DN) TCRαβ+ T-cells with T-helper ability is generated at abnormally high numbers, which functionally replace conventional CD4+ T-cells (13, 14).

A limited number of cases (n ≈ 100) of persistent CD4+ T-cell lymphopenia in the absence of human immunodeficiency virus 1 (HIV 1) infection have been reported so far. Of note, none of these patients have been associated with a specific defect of CD4 expression. Most of the cases display clinical manifestations that are characteristic of combined immunodeficiencies (15, 16). Although in the majority of the cases, the genetic etiology of Idiopathic T-CD4 lymphocytopenia (ICL) has not been investigated, preliminary molecular genetic studies in 20 patients suggest that, at least in some patients, there are mutations in several genes other than CD4 (i.e., RAG1, DOCK8, MAGT1), with pleotropic effects not restricted to CD4+ T-cells (17–19). Altogether, these findings suggest that the clinical and immunological alterations reported in ICL are most likely associated with a helper T-cell defect potentially combined with defects on other cell lineages, rather than with a lack of expression of the CD4 molecule.

Here we report for the first time in human a selective CD4 molecule deficiency associated with a homozygous autosomal recessive mutation in the CD4 gene that completely abrogates expression of the CD4 protein. The immunological and clinical features of this case support previous studies on CD4 KO mice suggesting that, although the immune response is affected in these cases, surrogate CD4-negative CD8-negative helper T-cells and Tregs can be produced in the absence of CD4 signaling, which are capable of replacing most of the functional roles of CD4+ T-cells.



CASE PRESENTATION

A 45-year-old Caucasian female born to first-cousin parents, with two healthy children and without any relevant family history record of prior diseases, was seen at the service of Dermatology (University of Coimbra, Coimbra, Portugal) in March 2014 because of persistent extensive, skin-colored, exuberant, and disfiguring warts in both feet and hands since the age of 10 years (Figure 1). Warts were refractory to treatment with keratolytic agents, cryosurgery, and excision, with minor improvement after treatment with acitretin in association with topical 50% urea cream. Apart from this, the patient did not describe recurrent infection-related episodes or diseases, except for past medical history of measles and mumps during her infancy and varicella infection during her first pregnancy, which all resolved without complications. Of note, such past history of infections is not rare among the patient age-matched Portuguese population since vaccination for these diseases was introduced in the Portuguese national vaccination program years after she was born (1969): in 1974 for measles, in 1987 for mumps, and in 2004 for varicella (20–22). In fact, outbreaks of measles and mumps have been reported in Portugal until the late 80s to mid-90s, with peaks of >10,000 cases per year (20, 21).


[image: Figure 1]
FIGURE 1. Photographs of warts present in the patient's feet.


In addition, she referred allergic rhino-conjunctivitis treated with cetirizine and fluticasone, and chronic polyarthralgias in the absence of impaired functionality. Serological studies were negative for (severe) infections, including HIV 1/2, HTLV-1, and syphilis. In turn, she showed IgG antibodies for ubiquitous pathogens including CMV >250 arbitrary units (AU/ml) (positive threshold >6AU/ml) and Epstein–Barr virus VCA = 192 U/ml (positive threshold >20 U/ml) and EBNA = 24 U/ml (positive threshold >20 U/ml) in the absence of serum IgM antibodies for these pathogens (0.06 AU/ml; positive threshold >6AU/ml). Slightly increased serum IgG levels (IgG: 1,430 mg/dl), associated with normal IgA (278 mg/dl), IgM (67 mg/dl), C3 (1.4 g/L), C4 (0.33 g/L), and C1 inhibitor (0.318 g/L) serum levels, were detected. In addition, anti-neutrophil and anti–double-strand DNA autoantibodies were negative, while antinuclear autoantibodies were weakly positive. Screening for immunological alterations by flow cytometry (Supplementary Material) (23–25) using the EuroFlow Primary Immunodeficiency Orientation Tube (PIDOT) (26, 27) showed an absolute defect of CD4-expressing T-cells (<0.01 cells/μl), with normal total T-cell, CD8+ TCRγδ− T-cell, and NK-cell (absolute) numbers, associated with consistently increased B-cell counts vs. age-matched normal reference values. Importantly, (TCRαβ+ TCRγδ−) DN T-cells were significantly expanded (Table 1). Signs/symptoms associated with primary immunodeficiency other than persistent warts in the feet and hands were not observed either at presentation or during the subsequently 5-year follow-up period. Of note, peripheral blood (PB) monocytes and DCs showed no cell surface expression of CD4.


Table 1. Distribution of distinct populations of innate immune cells T- and B- lymphocytes in the CD4null patient here reported compared to age-matched reference values.
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LABORATORY INVESTIGATIONS AND DIAGNOSTIC TESTS


Expression of CD4 on T-Cells, Monocytes, and DCs

Since rare CD4 polymorphisms that abrogate reactivity of some monoclonal antibodies (MoAbs) with the CD4 molecule have been described (5, 6), CD4 expression was evaluated using eight different MoAb clones. These eight CD4 MoAb clones were directed against five different epitopes located in two distinct domains of the CD4 protein (Supplementary Material; Figure 2A), as confirmed in competitive staining inhibition experiments (data not shown), in line with previous data in the literature (32–34). Detectable levels of either surface membrane (sm) or intracytoplasmic (cy) CD4 expression were observed in none of the cell lineages that usually express this protein in blood of healthy controls, such as T-cells, monocytes, and DCs (Figure 2B). A lack of CD4 expression was confirmed for both classical T-cells and invariant MAIT and iNKT cells (data not shown). In contrast, the expression of other molecules previously associated with CD4 lymphopenia, such as CD3 and HLA-DR (35), was normal and comparable to that observed in healthy donors (data not shown). Besides no cellular CD4 protein being detected, normal soluble CD4 levels in plasma were observed in the patient using an ELISA assay with a pair of antibodies directed against the extracellular domains of CD4 (amino acids 26–390; Table 2).


[image: Figure 2]
FIGURE 2. Schematic representation of the CD4 protein molecule (A) and CD4 surface membrane expression in the patient's (vs. healthy donor) blood CD8− TCRγδ− T-cells, monocytes, and dendritic cells (B). Panel (A) shows a schematic representation of the CD4 protein molecule including the localization of epitopes identified by the distinct antibody clones used in this study (29–31). Amino acid positions that conform each domain are indicated between brackets. Black arrows depict the domain that contains those epitopes that the antibody clones are directed to. Panel (B) shows CD4 surface membrane expression levels for CD8− TCRγδ− T-cells, monocytes, and dendritic cells for the different anti-CD4 antibody clones tested in the patient (black histogram) compared to a representative healthy donor (gray histogram) and an isotype control (red dash line), and the staining for a negative population (CD8+ T-cells) in the patient (green line) and the healthy control (blue line). DCs, dendritic cells.



Table 2. Soluble CD4 plasma levels detected in the patient and her children compared to two healthy donors.
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CD4 Gene DNA and cDNA Sequencing

CD4 gene sequencing of patient DNA revealed an isolated homozygous mutation (Figure 3; Supplementary Table 1) in the last bp of the 7–8 intron (NC_000012.12: g6818420 G>A), corresponding to the juxtamembrane domain of the CD4 protein. This alteration was considered by the Variant Effect Predictor Tool (VEP) (36) as a splice acceptor variant with a high impact on CD4 protein transcription. No wild type CD4 DNA sequence was detected based on the analysis of the sequence of the amplicon products obtained after PCR amplification of DNA from the patient. Instead, two truncated forms of CD4 RNA/cDNA were detected. Both truncated forms of CD4 RNA presented with a frameshift deletion starting at the juxtamembrane region at the first bp of exon 8 and a premature stop codon associated with a truncated protein with normal extracellular domains in the absence of the anchoring domain to the membrane (Figure 3). The first frameshift deletion (NM_000616: c.1157_1278del) consisted of a complete deletion of exon 8 (122 pb), resulting in a 399-amino-acid protein. In turn, the second frameshift deletion produced a 430-amino-acid protein because of (only) a 29 bp deletion (NM_000616: c.1157_1185del) (Figure 3) that ended just before a 5 bp combination (TGCAG), homologous to the sequence observed at the end of the 7–8 intron (Figure 3).


[image: Figure 3]
FIGURE 3. Nucleotide sequences of CD4 PCR products for the regions of interest and their localization in the CD4 gene. Panel (A) shows a representative sequence of CD4 focused on the region of interest. Gray underlining shows the nucleotide sequence affected by the major deletion (NM_000616: r.1157_1278del), and orange top line shows the nucleotide sequence affected by the minor deletion (NM_000616: r.1157_1185del). Panels (B,C) show mRNA electropherograms obtained from analysis of the minor (NM_000616: r.1157_1185del) and major (NM_000616: r.1157_1278del) deletions detected in the patient's CD4 cDNA, respectively, and the patient's relatives (C). Panels (D–F) show genomic DNA electropherograms from: (D), wild type CD4 gene; (E), patient's homozygous mutated CD4 gene; and (F), heterozygous mutated CD4 gene from the patient's parents and children. Panels (G,H) display a schematic representation of the localization in wild type CD4 protein of the mutated (green) nucleotide bases and the deleted (red) amino acid sequences, including the minor (G) and major (H) deletions, observed in the truncated CD4 cDNA molecules detected in the CD4null patient here reported. Panel (I) shows the family pedigree (men are represented as squares and women as circles), including the key clinical manifestations and, between brackets, the results of CD4 DNA analysis in a coded/graphic format: half-shaded circles and squares, heterozygous DNA; fully shaded circles and squares, homozygous mutated DNA; and unshaded circles and squares, wild type DNA.


In order to investigate the origin of the mutation, DNA from four first-degree patient relatives (all asymptomatic) was also analyzed. Thus, the mutation identified in the patient (NC_000012.12: g6818420 G>A) was also found in heterozygosis in DNA from each of her two children and each of her parents. In contrast, her brother's DNA only showed wild type CD4 gene sequences. Further cDNA sequencing from her children and her parents revealed two CD4 mRNA sequences, one carrying the large deletion observed in the patient (NM_000616: c.1156_1278del) and another with the unmutated (wild type) CD4 allele sequence (Figure 3). These results are fully consistent with a germinal mutation in the patient inherited from her parents and transmitted to her children. In contrast, in the patient's brother, both alleles were found to be wild type. Analysis of CD4 protein levels by flow cytometry confirmed that, although normal CD4+ T-cell counts were observed in the patient's children and parents (Table 3), the amount of expression of the CD4 protein on CD4+ T-cells, monocytes, and pDCs was reduced to around half when compared to healthy controls (n = 3) and the patient's brother, stained in parallel (Supplementary Table 2).


Table 3. PB distribution of distinct populations of innate immune cells T- and B-lymphocytes in the patient relatives as analyzed with the EuroFlow Primary Immunodeficiency Orientation Tube (PIDOT) vs. age-matched reference values.
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Immunophenotypic and Functional Characterization of Expanded CD4/CD8 DN T-Cells

As described above, a lack of CD4 expression on patient T-cells was associated with abnormally expanded DN TCRγδ− TCRαβ+ T-cell counts in PB (>30% of all T-cells; Table 1), compared to age-matched normal reference values (26, 27). Based on CD27, CD45RA, and CCR7 expression, these DN T-cells showed a similar distribution per maturation stage to that of CD4+ T-cells from age-matched healthy controls, both in relative and absolute numbers: (i) naïve: 27% and 240 cells/μ (6–66% and 83–676 cells/μl), (ii) central memory: 66% and 587 cells/μl (18–71% and 235–589 cells/μl), and (iii) effector memory: 7% and 62 cells/μl (2–66% and 14–221 cells/μl) (26, 27). In addition, expanded DN T-cells showed a polyclonal TCRVβ repertoire with a distribution per TCR family evaluated, fully consistent with reference TCRVβ repertoire values observed in HLA class II–restricted CD4+ T-cells from healthy donors (37) (Supplementary Figure 1). More extended phenotypic analysis of central/effector memory DN T-cells from the patient showed Treg and Th surrogate marker expression profiles for Tregs, TFH, Th1, Th2, Th17, and Th1/Th17 CD4+ helper T-cell to be present at frequencies similar to those observed for normal CD4+ T-cells (Table 1) from age-matched healthy donors (Botafogo et al., submitted).

Short-term in vitro stimulation, for 4 and 6 h, showed that the expanded DN T-cells were capable of producing cytokines from the main Th patterns (e.g., IFNγ, IL-4/IL-5, and IL-17A/IL-17F) at frequencies similar to CD4+ helper T-cells from age-matched healthy controls, when either polyclonal (i.e., PMA) or antigen-specific (i.e., CMV) stimuli that required antigen presentation were used (Table 4). In contrast, the percentage of DN T-cells expressing markers of cytotoxic T-cells (cyGranzyme B or cyPerforin) was decreased below <1% (normal age-matched range of <1–21% of DN T-cells).


Table 4. In vitro cytokine production by PB T-cells of the patient and her relatives after polyclonal (PMA + ionomycin) and after antigen-specific stimulation (whole CMV lysate).
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Immunophenotypic and Functional Evaluation of Cytotoxic, Humoral, and Innate Immune Cells and Immune Responses

Normal total CD8+ T-cell, TCRγδ+ T-cell, and NK-cell counts were found in the patient blood, although the latter two were increased in some of the monitoring time points tested during the 5-year follow-up period. In contrast, consistently increased naïve CD8+ T-cell counts (Table 1) vs. age-matched reference values (26, 27), associated with normal central and effector memory CD8+ T-cell numbers, were found in the patient's blood at different time points. Expression of cytolytic enzymes (cyGranzyme B and cyPerforin) was detected in CD8+ T-cells (13 and 9% of CD8+ T-cells) and NK-cells (>99%) at normal values (15–65% and 10–53% of CD8+ T-cells, respectively; >99% of NK-cells). In addition, CD8+ TCRαβ+ T-cells also showed a normal polyclonal TCRVβ repertoire (vs. normal age-matched reference values, shown in Supplementary Figure 1) (37) and a normal cytokine production profile in response to PMA and CMV (Table 4) (29).

Detailed dissection of the PB B-cell compartment from the patient showed persistently increased total B-cell counts due to increased naïve (CD21+) B-cells, IgG1−3 and IgA1 memory B-cells, and IgA1 plasmablasts, with normal immature/transitional B-cell numbers (Table 1) (28, 38), in line with the observed higher serum IgG levels.

Analysis of circulating PB monocytes based on expression of CD14 (LPS receptor) and CD16 (low-affinity Fc IgG receptor) showed normal absolute counts for all subsets (Table 1) (39), including: (1) CD14+ CD16− classical monocytes (cMo), (2) CD14+ CD16+ intermediate monocytes (iMo), and (3) CD14− CD16+ non-classical monocytes (ncMo). Further dissection of cMo and ncMo based on the expression of the CD62L and SLAN selectins, respectively, did not show significant differences vs. normal age-matched reference values (39). In addition, CD4-negative monocytes and DCs were capable of producing cytokines at frequencies similar to their CD4+ counterparts from age-matched healthy control blood, after stimulation with LPS and γ-IFN (Supplementary Table 3) (40).



Clinical Records and Immunophenotypic and Functional Features of Immune Cells of Patient Relatives

All patient relatives were completely asymptomatic, and they have no past history of recurrent infections or cancer. The father of the patient has had type diabetes since he was 45 years old. They do not have other records of autoimmunity. No significant consistent alterations were found as regards the distribution of immune cell subsets (n > 50) in the blood of the relatives of the patient, once compared to age-matched reference values, except for a slight increase in IgG1, IgG4, and IgD-only memory B-cells in the patient's daughter (Table 3 and Supplementary Tables 4, 5). In addition, a normal TCRvβ repertoire distribution (data not shown) together with normal in vitro cytokine production profiles in response to both PMA and CMV (Table 4) were observed among the patient's parents, children, and brother.




DISCUSSION

Here we describe for the first time in the literature a patient carrying an inherited homozygous autosomal recessive mutation in the CD4 gene leading to complete absence of CD4 expression on the surface membrane of blood T-cells, monocytes, and DCs. This was associated with a relatively mild clinical phenotype consisting of extensive (treatment-refractory) warts in both feet and hands. Lack of CD4 expression was confirmed by flow cytometry on both the surface and cytoplasm of T-cells (<0.01 CD4+ cells/μl) and other CD4+ myeloid immune innate cells (<0.01 CD4+ monocytes and DCs/μl). Despite this, normal soluble CD4 protein levels were found in plasma by ELISA. Rare CD4 polymorphisms that abrogate reactivity of some MoAbs with the CD4 molecule have been described (5, 6). However, in our patient, we demonstrated a lack of reactivity for eight different MoAb clones directed against five distinct epitopes located in two different domains of the CD4 protein, which confirms that the lack of CD4 expression was not due to any previously described single-nucleotide polymorphism in the CD4 gene (5, 6).

In contrast, CD4 gene sequencing of patient DNA revealed that the lack of CD4 expression at the cell surface membrane was associated with a homozygous mutation of the CD4 gene in the first bp of the 7–8 intron. This mutation affected downstream coding sequences corresponding to regions located between the juxtamembrane and transmembrane domains of the CD4 gene. As a result of the mutation, two frameshift deletions from NM_000616: c.1157 onward were found in the mRNA/cDNA sequences of both alleles of CD4. In line with these findings, VEP analysis (36) predicted that the genomic alteration detected (NC_000012.12: g6818420 G>A) would cause the observed cDNA deletions due to modifications in the corresponding splicing site. Identification of a 5 bp sequence at the end of the minor deletion (NM_000616: c.1157_1185del), homologous to the end sequence of wild type intron 7, suggests that in this patient, a new alternative splicing variant might have occurred 29 pb downstream of the mutation. This might reflect a “repair” attempt to produce a functional CD4 protein capable of anchoring CD4 to the cell surface membrane. However, further studies are necessary to confirm this hypothesis and explain the presence of the minor deletion variant identified here at the mRNA level.

Further analysis of the patient's parents and children confirmed that the presence of the mutation identified in the patient was an inherited germline mutation (NC_000012.12: g6818420 G>A), as it was also found in heterozygosis in the two parents and in her two children. Thus, in all four family members two cDNAs were detected: a wild type and a truncated (NM_000616: c.1157_1278del) CD4 cDNA. Most interestingly, the presence of the mutation in heterozygosis resulted in decreased levels of CD4 protein expression in all CD4+ cell types to around half of normal CD4 levels per cell. This further confirms the direct association between the (NC_000012.12: g6818420 G>A) CD4 gene mutation and CD4 expression levels on immune cells in the blood for a codominant gene expression profile. In contrast, this or other CD4 gene mutations were not found in the brother of the patient, who only showed wild type cDNA and normal levels of cellular CD4 expression in blood T-cells, monocytes, and DCs.

Despite no cases of CD4null mutation having been previously reported in humans, the immunological consequences of a lack of CD4 expression have been extensively analyzed in CD4 KO mice (13, 14, 41). Although it is well-established that CD4 plays an important role in differentiation, maturation, and the functionality of MHC/HLA class II–restricted T-lymphocytes, previous studies in CD4 KO mice indicate that this molecule is not absolutely required for (i) positive selection of T-cells (41, 42) and (ii) the effector function of MHC/HLA class II–restricted helper T-cells (13, 14, 41, 43). Thus, CD4 KO mice are apparently healthy, fertile, and indistinguishable from wild type littermates on gross physical inspection (13). In fact, except for a lack of CD4+ T-cells, defects in the CD4 gene did not show a major impact on leukocyte production and differentiation, with normal CD8+ T-cell, B-cell, and myeloid cell counts in CD4 KO mice (13, 14, 41). Here, we confirmed that, also in our patient, apart from a lack of CD4+ T-cells and CD4+ innate cells, the CD4 mutation was associated with overall normal lymphocyte and myeloid cell counts, including normal monocyte and DC counts and functionality.

Failure to control infections has been observed in mice (and humans) that lack CD4+ T-cells, after sustained CD4+ T-cell depletion, or due to MHC/HLA class II defects (35, 44). In contrast, CD4 KO mice are able to control infections at levels similar to wild type animals for virtually all pathogens investigated, including viral (13, 45–47), bacterial (43, 48, 49), and parasite (14) infections. The ability of CD4 KO mice to mount normal immune responses has been consistently associated with a subset of MHC/HLA class II–restricted T-cells that emerge from the thymus as DN TCRγδ− TCRαβ+ T-cells that fully replace the functional role of conventional CD4+ T-helper cells (13, 14, 41, 43). These DN T-cells are expanded in PB of CD4 KO mice (10–20% of the T-cell pool in blood) (13) and other immune tissues, including the spleen (14), lymph nodes (13, 41), and mucosa (50). Interestingly, expanded DN T-cells in CD4 KO mice have been shown to efficiently help to mount potent cytotoxic and humoral immune responses, including those involving immunoglobulin class-switch recombination (13, 41). Similar to CD4 KO mice, our patient also showed an expansion of DN T-cells. Like their CD4 KO mouse counterpart, DN T-cells from the CD4null patient here reported were capable of producing Th1, Th2, and Th17 cytokines at similar levels to those of normal conventional CD4+ T-cells, in response to both unspecific and specific stimuli requiring antigen presentation. In addition, they showed identical expression profiles for Th surrogate markers, including markers of Tregs, TFH, Th1, Th2, Th17, and Th1/Th17, compared to age-matched normal CD4+ blood T-cells (26, 27) (Botafogo et al., submitted). Despite this, the patient persistently showed abnormally increased naïve CD8 T-cell numbers in the blood with an inverted helper/cytotoxic T-cell ratio (0.6 for total T-cells, 0.3 for naïve T-cells). Previous studies in mice have shown that positive selection of CD4+ T-helper thymocytes is around fivefold less efficient in the absence of CD4, due to inefficient positive selection (42). These results suggest that the lack of CD4 might provide a competitive advantage to the CD8 lineage in the thymus, consistent with the increased naïve CD8 T-cell numbers found in our patient. However, the clonal diversity of DN helper T-cells was not affected, and, like in CD4 KO mice (14), a polyclonal TCRVβ repertoire was found among DN T-cells, similar to that of conventional CD4+ helper T-cells. Such a polyclonal DN T-cell repertoire as found in our CD4-deficient patient (and in CD4 KO mice) is different from the typically restricted TCRVβ repertoire observed in DN T-cells from healthy mice and humans (51) and from autoimmune lymphoproliferative syndrome (ALPS) patients (52), which usually contain expanded clones of MHC/HLA class I–related T-cells. Of note, the lack of CD4 expression by DN T-cells did not appear to significantly affect differentiation of cytotoxic T-cells, since normal antigen-experienced memory and effector CD8+ T-cell and NK-cell counts associated with normal expression profiles of cytolytic enzymes were observed in PB except for borderline low TCRαβ+ CD8+ CD27lo effector T-cells. Likewise, we did not observe any significant global effect of the CD4 defect on the humoral immune response, as normal (or even slightly increased) IgM, IgG1−3, and IgA1−2 memory B-cell and plasmablast subset counts (associated with normal or slightly increased serum antibody levels) were observed in our patient. These findings suggest that DN T-cells from our patient are also capable of supporting T-cell–dependent B-cell activation and immunoglobulin isotype switching, as previously reported for CD4 KO mice (41). Altogether, these results support the notion that CD4 is dispensable for commitment of thymocyte precursors to the helper T-cell lineage as long as the affinity threshold for positive selection is sustained (53). At the same time, they strongly argue against an essential role for CD4 in delivering a unique instructional signal for T-helper cell lineage commitment. Although no cell surface membrane or intracytoplasmic expression of CD4 protein was detected in our patient, we found expression of truncated CD4 mRNA and normal soluble CD4 plasma levels evaluated with MoAb against extracellular domains of the protein. Further studies would be necessary to characterize the amino acid sequence of this soluble CD4 protein. Altogether, these findings support the notion that (TCRγδ− TCRαβ+) DN T-cells committed to the CD4 T-cell lineage/compartment are produced even in the absence of CD4 expression. These cells may overall contribute to maintaining normal immune surveillance based on otherwise normal primary and secondary immune responses associated with fast clearance of infection, against both intracellular and extracellular pathogens, as previously observed in KO mice (13, 14, 43, 45, 49). However, a few studies have previously reported a decreased ability of these DN T-cells to induce long-term cytotoxic memory cells and prevent viral persistence in specific situations (44, 54, 55), which might contribute to explaining the recurrent skin lesions observed in our patient. Further studies are necessary to elucidate the precise mechanisms involved in the overall higher naïve and memory B-cell counts and the presence of potentially dysfunctional helper and regulatory antigen-associated/specific DN T-cells.

While the function of CD4 on T-cells has been characterized in detail, the functional role of CD4 on human monocytes is much less understood (56). At present, it is well-established that monocytes do not express lck (an src-family kinase) that interacts with the intracellular domain of CD4 in T-cells. Thus, it has been suggested that CD4 activation via interaction with MCH-II might contribute to cytokine production and differentiation of human blood cMo into ncMo and macrophages (56, 57). In our patient, the lack of CD4 expression did not show a significant impact either on the PB counts of DCs, cMo, and ncMo or on the profile and amount of inflammatory cytokines produced by these cells after in vitro stimulation vs. age-matched controls (26, 39). However, further functional studies are still required to determine the impact of this mutation on the distinct subsets of monocytes' functionality, including their susceptibility to be infected by HIV.

In fact, the most striking sign of immunodeficiency found in our patient is the presence of extensive verrucous lesions since she was 10 years-old, which were resistant to treatment with topical keratolytic agents, cryosurgery, and excision. Despite no CD4 gene defect having been previously reported in humans, several case reports have previously described the association of persistent idiopathic CD4+ T-cell lymphopenia, in the absence of infection with HIV 1 or HTLV-1/2, and/or of a well-defined (primary or secondary) immunodeficiency disease, with recalcitrant warts and generalized verrucosis (58–64). Thus, more than half of idiopathic CD4+ T-cell lymphopenia cases present with mucocutaneous lesions (15, 16). Disseminated warts have also been frequently found in several autosomal recessive genetic defects that present with CD4 lymphopenia (e.g., RAG1, RHOH, MST1, CORO1A, DOCK8) (17–19). However, none of these genetic defects are specific for the CD4 T-cell lineage, and Idiopathic CD4 lymphopenia patients typically display additional clinical and immunological features in common with other combined immunodeficiencies (65–68). In fact, detailed analysis of idiopathic CD4 lymphopenia cases reported in the literature shows that many of them are not selective CD4 T-cell deficiencies, since they commonly show additional immunologic defects including decreased CD8+ T-cell, B-cell, and NK-cell counts in PB and/or low immunoglobulin levels (15, 16). In these patients, the presence of such immune alterations other than CD4 lymphopenia is associated with a higher risk of severe opportunistic infections and a greater mortality (15, 16). In contrast, patients with selective depletion of CD4+ T-cells but normal CD8+ T-cell and B-cell counts, as well as normal serum antibody levels, have been reported to display clinical manifestations restricted to cutaneous or genital infections (69, 70), in the absence of a broader susceptibility to more severe infections. Further studies are therefore required to understand the apparently close association between the lack of expression of CD4 and persistent and recurrent warts, which points out a still-unraveled (critical) role of the CD4 protein.

In summary, here we report for the first time ever a patient carrying a CD4 gene mutation that translates into complete abrogation of CD4 expression in multiple lymphoid and myeloid cell lineages, associated with recurrent, treatment-refractory warts in both hands and feet, in the absence of other clinically relevant manifestations of disease. In contrast to individuals depleted in CD4+ T-cells due to an external agent (e.g., HIV infection) or an associated combined immunodeficiency involving other immune cell compartments, defective CD4 expression was associated in our patient with milder immunological and clinical manifestations, except for refractory and recurrent skin lesions. This unique case provides insight about the role of CD4 in human T-cell differentiation, T-cell selection in the thymus, and effector T-helper and Treg functions that supports previous observations in CD4 KO mice. Altogether, our findings suggest that although CD4 contributes to MHC/HLA class II binding and signal transduction, it is not essential to generate MHC/HLA-II–restricted helper T-cells and T-helper–dependent cytotoxic and humoral immune responses.
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Background: Patients with predominantly antibody deficiency (PAD) suffer from severe and recurrent infections that require lifelong immunoglobulin replacement and prophylactic antibiotic treatment. Disease incidence is estimated to be 1:25,000 worldwide, and up to 68% of patients develop non-infectious complications (NIC) including autoimmunity, which are difficult to treat, causing high morbidity, and early mortality. Currently, the etiology of NIC is unknown, and there are no diagnostic and prognostic markers to identify patients at risk.

Objectives: To identify immune cell markers that associate with NIC in PAD patients.

Methods: We developed a standardized 11-color flow cytometry panel that was utilized for in-depth analysis of B and T cells in 62 adult PAD patients and 59 age-matched controls.

Results: Nine males had mutations in Bruton's tyrosine kinase (BTK) and were defined as having X-linked agammaglobulinemia. The remaining 53 patients were not genetically defined and were clinically diagnosed with agammaglobulinemia (n = 1), common variable immunodeficiency (CVID) (n = 32), hypogammaglobulinemia (n = 13), IgG subclass deficiency (n = 1), and specific polysaccharide antibody deficiency (n = 6). Of the 53, 30 (57%) had one or more NICs, 24 patients had reduced B-cell numbers, and 17 had reduced T-cell numbers. Both PAD–NIC and PAD+NIC groups had significantly reduced Ig class-switched memory B cells and naive CD4 and CD8 T-cell numbers. Naive and IgM memory B cells, Treg, Th17, and Tfh17 cells were specifically reduced in the PAD+NIC group. CD21lo B cells and Tfh cells were increased in frequencies, but not in absolute numbers in PAD+NIC.

Conclusion: The previously reported increased frequencies of CD21lo B cells and Tfh cells are the indirect result of reduced naive B-cell and T-cell numbers. Hence, correct interpretation of immunophenotyping of immunodeficiencies is critically dependent on absolute cell counts. Finally, the defects in naive B- and T-cell numbers suggest a mild combined immunodeficiency in PAD patients with NIC. Together with the reductions in Th17, Treg, and Tfh17 numbers, these key differences could be utilized as biomarkers to support definitive diagnosis and to predict for disease progression.

Keywords: predominantly antibody deficiency, common variable immunodeficiency, autoimmunity, X-linked agammaglobulinemia, follicular helper T cells, CD21lo B cells, naive T cells, EuroFlow


INTRODUCTION

Predominantly antibody deficiency (PAD) represents the largest group of primary immunodeficiencies (PIDs) and includes up to 70% of all patients (1–5). The hallmark of PAD is a history of severe and recurrent sinopulmonary infections and poor vaccination responses underpinned by impaired B-cell differentiation and antibody production. As such, these patients require lifelong immunoglobulin replacement therapy (IgRT) and prophylactic antibiotics (3, 4).

The archetypical PAD is agammaglobulinemia (6), with patients lacking all serum Ig isotypes as well as circulating B cells. The majority of patients are boys suffering from X-linked agammaglobulinemia (XLA) as a result of mutations in the gene encoding Bruton's tyrosine kinase (BTK) (7, 8), an enzyme pivotal in the development of B cells. Autosomal recessive agammaglobulinemia is typically the result of mutations in other components of the pre-B-cell receptor complex or in B-cell transcription factors (9–15).

In a minority of PAD patients with circulating B cells, monogenic defects underpinning clinical phenotype, and pathophysiology have been identified. Most involve B-cell receptor signaling components or molecules required for T: B cell interactions (2, 5, 15–27). With the advancements in genomics, genetic diagnosis is now feasible for 20–30% of patients (28–30). However, for the remainder, diagnosis is typically made by ways of exclusion of clinical and general immunological characteristics (5).

Common variable immunodeficiency (CVID) is the most well-defined PAD (2, 5) and is defined diagnostically by reduced total serum IgG and IgA and/or IgM levels in the presence of impaired vaccination responses and recurrent bacterial infections (31–35). Less well-defined PADs include unclassified hypogammaglobulinemia (HGG), defined by reduced IgG levels but normal IgM and IgA levels; specific polysaccharide antibody deficiency (SpAD), defined by normal serum Ig isotypes but the absence of specific antibody responses to vaccination; and IgG subclass deficiency (IGSCD), defined by normal total IgG levels but reduced levels of one or more IgG subclasses (2, 5, 36).

In addition to recurrent infections and resulting complications, up to 68% of PAD patients suffer from non-infectious complications (NICs), which typically include autoimmunity, autoinflammation, gastrointestinal disease, and lymphoid malignancies (3, 37–43). NICs are most frequent in, but not exclusive to, CVID patients (36, 38, 44). The dominant presentation of NIC can overshadow infectious problems and thereby complicate diagnosis of PAD. Furthermore, NICs are often hard to treat, rendering patients at risk of early morbidity, and high mortality (38, 44, 45).

From the early 2000s, immunophenotyping of the B-cell compartment has been utilized to improve PAD diagnosis and has formed the basis of two classification systems: Freiburg (46) and EUROclass (47). In both strategies, CD19+ B cells are delineated using normally low Ig switched memory B-cell (smB) frequencies (CD19+CD27+IgM−IgD−) and abnormally high proportions of B cells with reduced CD21 expression (CD21lo B cells) to distinguish subsets. In addition, to these two cell subsets, the EUROclass classification also uses abnormally high frequencies of transitional B cells (CD19+CD27−CD38+) for further subgrouping. Subsequently, more detailed studies have been applied to define immunophenotypes for subgroups in patients with CVID or PAD (36, 48, 49). Despite the identification of clearly distinct phenotypes, these have thus far provided limited prognostic value to predict clinical progression or disease complications. The strongest association found to date is the expansion of CD21lo B cells in patients with splenomegaly (47, 50). In addition, marked reductions in total, Ig switched memory, and marginal zone B cells were found to be associated with splenomegaly (47). Furthermore, the presence of any form of autoimmune disease in CVID patients was associated with expansion of CD21lo B cells (46) and significant reductions in plasmablasts (47) and Ig smBs (37). A proportional expansion of transitional B cells was found to be associated with lymphadenopathy, whereas CVID patients with granulomatous disease presented with significant reductions in Ig class-switched memory and marginal zone B cells (47).

Although PAD is by definition a disease resulting from defective antibody production, multiple studies have demonstrated that disturbances in T and natural killer (NK) cell homeostasis likely contribute to the disease etiology and pathophysiology. Specifically, decreased circulating NK-cell numbers in CVID and XLA patients were found to be associated with severe bacterial infections and granulomas (51, 52). Pronounced CD4 T-cell lymphopenia occurs in some CVID patients (44, 53), and reductions in naive CD4 T cells were associated with splenomegaly (53), autoimmunity, and polyclonal lymphoproliferation. Reductions in naive CD8 T-cell numbers have also been associated with autoimmunity in CVID patients (54). In addition, follicular T helper cells (Tfh), regulatory T cells (Treg), and Th17 cell disturbances have been identified in PAD patients. In particular, XLA patients who lack B-cell follicles have reduced numbers of circulating Tfh cells (54), whereas in CVID patients with autoimmunity and/or splenomegaly, increased proportions of circulating Tfh have been observed (37, 55–57). Furthermore, reduced absolute numbers (54) and frequencies of Treg (58, 59) have been described in CVID patients with autoimmunity and/or splenomegaly, and these reductions are associated with the expansion of CD21lo B cells (59). Th17 cells were also decreased in number and frequency in CVID, paralleled by expansions of CD21lo B cells and activated CD4 T cells with no link to clinical manifestations (60). Finally, interleukin (IL)-2 and interferon gamma (IFN-γ) production by CD4 T cells was higher in patients with hepatomegaly, and chemokine receptor CCR5 known to be expressed on Th1 cells was shown to be higher on CD4 T cells in patients with granulomas (61), implying Th1 bias in these patients.

The many published abnormalities in circulating B and T cells, with several potentially correlating with specific clinical phenotypes, stress the need for high-quality and reproducible immunophenotyping of circulating lymphocytes in PAD patients. The EuroFlow consortium has developed standards for instrument setup and sample preparation (62) and multicolor panels to examine PAD patients (63, 64). We here utilized this expertise to develop a compact 11-color flow cytometry panel that was applied to our cohort of 62 adult PAD patients to identify abnormalities in the B- and T-cell compartments, specifically aiming to discriminate between patients with and without NICs.



MATERIALS AND METHODS


Patients

From November 2015 to June 2019, 62 adult patients with a clinical diagnosis of PAD were enrolled in a low-risk research study to examine their blood leukocyte subsets (projects Alfred Health 109/15 and Monash University CF15/771-2015-0344). All patients consented to the collection of their medical information and a donation of 40 ml of blood. In parallel, 59 adult healthy controls were enrolled in a low-risk reference value study (Monash University project 2016-0289) and consented to collection of basic demographics (age, sex, and history of immunological and hematological diseases) and donation of 40 ml of blood. The study was conducted according to the principles of the Declaration of Helsinki and was approved by local human research ethics committees.



Assessment of Absolute Numbers of Leukocyte and Lymphocyte Subsets

Absolute numbers of leukocytes were determined using a lyse-no-wash method within 24 h of blood sampling in Vacutainers containing EDTA (BD Biosciences). Fifty microliters of whole blood was added to a TruCount tube (BD Biosciences) together with an antibody cocktail of 20 μl to stain CD3, CD4, CD8, CD16, CD45, and CD56 (Supplementary Figure 1 and Supplementary Tables 1, 2, 5). Following incubation for 15 min at room temperature, 500 μl of 0.155 M NH4Cl was added to lyse red blood cells for 15 min. Subsequently, the mixture was stored in the dark at 4°C prior to acquisition on a flow cytometer within 2 h.



Design of Three Multicolor Tubes for Staining B- and T-Cell Subsets

The design of the tubes was based on the EuroFlow PID antibody panels (64), which had undergone stringent testing and optimization in a multi-laboratory setting. In contrast to the EuroFlow PID initiative, we undertook a research study of adult patients with the intent to examine all cell subsets in all enrolled individuals. Hence, the PID orientation tube (PIDOT) (63, 65) was not included, as the data obtained would be redundant with subsequent lineage-specific analysis. In addition, we had access to 11 fluorescent parameters. This enabled us to merge the EuroFlow pre-GC and post-GC tubes, which share six of the eight markers into one B-cell tube with 12 markers in 10 fluorescent channels (Supplementary Figure 2 and Supplementary Tables 1–3). For eight of the 12 markers, the same reagents were used as in the eight-color EuroFlow panel (64). The same antibody clones were used for CD5, CD21, and CD38, with a different fluorescent label; and for CD19, different clone (SJ25C1) and fluorochrome were used.

Similarly, the EuroFlow SCID/RTE and T-cell tubes were combined into one 11-parameter T-effector tube. Of the 11 markers, seven were identical to those of the EuroFlow protocol (64). For CD3 and HLA-DR, the same clones were used on different fluorochromes, and for CCR7 (CD197), a different clone (G043H7) and another fluorochrome were used. CD45RA was newly inserted in this tube, as this is present in the EuroFlow PIDOT, whereas CD62L was not included owing to redundancy with the CCR7 marker (Supplementary Figure 3 and Supplementary Tables 1–3).

Finally, an 11-color Th-subset tube was designed based on our previous work (66) with the objective to use membrane markers to distinguish Treg (67, 68), helper T-cell subsets (Th) (69, 70), and Tfh (71, 72), and their subsets (73) (Supplementary Figure 4 and Supplementary Tables 1–3). This resulted in a panel of three tubes (B cell, T effector, and T helper) in addition to the TruCount analysis (Supplementary Table 1), and these were run for all patients and controls enrolled in the study.



Sample Preparation for B-Cell and T-Cell Subset Tubes

To gain detailed insight into the composition of the lymphocyte compartment, including robust identification of small cell populations such as plasma cell subsets, standard operating procedures (SOPs) from the EuroFlow consortium were adopted for acquisition of high cell numbers (1–5 × 106 total nucleated cells) (74–76). The bulk–lysis–stain technique was performed (62, 74). Briefly, samples (up to 2 ml) were diluted in a total volume of 50 ml of an NH4Cl hypotonic solution, gently mixed, and incubated for 15 min at room temperature on a roller. Then, nucleated cells were centrifuged and washed twice in phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin (BSA). Subsequently, the surface membrane markers on nucleated cells were stained with the corresponding antibody mixtures.



Flow Cytometer Setup

All flow cytometry was performed across three instruments in our flow core facility that contained either four lasers (BD LSRII and BD LSRFortessa) or five lasers (BD LSRFortessa X-20) with a nearly identical setup for the shared four lasers (Supplementary Table 4). Instrument setup and calibration were performed using EuroFlow SOPs as previously described in detail (Supplementary Table 5) (62), with in-house optimization for the additional three fluorescent channels (V610, V710, and YG610).



Data Analysis and Statistics

All data were analyzed with FACS DIVA v8.0.1 (BD Biosciences) and FlowJo v10 software packages (FlowJo, LLC). Reference ranges were defined as being within the 5th and 95th percentiles of absolute cell numbers from our 59 adult controls. Statistical analysis for multiple-group comparison was performed with the non-parametric Kruskal-Wallis test. If significant, pairwise comparisons were made with the non-parametric Mann-Whitney U test. Statistical analysis of sampling distributions was assessed with the chi-square test. For all tests, p < 0.05 was considered significant.




RESULTS


Clinical and Immunological Features of Predominantly Antibody Deficiency Patients

Sixty-two PAD patients were recruited in a prospective research study from a teaching hospital in Melbourne, Australia. Median age of the patients was 43 years (range, 18–82 years), and 34 were female (Table 1). CVID was the most common clinical diagnosis in 52% of all patients, followed by 21% with HGG, 16% with agammaglobulinemia, 9% with SpAD, and 2% with IGSCD. Of the 10 patients diagnosed with agammaglobulinemia, nine were male and genetically confirmed to have XLA (Table 1 and Supplementary Tables 6, 7). The other 53 patients did not undergo any genetic testing.


Table 1. Demographics, clinical details, and diagnostic results of the patients in this study.
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All patients presented with infectious manifestations (Table 2 and Supplementary Table 6), and these were generally confined to the respiratory tract: sinusitis (77%), pneumonia (61%), and otitis (32%) with frequent complications of bronchiectasis (27%). Infections of the gastrointestinal tract and other sites, such as the prostate and bone, were less frequently involved (19%). Of all 62 patients, 30 (48%) presented with at least one NIC, with autoimmunity being the most frequent (29%), followed by gastrointestinal (18%), and granulomatous diseases (5%; Table 2). At the time of inclusion in the study, 46 (74%) patients were treated with IgRT. A further 12 (19%) newly diagnosed patients commenced IgRT directly after inclusion. Eight patients (13%) had been prescribed immunomodulators within 6 months prior to inclusion (Table 1). Three patients were treated with immunomodulators for asthma or for IgRT tolerability, which were deemed unrelated to their PAD, and thus, these patients were defined as PAD–NIC.


Table 2. Complications in patients with predominantly antibody deficiency.
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Serum IgG levels prior to commencement of IgRT were obtained from medical records of 47 patients (Table 1), and in 40/47 (85%), these were below the normal range. Serum IgA and IgM concentrations were available for 61 patients, and of these, 46 (75%) had reduced IgA and 34 (56%) had reduced IgM. The results of vaccination responses in most cases to polysaccharide pneumococcal vaccine were documented for 30 patients and impaired in 25 (83%). B- and T-cell numbers were below the normal range (<5th percentile of our healthy control cohort) for 39 and 27% of all patients, respectively. A total of 11% of patients had a reduction of both B- and T-cell numbers (Table 1). B-cell numbers were below the normal range for all nine XLA patients, with two patients (22%) also having reduced T-cell numbers.

For further immunological analysis, the PAD patient cohort was divided into three groups: 9 patients with genetically diagnosed XLA, 23 PAD patients without NICs (PAD–NIC), and 30 with NICs (PAD+NIC). The nine XLA patients presented with infectious complications only, and these included respiratory infections (89%). Five XLA patients (56%) had evidence of bronchiectasis; this incidence was 2-fold higher than in other PAD groups (17% in PAD–NIC; 27% in PAD+NIC). Of the 32 CVID patients, 23 (72%) presented with one or more NICs (Table 2), whereas only a minority of patients diagnosed with HGG or SpAD presented with NIC. By definition, PAD+NIC patients displayed a more severe and complex clinical phenotype (Table 2) and were diagnosed at a younger age than were PAD–NIC patients (median age at diagnosis: 3 vs. 45 years).

All classifications of patients were undertaken alongside those of 59 healthy controls (median age 30 years and 55% females). The healthy controls and the non-XLA PAD patients were classified according to the Freiburg and EUROclass definitions (47, 79) on the basis of their B-cell phenotypes (Table 3). According to the Freiburg classification, 95% of controls had normal frequencies of smBs and no increases in CD21lo B cells (group II), with the remaining 5% having low smB (Ib). The majority of all PAD patients (29; 55%) had reduced smB frequencies (Ia/Ib; p < 0.0001 vs. controls). Seven PAD patients had increased frequencies of CD21lo B cells (Ia), and the majority of these patients (n = 5) were in the PAD+NIC group. According to the EUROclass scheme, all controls had normal smB and CD21lo B-cell frequencies (Table 3). Of all PAD patients, 12 (22%) had reduced smB frequencies and 13 (25%) had increased CD21lo B-cell frequencies. Slightly more PAD+NIC patients had reduced smB and increased CD21lo B cells than had PAD–NIC, but these differences were not significant (CD21lo expansion, p = 0.06).


Table 3. Classification of PAD patients according to the Freiburg and EUROclass definitions.
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Overall, our patient cohort is diverse in clinical and immunological presentations, in line with previously reported cohorts of adult PAD (38, 44). Importantly, PAD–NIC and PAD+NIC groups are seemingly different in their immunological profiles. With almost equally large PAD–NIC and PAD+NIC groups and a substantial group of genetically diagnosed XLA patients, this cohort is well-suited to examine immunological differences that associate with the presence of NICs.



Reduced Numbers of Lymphocytes in Predominantly Antibody Deficiency Patients

As a large fraction of the non-XLA PAD patients had B- and/or T-cell numbers below the normal range of controls (Table 1), we first examined the numbers of leukocyte and lymphocyte subsets in our patient groups (Supplementary Figures 1, 5 and Supplementary Table 3). Circulating numbers of granulocytes and monocytes in both PAD–NIC and PAD+NIC were similar to those of controls, whereas these were significantly increased in XLA patients (Supplementary Figures 5A,B). In contrast, total lymphocytes, and NK cells were significantly reduced in both PAD groups as compared with controls, whereas these were normal in the XLA group (Supplementary Figures 5C,D).



Reduced Total, Naive, and IgM Memory B Cells in Predominantly Antibody Deficiency Patients With Non-infectious Complications

Further detailed analysis of the B-cell compartment was restricted to the 59 controls and the 53 non-XLA PAD patients, as B cells were completely absent in the XLA patients (Figure 1A). Numbers of circulating B cells were significantly reduced in the PAD+NIC, but not in the PAD–NIC group (Figure 1B). Within the peripheral B-cell compartment, frequencies of IgM memory, Ig switched memory, and plasmablasts were significantly lower in both PAD–NIC and PAD+NIC compared with controls (Figure 1C). Frequencies of naive B cells were increased in both patient groups. However, when expressed as absolute numbers, these were actually normal in PAD–NIC and significantly reduced in PAD+NIC (Figures 1C,D and Supplementary Figure 6A). IgG and IgA smBs remained reduced in terms of absolute numbers in both PAD groups. In contrast, absolute numbers of IgM memory B cells were normal in PAD–NIC whereas reduced in PAD+NIC (Figures 1C,D and Supplementary Figures 6A,B). Finally, CD21lo B-cell frequencies were increased in the PAD+NIC group, but the absolute numbers of circulating CD21lo B cells were normal (Figure 1C).


[image: Figure 1]
FIGURE 1. B-cell abnormalities in PAD patients. (A) Schematic overview of naive and memory B-cell subsets. (B) Absolute numbers of total B cells. Horizontal dotted lines represent the 5th and 95th percentiles of the healthy control group and were used as reference ranges. (C) Relative numbers and absolute numbers of B-cell subsets. (D) Absolute numbers of transitional, naive, natural effector, and IgG+ CD27+ memory B cells. For gating strategy and population definitions, see Supplementary Figure 2 and Supplementary Table 3. PAD, predominantly antibody deficiency; NIC, noninfectious complications. Statistics were performed with the Kruskal–Wallis test, followed by Mann–Whitney tests for pairwise comparisons. *p < 0.5, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Taken together, both PAD–NIC and PAD+NIC have severely reduced numbers of Ig smBs. In addition, as a group, PAD+NIC patients have reduced numbers of circulating total, naive, and IgM memory B cells.



Reduced Naive CD4 and CD8 T Cells in Predominantly Antibody Deficiency Patients

In addition to the lymphocyte, NK-cell, and B-cell abnormalities, the PAD–NIC and PAD+NIC groups had significantly lower numbers of circulating T cells than had controls. These concerned all three major lineages: TCRγδ T cells in PAD–NIC and both CD4 and CD8 T cells in both PAD groups. In contrast, only two XLA patients had reduced total T-cell numbers (Figure 2A).


[image: Figure 2]
FIGURE 2. Reduced naive T-cell numbers in PAD patients. (A) Absolute numbers of total T cells, γδ T cells, CD4 T cells, and CD8 T cells. Horizontal dotted lines represent the 5th and 95th percentiles as calculated in healthy controls. Relative and absolute numbers of (B) CD4 T-cell subsets and (C) CD8 T-cell subsets. Naive (Tn; CCR7+CD45RO−), central memory (Tcm; CCR7+CD45RO+), effector memory (TemRO; CCR7−CD45RO−), and effector memory CD45RA revertant (TemRA; CCR7−CD45RO−). For gating strategy and population definitions, see Supplementary Figure 3 and Supplementary Table 3. PAD, predominantly antibody deficiency; NIC, non-infectious complications. Statistics were performed with the Kruskal–Wallis test, followed by Mann–Whitney tests for pairwise comparisons. *p < 0.5, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


To examine the nature of the T-cell abnormalities, we delineated the CD4 and CD8 lineages into CCR7+CD45RO− naive (Tn), CCR7+CD45RO+ central memory (Tcm), CCR7−CD45RO+ effector memory (TemRO), and CCR7−CD45RO− effector memory (TemRA) T cells (Supplementary Figure 3 and Supplementary Table 3). Frequencies and absolute numbers of naive CD4 and CD8 T cells were reduced in both PAD–NIC and PAD+NIC, but not in XLA patients (Figures 2B,C). To examine the association between naive CD4 and naive CD8 T-cell counts, we performed correlation analysis of these in both the healthy control and the patient cohorts. This revealed a reasonable positive correlation for controls (r = 0.32; p < 0.05) and strong correlation for total group of 53 non-XLA PAD patients (r = 0.63; p < 0.0001; Figure 3A). As PAD+NIC patients also had reduced naive B cells, we examined their association with naive CD4 and CD8 T cells. No correlations were found in the control group, but naive B-cell numbers were positively correlated with naive CD4 T cells (r = 0.53; p < 0.0001) and naive CD8 cells (r = 0.48; p < 0.0001; Figures 3B,C).
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FIGURE 3. Correlation between naive B- and T-cell numbers in healthy controls and PAD patients. Correlation between absolute numbers of (A) naive CD4 and naive CD8 T cells, (B) naive B and naive CD4 T cells, and (C) naive B and naive CD8 T cells were assessed in healthy controls and PAD patients. Trend lines depict linear correlations for controls (top row; n = 59) and total group of non-XLA PAD patients (bottom row = 53). PAD, predominantly antibody deficiency; NIC, non-infectious complications; XLA, X-linked agammaglobulinemia. Statistics were performed using Spearman's rank correlation.


PAD+NIC had increased frequencies of CD4 Tcm and TemRO, but as a result of the reduced total CD4 T cells, these were normal in terms of numbers (Figure 2B). Early-, intermediate-, and late-differentiated TemRO and TemRA cells were distinguished by the progressive loss of CD27 and/or CD28 (80) (Supplementary Figure 3). Within the CD4 TemRO compartment, numbers of early-differentiated cells were increased in PAD–NIC and XLA whereas reduced in PAD+NIC. Intermediate-TemRO cell numbers were reduced in PAD–NIC, and late-TemRO numbers were increased in XLA (Supplementary Figure 7A). Intermediate-TemRA numbers were reduced in PAD+NIC, but proportions were unchanged (Supplementary Figure 7B). CD8 TemRO numbers were not different between patients and controls (Supplementary Figure 7C), whereas CD8 TemRA early and intermediate cell subsets were significantly reduced in all three patient groups (Supplementary Figure 7D).

Overall, both PAD–NIC and PAD+NIC patients exhibit a marked reduction in circulating T cells, mainly as a result of reductions in the naive CD4 and CD8 T-cell subsets.



Altered Treg and Th Cell Composition in Predominantly Antibody Deficiency Patients With Non-infectious Complications

To analyze whether Th numbers were altered in PAD patients with and without NIC, we delineated Treg, Th, Tfh, and their subsets (Supplementary Table 3 and Supplementary Figure 4). Total Treg numbers and their respective naive and memory subsets were significantly lower in PAD+NIC than in controls, whereas these were not changed in PAD–NIC and XLA patients (Figure 4A). The subset of follicular regulatory T(fr) cells was also specifically decreased in PAD+NIC patients (Figure 4A). Within the Th cells, four subsets were defined (i.e., Th1, Th2, Th17, and Th17.1), which are each associated with responses to distinct types of pathogens. No alterations were observed for Th1 (bacterial and viral pathogens) or Th2 cells (extracellular pathogens; data not shown). In contrast, Th17-cell numbers (bacterial and fungal pathogens) were specifically reduced only in PAD+NIC as compared with controls (p = 0.005). Finally, numbers of Th17.1 cells (IL-17 and IFN-γ double producers) were reduced in both PAD–NIC and PAD+NIC, but not in XLA patients (Figure 4B).
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FIGURE 4. Reduced Treg and helper T-cell numbers in PAD patients with non-infectious complications. (A) Total Treg, naive Treg, memory Treg, and CD4 Tfr cells. (B) Th17 and Th17.1 cells. (C) Total Tfh and Tfh17 cells. All numbers represent cells per microliter of blood. For gating strategy and population definitions, see Supplementary Figure 4 and Supplementary Table 3. PAD, predominantly antibody deficiency; NIC, non-infectious complications. Statistics were performed with the Kruskal–Wallis test, followed by Mann–Whitney tests for pairwise comparisons. *p < 0.5, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Finally, we enumerated Tfh numbers, as these are critical for providing help to B cells in germinal center responses. Absolute numbers of Tfh cells were not different between controls, PAD–NIC, and PAD+NIC, whereas these were significantly reduced in XLA patients (p ≤ 0.0001). Within the total Tfh population, a similar distinction of four subsets was made as for the Th subsets: Tfh1, Tfh2, Tfh17.1, and Tfh17 (73). Of these, only Tfh17 was significantly reduced in the PAD+NIC and XLA groups as compared with controls (Figure 4C).

Taken together, the CD4 T-cell compartment was most severely affected in PAD+NIC patients with significantly reduced Treg, Th17, Th17.1, and Tfh17 numbers.



Misinterpretation of Relative Numbers in the Context of Reduced Absolute Cell Numbers

Similar to previous reports, we observed in our cohort that PAD+NIC patients had a significantly increased proportion of CD21lo B cells (Figures 1B, 5). However, when expressed as absolute numbers of cells per microliter blood, CD21lo B cells were normal in our cohort (Figure 5B). In fact, the increased proportion of CD21lo B cells was the result of a reduction in total B-cell numbers in the PAD+NIC group. Thus, the increased proportion of CD21lo B cells did not reflect an increase in this subset but rather a decrease of other, mainly naive B cells. In parallel, we confirmed previous reports (37, 55, 56, 81) of increased proportions of Tfh in the PAD+NIC group (Figure 5). However, absolute numbers of Tfh were normal in the context of reduced total CD4 T cells (Figures 5C,D). Thus, the relative expansion does not reflect an abnormality in Tfh but rather is the result of abnormally low total T cells, mainly due to the reduction in the naive subset.


[image: Figure 5]
FIGURE 5. Pitfalls in interpretation of relative expansions of cell subsets in the context of reduced absolute total cell numbers. (A) Absolute numbers of total B cells. Horizontal dotted lines represent the 5th and 95th percentiles from the healthy controls. (B) Absolute numbers and relative frequencies of CD21lo B cells. Horizontal dotted lines denote the upper thresholds for CD21lo expansions in the Freiburg (red) and EUROclass (blue) classification schemes. (C) Absolute numbers of total CD4 T cells. (D) Absolute numbers and relative frequencies of Tfh cells. For gating strategies, see Supplementary Figure 2 (CD21lo B cells) and Supplementary Figure 4 (Tfh cells). PAD, predominantly antibody deficiency; NIC, non-infectious complications. Statistics were performed with the Kruskal–Wallis test, followed by Mann–Whitney tests for pairwise comparisons. *p < 0.5, **p < 0.01, and ****p < 0.0001.





DISCUSSION

Here we present the results of a standardized approach for extensive immunophenotyping of the B- and T-cell compartments in patients with PAD. Irrespective of the presence of NIC, PAD patients show reduced Ig smBs, Th17.1 cells, and naive CD4 and CD8 T cells. In addition, the group of patients with NICs has severe reductions in total B-cell, Th17, Treg, and Tfh17 numbers. Finally, expansions of CD21lo B-cell and Tfh-cell frequencies are the product of reduced total B-cell and T-cell numbers, and not of absolute increases. Thus, our results demonstrate the importance of structured immunophenotypic analysis with the inclusion of absolute cell numbers to delineate affected cell types in PAD patients with NICs.

We here examined a cohort of 62 PAD patients. These included nine genetically diagnosed XLA patients, who were all diagnosed in early childhood and, prior to inclusion into our study, suffered from infectious complications only. Although the XLA group was by far the smallest, it does represent a homogenous group of patients with a B-cell intrinsic defect to be used as patient controls for our PAD–NIC and PAD+NIC immunophenotying. The vast majority of the other PAD patients were diagnosed with CVID (32; 52%) or HGG (13; 21%). This is in line with previous reports from teaching hospitals and is most likely reflective of the skewed population seen in tertiary care (36, 38, 44, 49). In our cohort, the most frequent infections were of the respiratory tract (13%, upper respiratory tract infection [URTI] only; 21% lower respiratory tract infection [LRTI] only; 66% URTI plus LRTI), with the most prevalent NIC being autoimmunity (60%) (38, 44, 82–85), which is reflective of other clinical studies. Furthermore, the significantly higher incidence of NIC in patients with a CVID diagnosis (72%) vs. all other non-XLA PAD (35%; p = 0.01) is similar to that of previous reports (36, 38, 44, 83). In terms of patient numbers, it falls short of multi-institute cohort analyses of clinical and basic immunological features (38, 44, 83, 86). However, our cohort of 62 patients relates well to other immunophenotyping studies (37, 46, 48, 51–53, 79, 87) and is larger than most studies (37, 46, 55, 58–61, 79). Moreover, the division into almost equally sized groups of PAD–NIC (n = 23) and PAD+NIC (n = 30) and a genetically defined XLA patient control group (n = 9) is well-suited for examination of common and NIC-associated abnormalities. The high prevalence of NICs in adult PAD patients in our study likely associates with later onset of symptoms (86) and delayed diagnosis in these patients (38, 44). The clinical and immunological presentations of our patient cohort are diverse, in line with previously published studies. Thus, this cohort is highly representative for the in-depth analysis of immunological differences that segregate with the presence of NICs.

In our study, reduced B-cell numbers segregated with the presence of NICs. Further in-depth examination of the B-cell compartment revealed significant reductions in Ig smBs and plasmablasts in both PAD groups, which was in line with a recent PAD study (48). However, unlike previous reports (37, 47), in our cohort, these abnormalities did not segregate with NICs such as splenomegaly, granulomatous disease, and autoimmunity. In contrast, we observed specific reductions in serum IgM levels and IgM memory B-cell numbers in PAD+NIC patients. As IgM has a role in preventing autoimmunity by promoting phagocytic clearance of cell debris including autoantigen (88, 89), it is possible that this defect contributes to the autoimmune pathophysiology in patients with PAD+NIC.

In addition to the reduced memory B cells, naive B cells were significantly reduced in the PAD+NIC group. As naive B cells form the largest proportion of total B cells, this reduction is mostly responsible for the reduced total B-cell numbers. The cause of reduced B-cell numbers is unclear and could be related to either reduced production from bone marrow precursors or reduced survival in the periphery. Gene defects underlying either of these processes have been reported in patients with an antibody deficiency syndrome (2). Importantly, the reductions in naive B cells correlated with reduced naive CD4 and CD8 T cells (see Discussion below) and could be part of a more general lymphocyte production and/or survival defect that contributes to disease pathology. Finally, the reduction in naive B-cell numbers highlights the importance of measuring absolute cell numbers, as this will affect proportions of other cell subsets (e.g., CD21lo B cells; see below) and lead to misinterpretation of indirect findings.

We here show that the expansion of CD21lo B cells, which is reportedly associated with autoimmunity and splenomegaly in CVID patients (46, 47), was only observed in PAD+NIC patients when presented as frequency of total B cells, but not in terms of absolute cell numbers. Expansion of this B-cell subset has also been identified in numerous chronic infections and autoimmune and granulomatous diseases. Specifically, increased frequencies and numbers of CD21lo B cells have been observed in Crohn's disease (90), Sjögren's syndrome (91), and poor HIV controllers (92). In addition, increased CD21lo B-cell frequencies have also been identified in rheumatoid arthritis (RA) (93, 94), scleroderma (94), systemic lupus erythematosus (SLE) (95), and multiple sclerosis (MS) (96). Similar to PAD+NIC, absolute numbers of CD21lo B cells are normal in RA (93), and the increased frequencies of CD21lo B cells were the result of reduced naive and memory B-cell numbers (93). This segregates PAD+NIC and RA from Crohn's disease, Sjögren's syndrome, and HIV in which the absolute numbers of CD21lo B cell are increased and might be indicative of distinct pathophysiologies.

Total CD4 and CD8 T-cell numbers were significantly lower in both PAD–NIC and PAD+NIC groups as a result of a reduction in the naive subsets. In contrast to other studies where naive T-cell deficiencies associated with NICs such as splenomegaly (53, 54), this link was not observed in our study. In addition, as memory T-cell numbers were unaffected, we postulate that decreased total CD4 and CD8 T-cell numbers are as a result of smaller numbers of naive T cells. Although PAD has long been considered to result from disturbances in B-cell homeostasis, it is becoming more evident that defective T-cell responses also play a role in disease pathogenesis. In particular, reductions in naive CD4 and CD8 T cells will likely impair immunity in primary infection and vaccination, thus rendering patients more prone to severe and often lethal infections, as shown in studies of aging and HIV infection (97–100).

Further dissection of the CD4 T-cell compartment in our cohort revealed abnormalities in Treg, Th, and Tfh cells. Treg-cell numbers were specifically low in PAD+NIC patients, in line with previous reports (54, 58, 59). This concerned both thymus-derived, naive Treg, and peripherally induced memory Treg. It is very tempting to speculate that the Treg deficiency contributes to the autoimmune pathology, similar to what has been proposed for patients with type 1 diabetes, MS, and SLE (101–106). Still, it remains unclear what causes the reduction and how this contributes to NIC. Potentially, the reduction is related to the reduced total naive T cells and might be reflective of either impaired production from the thymus, or increased maturation into effector memory cells as a result of the high infectious pressure in PAD patients.

Although the precise role of Th17.1 cells in immunity has not yet been fully elucidated, decreased Th17.1 counts have been linked to increased susceptibility to bacterial infection in other immunocompromised patients, including those with hyper-IgE syndrome and HIV/AIDS (107–112). In addition to the function of Th17 cells in controlling infections, these cells have been shown to promote antibody production by B cells (60). Thus, reductions in these cell numbers might contribute to the impaired antibody responses in PAD patients.

In line with previous reports, we observed increased frequencies of Tfh cells in patients with NIC (37, 55, 57). However, we also determined the absolute Tfh numbers and found that these were similar to those of controls. Thus, rather than a role of increased Tfh cells in CVID and autoimmunity (37, 55, 57, 113–115), it might be an altered distribution of Tfh subsets that contributes to disease pathology. Importantly, in PAD+NIC patients, the most potent B-cell helpers, Tfh17 cells, are significantly reduced. This could potentially link the inefficient antibody responses to pathological B cell responses, driven by, for example, the other Tfh cell subsets.

In our study, we utilized membrane markers only for the delineation of Th, Tfh, and Treg cells. In literature, multiple phenotypic definitions have been used to assess Th cells (cytoplasmic IFN-γ, IL-4, IL-10, and IL-17), Tfh cells (CD4+CXCR5+, CD4+CXCR5+PD-1+, or CD4+CXCR5+ICOS+), and Treg cells (CD4+CD25+CD127lo/− or CD4+CD25+FoxP3+) (71, 72, 116, 117). Although intracellular FoxP3 and cytokine expression represents the gold standard protocols for the delineation of Treg and Th subsets, respectively, these protocols are laborious and not easily amenable to high-throughput analyses. The surface markers utilized to define Treg and Th subsets in our panel have previously been demonstrated to correlate well with intracellular FoxP3 (116) and cytokine expression (117, 118). Therefore, we are convinced that the gating strategies we applied were highly specific. Without the need for in vitro activation and/or cytoplasmic staining, our protocol is more straightforward, making it quicker and more easily scalable for adoption in diagnostic laboratories.

Here, we have identified B- and T-cell biomarkers associated with NICs in patients with PAD. Humoral and cellular deficiencies have previously been associated with aging contributing to susceptibility to infection and NIC development including autoimmunity and cancer. This is particularly the case for declining numbers of naive B and T cells (74, 119–121). Thus, it could be suggested that PAD–NIC represent a precursor group whom with aging will develop NICs. However, the lower median age at diagnosis of the PAD+NIC group (25 vs. 45 years in PAD–NIC) suggests that it is more likely that the PAD–NIC and PAD+NIC patients suffer from distinct pathophysiologies.

CVID demonstrates intrinsic clinical, immunological, and genomic heterogeneity complicating diagnosis resulting in decreased overall survival rates (82, 122, 123). Over the past 5 years, criteria utilized to define CVID have been expanded to include total and naive CD4 T-cell quantification, in addition to the assessment of B-cell subsets and clinical parameters of disease. These updated criteria enable the exclusion of patients with combined immunodeficiency (CID) on the basis of demonstration of severe reductions in naive CD4 T cells. It was suggested that reduced proportions of naive CD4 T cells (<10% CD4 T cells) rather than decreased CD4 counts (<200 cells/μl) are more sensitive in the definition of CID, further highlighting the validity of simultaneously quantifying absolute and relative numbers in patient diagnostics and prognostication protocols. Utilizing the updated criteria, the authors redefined previously published patients on the basis of the updated criteria. Here, 2% patients previously defined as CVID were redefined as CID (122–124). Application of these updated criteria to our CVID group would redefine five (16%) patients as CID. The distinction between CVID and CID is extremely important, as a higher incidence of pneumonia, lymphoma, granulomas, autoimmunity, and enteropathy (2, 5, 123), in addition to lower B-cell and naive CD4 T-cell numbers, accounts for the lower 5-year survival rate in CID patients (123). Thus, unlike PAD patients where IgRT is sufficient for disease management, some patients with CID will require life-saving stem cell transplantation. Hence, the utilization of our panel would aid in the identification and correct classification of patients who progress to CID, as well as PAD patients at risk of developing NICs. We do realize that the differences in cellular immunophenotypes observed in PAD patients with and without NIC will need to be verified in independent international PAD cohorts. Ideally, these markers should be analyzed longitudinally in early-diagnosed patients without NIC to validate if abnormalities will predict disease progression and development of NIC. Therefore, the immunophenotypic defects outlined here could guide genomic analysis of patients, to enable precise diagnosis and predictive prognostic information, as well as guide targeted patient treatment with the potential to limit diagnostic delay, as well as reduce the incidence of early mortality and high morbidity associated with NICs in these patients.
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Monozygotic twins provide a unique opportunity to better understand complex genetic diseases and the relative contribution of heritable factors in shaping the immune system throughout life. Common Variable Immunodeficiency Disorders (CVID) are primary antibody defects displaying wide phenotypic and genetic heterogeneity, with monogenic transmission accounting for only a minority of the cases. Here, we report a pair of monozygotic twins concordant for CVID without a family history of primary immunodeficiency. They featured a remarkably similar profile of clinical manifestations and immunological alterations at diagnosis (established at age 37) and along the subsequent 15 years of follow-up. Interestingly, whole-exome sequencing failed to identify a monogenic cause for CVID, but unraveled a combination of heterozygous variants, with a predicted deleterious impact. These variants were found in genes involved in relevant immunological pathways, such as JUN, PTPRC, TLR1, ICAM1, and JAK3. The potential for combinatorial effects translating into the observed disease phenotype is inferred from their roles in immune pathways, namely in T and B cell activation. The combination of these genetic variants is also likely to impose a significant constraint on environmental influences, resulting in a similar immunological phenotype in both twins, despite exposure to different living conditions. Overall, these cases stress the importance of integrating NGS data with clinical and immunological phenotypes at the single-cell level, as provided by multi-dimensional flow-cytometry, in order to understand the complex genetic landscape underlying the vast majority of patients with CVID, as well as those with other immunodeficiencies.
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BACKGROUND

Monozygotic twins provide a unique opportunity to evaluate the relative contribution of genome and environment to the development and evolution of the immune system throughout life (1–3). A recent study on a large twin cohort suggests that life experience is the main determinant, challenging the importance of genetic background (2). Monozygotic twins (MZ) also provide a valuable tool to investigate complex diseases of the immune system like Common Variable Immunodeficiency (CVID).

CVID is defined overall by a marked decrease in serum IgG and IgA, normal or decreased serum IgM, poor antibody responses to vaccines and absence of other identifiable causes for hypogammaglobulinemia (4). However, almost all components of the immune system may feature alterations, with high heterogeneity between patients (5, 6). Given the marked clinical heterogeneity, multiparametric flow-cytometry is instrumental to detail the individual immune profile (7–10), allowing personalized approaches to treatment and monitoring of co-morbidities (7, 10).

A genetic basis for CVID was already recognized in 1968 (11), though the identification of the underlying molecular defects has been hampered in the majority of patients, which usually do not have a family history. In recent years, next generation sequencing (NGS) strategies, including genome-wide association and whole-exome/genome sequencing studies (WES/WGS) (9, 12–19), have facilitated the identification of an increasing list of genes, with heterozygous or biallelic variants associated with monogenic CVID (9, 12–20). Nevertheless, monogenic transmission is currently assumed in only 15–25% of the patients with CVID, in association with pathogenic variants in genes related mostly to B-cell activation, T-cell signaling and cytokine expression (14, 15, 17, 20). Conversely, CVID is likely to be polygenic in the majority of patients, resulting from multiple epistatic interactions with cumulative effects (12, 21). Consistently, CVID may develop clinically at any age, suggesting progressive and cumulative deterioration of B-cell functions, in a putative multifactorial pathogenic process (8, 22).

The contribution of non-heritable influences, such as infectious exposure, to the establishment of the clinical and immunological phenotypes in CVID is also recognized (23). The possible role of viral infections as triggers to disease onset, and the impact of microbiome are illustrative ongoing debates (23, 24). Twin studies thus provide a powerful model to dissect the relative contributions of heritable and non-heritable variables to the establishment of clinical and immunological profiles, but have so far been poorly explored, given the rarity of these cases (2, 3).

We provide here the first report of MZ twins concordant for CVID. Extensive phenotypic profile of circulating B and T-cell subsets was obtained by flow-cytometry at diagnosis and during 15-years follow-up. The twins featured a remarkably similar immunologic and clinical profile, despite the absence of a recognizable monogenic cause, being 50 years-old, and having lived apart for many years. Importantly, WES allowed us to identify a combination of variants with putative impact in the immune system that is not shared by their progenitors or progeny, supporting a polygenic basis for the CVID phenotype and their concordant immune evolution.



CASE PRESENTATION

CVID diagnosis was performed at 37 years of age in a pair of Caucasian MZ twins, living in Lisbon, Portugal, born from non-consanguineous parents and with no family history of primary immunodeficiency. They presented a remarkably similar clinical and immunological profile throughout 15 years of follow-up, despite distinct living conditions (jobs, housing, and nuclear families) since age 25.

At diagnosis, both twins featured severe hypogammaglobulinemia, with very low serum IgG (<0.3 and 1.65 g/L, cases 1 and 2, respectively), undetectable IgA (<0.25 g/L) and IgM (<0.19 g/L), and no increase in titres of specific IgG upon polysaccharide pneumococcal and conjugated Haemophilus influenzae vaccinations. They had a low frequency of circulating total and memory B cells, particularly of switched-memory B cells, with no expansions of transitional B cells or of cells expressing low levels of CD21 (Figure 1A), thus featuring an identical EuroClass classification B+smB−Trnorm21norm (25). They also exhibited comparable naïve/memory subset distribution and expression of activation markers in CD4 and CD8 T cells (Figure 1B), with a defect in CD45 alternative splicing leading to the persistence of CD45RA in memory/effector T cells. Functional studies in T cells revealed an equal production of IL-2, IL-4, IFNγ, and IL-17 (Figure 1B) and impairment of proliferative responses to recall antigens, despite the relative high levels of proliferative responses to mitogens (Figure 1C).


[image: Figure 1]
FIGURE 1. Immune phenotype at CVID diagnosis at age 37 in the MZ twins. (A) Representative plots of the flow-cytometry analysis of switched-memory B cells (top), CD21lowCD38low B cells (middle) and transitional B cells (bottom). Numbers represent the percentage of the given population within CD19+ cells (3.0%/4.2% in case-1/case-2, respectively). (B) Frequency of naïve and memory subpopulations, expression of activation marker HLA-DR+, and frequency of cells producing IL-2, IL-4, IFN-γ, and IL-17 within CD4 and CD8 T cells (1,777/1,380 lymphocytes/μL; CD4 T cells 42.2%/43.6%; CD8 T cells 44.1%/39.8%; in cases 1/2, respectively) (C) Lymphoproliferative responses upon culture with antigens (top) and mitogens (bottom) in comparison with healthy adult individuals.


Along the follow-up there was concordant evolution of their immunological profile, shown by the PCAs obtained at age 50 with the EuroFlow protocols (Figure 2A). The detailed phenotypic evaluation of circulating B cells revealed severe B-cell depletion (total B cells <1%) in both, with residual preservation of IgG3+CD27− memory B cells detected by high-sensitivity methods (7, 26, 27) (Figure 2B). This profile, which reflects extreme deterioration of IgG-switching capacity in memory B cells, is compatible with the most severe (CVID-6) subgroup, as recently reported in the literature (7).


[image: Figure 2]
FIGURE 2. Supervised flow-cytometric analysis of blood lymphocytes in MZ twins concordant for CVID at age 50. (A) Principal component analysis (PCA) multidimensional view of the distribution of major lymphocyte subsets analyzed with the EuroFlow PID orientation tube in 1 × 106 peripheral blood leukocytes. (B) Distribution of memory B cells according to the surface membrane expression of the IgH-isotypes (IgM, IgD, IgG1, IgG2, IgG3, IgG4, IgA1, and IgA2) in 5 × 106 peripheral blood leukocytes analyzed from an age-matched healthy donor and the two twins with CVID (7, 8, 26).


The type and severity of clinical manifestations before diagnosis and during follow-up have also been very similar. Both twins featured upper and lower respiratory infections since their twenties, with progressively increased frequency leading to several hospital admissions for pneumonia; bilateral bronchiectasis; and nasal polypectomy at age 32 in both. Upon diagnosis, intravenous IgG replacement was initiated, leading to serum IgG levels above 800–900 mg/dL and a marked decline in the frequency of infectious episodes. Both maintained persistent sinusitis, with recurrent exacerbations mostly in conjunction with H. influenza infection, and intermittent non-infectious diarrhea compatible with minor chronic lymphocytic infiltration, observed in duodenal and colon mucosa.

This remarkably similar profile in MZ twins strongly suggested that the genetic background is the main contributor to their clinical and immunological evolution. We therefore sequenced their whole exome (WES) using DNA extracted from blood samples. We focused the analysis on genes involved in immunological pathways, identifying SNVs with a non-synonymous coding effect predicted to be either probably damaging or deleterious (28, 29), or frame shift variants (see Methods). We also looked for variants affecting mRNA splice sites, but we found no variants in genes reported as monogenic causes of CVID. In fact, WES analysis was unable to reveal a monogenic cause for CVID. However, we identified in both a combination of 7 heterozygous SNVs, occurring in JAK3, JUN, LYST, MBL2, ICAM1, and TLR1 (Table 1 and Figure 3A). None of these 6 genes has previously been shown to be associated with monogenic CVID (15, 32). A compound heterozygous change, combining one variant from each parent, was found in ICAM1.


Table 1. Selected SNVs with impact in the immune system identified by WES.
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FIGURE 3. Identified genetic variants and predicted functional impact on B and T-cell activation pathways. (A) Family tree of the patients. The sectors and color patterns represent the 8 genetic variants identified in the 7 listed genes, and their presence/absence in both the progenitors and the children of the two siblings. Each sector corresponds to one specific variant. Paternally inherited variants are represented on the left, and maternal variants on the right, with a color code per gene, next to the gene ID and identified variant (in parenthesis). The black dotted pattern highlights the maternal variant in the case of ICAM, for which the patients have two altered alleles. (B) Role of affected genes in T and B-cell activation processes. The figure represents a generic lymphoid cell with the major membrane receptors, signaling molecules and transcription factors (identified by their names) and intracellular signaling pathways (identified by arrows) involved in the activation process. Red and green arrows represent the final stages of the lymphocyte activation pathways leading to the expression of genes that promote anergy (red) or survival/proliferative responses (green) within the cell nucleus. The top half of cell highlights proteins and processes specific for T cell activation and the bottom half those specific for B-cell activation. The names of proteins encoded by genes that present potentially pathogenic variants are presented in orange. The figure compiles all the information that was retrievable from pathways databases and literature search regarding the connections between genes presented in (A) and the B and T cell activation pathways. Of these 7 genes, LYST did not present any connection to these processes, whereas two others (MBL2 and TLR1) have reported functions in lymphocyte activation but their connection to signaling pathways remains unclear and are thus not represented in the figure.


In face of the defect in CD45 alternative splicing observed in T cells, we additionally looked at variants in PTPRC (CD45). We found the twins were heterozygous carriers of C77G (Table 1 and Figure 3A), a heterozygous variant that was previously reported in heterozigosity in CVID patients (33, 34).

In order to elucidate the segregation of the identified variants and their possible associations with clinical manifestations and/or immunological profile, their parents and children were also evaluated. Neither the progenitors nor the progeny had any severe/recurrent infections or immune-mediated diseases, and all had normal levels of serum IgG, IgA, and IgM, except for one son with a past-history of autoimmune thrombocytopenia (III:3, Figure 3A). Parents and children were genotyped for the 8 genetic variants (Figure 3A) and the variants considered were found to be split between parents, and none of the descendants inherited the combination of variants observed in the twins. Due to the frequent onset of CVID-associated clinical manifestations in adulthood, prospective follow-up of the offspring, particularly of the son with a past-history of autoimmune thrombocytopenia, will be important to complete our current interpretation of NGS data.



METHODS


Patients and Relatives

Longitudinal data obtained from a pair of MZ twins followed at Centro de Imunodeficiências Primárias, of Lisbon Academic Medical Center. The patients met the European Society for Immunodeficiencies (ESID) diagnostic criteria for CVID at the time of enrolment (35). Patients and relatives gave written informed consent. The study was approved by the ethical boards of the Faculty of Medicine of University of Lisbon and Centro Hospitalar Universitário Lisboa Norte.



Immunological Studies

Phenotypic analysis was performed by flow-cytometry during follow-up using previously described protocols (8, 36, 37) and different cytometers (FACSCalibur, FACSCanto and LSR-Fortessa X-20 flow-cytometers, Becton/Dickinson Biosciences (BD), San José, CA). Briefly, stainings with monoclonal antibodies were performed in whole blood after red blood cells lysis using BD FACS Lysing Solution (BD Biosciences), and a minimum of 100,000 lymphocytes were acquired per sample with data analyzed using CellQuest Software (BD Biosciences) and FlowJo Software (Tree Star Inc., Ashland, OR). More recently, 107 nucleated cells were stained with the EuroFlow 12-color Ig-isotype B-cell tube and bulk-lyse standard operating procedure (SOP; www.EuroFlow.org), ≥5 × 106 leukocytes were acquired in LSR-Fortessa X-20, with instrument set-up and calibration performed according to the EuroFlow SOP (38), and data analyzed with Infinicyt software (Cytognos S.L., Salamanca, Spain).

Cytokine production was assessed at the single-cell level in peripheral blood mononuclear cells (PBMC) freshly isolated by Ficoll-Hypaque density gradient (Amersham Pharmacia Biotech, Uppsala, Sweden), as described (39). Briefly, after a 4-h culture with phorbol myristate acetate (PMA; 50 ng/mL, Sigma-Aldrich) plus ionomycin (500 ng/mL; Calbiochem, Merck Biosciences, Nottingham, U.K.), in the presence of brefeldin A (10 μg/mL; Sigma-Aldrich), PBMC were surface stained, fixed, permeabilized, and stained intracellularly with monoclonal antibodies against IL-2, IL-4, IFN-γ, and IL-17, as described (36). Flow-cytometric analysis was subsequently performed as described above.

Lymphocyte proliferation was evaluated as follows: 105 freshly isolated PBMCs were cultured in a 96-well plate in the absence or presence of mitogens PHA (20 μg/mL), anti-CD3 (1 μg/mL), anti-CD3 anti-CD28 (1 μg/mL), PWM (1 μg/mL) and PMA (50 ng/mL)+ ionomycin (500 ng/mL) and antigens Candida albicans (40 μg/mL) and PPD (5 μg/mL), for 3 and 6 days, respectively, at 37°C, 5% CO2. Proliferation was assessed by 3H-Thy (Amersham Pharmacia Biotech) incorporation in the last 8 h of culture. Results were expressed as stimulation indexes (SI) which represents the ratio of the mean counts per minute (cpm) in the presence of a given mitogen or antigen over the mean cpm in the absence of the stimulus.



Whole Exome Sequencing

Genomic DNA was extracted from peripheral blood, subjected to library construction using the Agilent Sure Select Human All Exon 50 Mb kit (Agilent Technologies) and sequenced on a Hiseq2000 Illumina sequencer (BGI-Shenzhen, China) (40). Low-coverage and low-quality Single-Nucleotide Variants (SNVs) were removed as described (41). High-quality reads were aligned to the reference human genome (GRCh37/hg 19) and annotated with SnpEff Tool. Non-synonymous SNVs predicted to be probably damaging or deleterious [either by PolyPhen 2.2.2 (28) or SIFT 5.1.1 (29)], or frameshift variants, regardless of the minor allele frequency were filtered and prioritized. Criteria to further narrow down the candidate gene list were applied as previously described (42). Extensive search was performed in the literature, interactome and pathways databases regarding the roles of identified genes in the immune system, particularly concerning their involvement in B and T-cell activation pathways, illustrated in Figure 3B.




DISCUSSION

Here we report the first study of a pair of MZ twins concordant for CVID. They featured remarkable similarity in clinical and immunological phenotypes at diagnosis and during 15-year follow-up, and the analysis of WES data did not identify pathogenic variants in genes previously reported in association with monogenic CVID. In contrast, we identified 7 non-synonymous coding variants with predicted damaging/deleterious impact on the 6 proteins coded by the involved genes. These genes integrate relevant immune pathways and are therefore likely to have a clinical impact, supporting a polygenic burden for CVID, as well as to constrain the evolution of immunological profiles, leading to the high degree of similarity observed between the twins, despite having led separate lives for over 25 years. The clinical and immunological outcome in the twins likely results from the accumulation of distinct functional impairments, due to variants in genes related to critical immunological pathways (12, 21), as none of the identified heterozygotic variants can independently explain their clinical/immunological picture. Consistent with this polygenic model, there is a potential combinatorial impact of the observed SNVs in B and T-cell activation, as illustrated in Figure 3B. The absence of clinical and immunological manifestations in close family members also argues in favor of a pathogenic burden derived from the unique combination of variants shared by the twins.

There are previous reports of CVID patients who are heterozygous carriers of C77G in CD45 (33, 34). CD45 is known to be important for efficient T and B-cell antigen receptor signal transduction and for control of signaling thresholds through TCR (31, 43). C77G is the most common cause of CD45 abnormal splicing in European populations (44), which leads to the persistence of CD45RA in memory T cells (45, 46). The twins are heterozygous for C77G and exhibit a strong mitogenic response to anti-CD3, but markedly diminished proliferative responses to the tested recall antigens. Our data add to previous reports (33, 34) favoring a role for this SNV in a polygenic scenario for CVID, although the frequency of (heterozygous) carriers of C77G in CD45 was not increased in a large CVID cohort (33) and different clinical phenotypes have been associated with C77G in CD45.

Obviously, we cannot exclude a role for other variants, such as non-coding variants, in the genes that we mentioned, nor in other genes, that may impact in the clinical and immunological phenotype of the twins. Nevertheless, it is worth noting that 4 out of the 7 selected genes with variants act on both T and B-cell receptor signaling-pathways, namely JUN, CD45 (PTPRC), and ICAM1 (Figure 3B); and MBL2 and TLR1, influence these processes through as yet unidentified mechanisms (see below) (30, 31, 46–53). Furthermore, the presence of a potentially damaging variant in the JAK3 kinase may influence the cytokine receptor-mediated intracellular signal transduction, with crucial implications in the differentiation, function and survival of B and T cells (Figure 3B) (54). Other immune pathways that may be influenced by this group of variants are: Fcγ R-mediated phagocytosis (CD45), TNF signaling-pathway (ICAM1, JUN), Toll-like receptor signaling-pathway (TLR1, JUN) and innate immune responses (ICAM1, TLR1, MBL2) (55). TLR1 encodes for a member of the Toll-like receptor family, and plays a fundamental role in pathogen recognition and activation of innate immunity (30, 56). TLR1 was identified as a critical innate receptor for protective intestinal Th17 immunity (57) but, to our knowledge, has not been previously associated with increased susceptibility to infections, or hypogammaglobulinemia.

Two potentially damaging variants were identified in ICAM1, which encodes a cell surface glycoprotein involved in cell-cell adhesion, expressed on endothelial cells and cells of the immune system, and has a prominent role in several types of immune responses (51, 52). Variants in ICAM1 have been associated with inflammatory bowel disease (58). The p.G241R variant, which the twins inherited from their father, has been associated with adult onset celiac disease in a French cohort (59).

Flow-cytometry is crucial to the functional validation of genetic variants, allowing adequate interpretation of NGS data and stratification of patients (25, 26, 60). Notably, we documented a synchronous progressive B-cell depletion throughout follow-up. Taking advantage of the EuroFlow strategy for highly-sensitive Ig-subclass analysis of blood B cells and plasma cells, six subgroups of patients were recently identified in CVID, with different IgG-switching patterns and clinical profiles, even in patients with <1% B cells (7). The immunological phenotype of both twins at 50, was compatible with the CVID-6 subgroup, the most severe, defined by markedly decreased CD27+ unswitched and switched-memory B cells, with very low CD27−IgG3+ memory B cells. CVID-6 patients also show significantly reduced pre-germinal B cells, reflecting defective B-cell production in the bone marrow (61, 62). These recently developed standardized flow-cytometry assays to analyse memory B-cell immunoglobulin isotypes and IgH-subclasses will be very important in longitudinal studies to investigate the progression of B-cell defects, that has been hypothesized, but not yet supported by solid immunological data (7, 8).

The remarkable similarity between the immune profiles of the MZ twins, at age 50, even though they have lived in different households since they were 25, with distinct jobs and nuclear families, is even more striking in light of studies that have emphasized the dominant contribution of non-heritable influences to the shape and function of the immune system (1, 2). Although they live in the same geographical region, the impact of co-habitation has been considered very relevant in the shaping of the immune system, as illustrated by the immunological data from non-related housemates (63, 64). This debate on relative contributions of “nature” vs. “nurture” was addressed in a study that included 105 pairs of healthy MZ twins, which shows that variation in immune cell frequencies and serum proteins between twins increases with age, likely due in large part to exposure to pathogens, namely CMV (2). Notably, there has been no evidence of CMV infection in the MZ twins, both with negative PCR for CMV in blood on different occasions, and no evidence of CMV infection in gut biopsies.

Epigenetic modifications necessarily contribute to the discordance in clinical and immunological phenotype between MZ twins (1, 3). In line with this, a pair of MZ twins discordant for CVID was previously reported (3), with a significant increase in DNA methylation of B cells in the affected sister (3, 65). Consistent with this finding, a recent study showed that impaired demethylation in B-cell key genes is associated with the reduction of memory B cells in CVID patients (66). In our context, it will be interesting to explore the epigenetic landscape of the MZ concordant twins in order to confirm its contribution to the disease and add a new layer of insight to our clinical, immunological, and genomic data.



CONCLUDING REMARKS

The clinical, immunologic and genetic profile of a pair of monozygotic twins concordant for CVID provides further support to the hypothesis that a combination of allelic variants can additively predispose to non-familial CVID. Moreover, these data suggest that genetic variants may impose a significant constraint on the impact of the environment, as attested by the remarkably similar immunological phenotype observed in both twins, despite prolonged exposure to different living conditions. The integration of NGS data with clinical and immunological phenotypes at the single-cell level, as provided by multi-dimensional flow-cytometry, is crucial to further expose the complex genetic landscape underlying the vast majority of patients with CVID, and patients with other immunodeficiencies.
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Almost 70 years after establishing the concept of primary immunodeficiency disorders (PIDs), more than 320 monogenic inborn errors of immunity have been identified thanks to the remarkable contribution of high-throughput genetic screening in the last decade. Approximately 40 of these PIDs present with autoimmune or auto-inflammatory symptoms as the primary clinical manifestation instead of infections. These PIDs are now recognized as diseases of immune dysregulation. Loss-of function mutations in genes such as FOXP3, CD25, LRBA, IL-10, IL10RA, and IL10RB, as well as heterozygous gain-of-function mutations in JAK1 and STAT3 have been reported as causative of these disorders. Identifying these syndromes has considerably contributed to expanding our knowledge on the mechanisms of immune regulation and tolerance. Although whole exome and whole genome sequencing have been extremely useful in identifying novel causative genes underlying new phenotypes, these approaches are time-consuming and expensive. Patients with monogenic syndromes associated with autoimmunity require faster diagnostic tools to delineate therapeutic strategies and avoid organ damage. Since these PIDs present with severe life-threatening phenotypes, the need for a precise diagnosis in order to initiate appropriate patient management is necessary. More traditional approaches such as flow cytometry are therefore a valid option. Here, we review the application of flow cytometry and discuss the relevance of this powerful technique in diagnosing patients with PIDs presenting with immune dysregulation. In addition, flow cytometry represents a fast, robust, and sensitive approach that efficiently uncovers new immunopathological mechanisms underlying monogenic PIDs.
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INTRODUCTION

An effective immune response is required for defending the host from infections as well as playing a fundamental role in physiological homeostasis (1–9). In this context, the investigation of inborn errors of immunity leading to primary immunodeficiency diseases (PIDs) has considerably expanded our understanding of how the immune system works to eliminate infections while avoiding autoimmune diseases (10–17). The first PID was identified in 1952 by Ogden Bruton who reported a male patient with agammaglobulinemia who suffered from recurrent bacterial infections (18). By 2003, mutations in approximately 100 genes were found to cause molecularly defined PIDs (19). The introduction of next-generation sequencing (NGS) (e.g., whole exome sequencing or WES; whole genome sequencing or WGS) led to the discovery of ~120 new genes by 2015 (20–23). The most recent International Union of Immunological Societies (IUIS) report lists more than 320 monogenic causes of PID (24).

The longitudinal observation and molecular evaluation of PID patients revealed that the phenotype of PID patients comprises not only the susceptibility to bacterial, fungal, and viral infections diseases, but also autoinflammatory and autoimmune disorders as well as an increased incidence of malignancies (15, 16, 25–28). The group of PIDs associated with inflammation and autoimmunity has been recognized by the IUIS Phenotypic Classification Committee for PIDs as “diseases of immune dysregulation” (24). The prototype for this group is the syndrome of Immune Dysregulation, Polyendocrinopathy, Enteropathy, X-linked (IPEX) (29) caused by mutations in the Forkhead Box P3 (FOXP3) gene that results in the defective development of CD4+CD25+ regulatory T cells (Tregs). To date, mutations in some 40 genes have been identified that can present with symptoms of immune dysregulation [Figure 1; (24)]. Patients suspected to have one of these disorders require a rapid and precise diagnosis for prognostic and therapeutic considerations.


[image: Figure 1]
FIGURE 1. Timeline depicting the discovery of genetic defects that cause PIDs associated with immune dysregulation. Genes are shown above the timeline by year of first reported mutation. The graphic below the timeline shows the cumulative increase of PIDs with immune dysregulation that were genetically characterized. The Y-axis represents the 40 genes associated with diseases of immune dysregulation that were discovered between 1990 and 2017 when the last IUIS phenotypic classification for PIDs was published (shown in the X-axis). The image was created using Time.Graphics (30).


Although WES and WGS are powerful tools that have improved the genetic characterization of patients with undefined PIDs, these are laborious, time-consuming, and expensive tests. Flow cytometry, which is readily available in most laboratories, represents a useful low cost and rapid technology for the investigation of PIDs, including patients with symptoms of immune dysregulation. This tool can identify not only the abnormal expression of extra- and intracellular molecules but can also be used to assess functional responses of specific subpopulations of lymphocytes. Flow cytometry-based assays have the advantage of being more quantitative, widely available and relatively easier to perform in a diagnostic laboratory setting compared with other techniques such as western blot analysis, fluorescent and confocal microscopy.

The advantage of using flow cytometry for the diagnosis of PIDs, in general, has been extensively discussed (31–36). Here, we review the progress made in using flow cytometry for the diagnosis of PIDs associated with immune dysregulation and its contributions for a better understanding of disease immunopathology. Although the genetic dissection of several PIDs have provided relevant insights into molecular pathways associated with host defense and immune tolerance (24, 37–43), we discuss here only the inborn errors of immunity presented by the last IUIS phenotypic classification for PIDs in 2017 (44).


Flow Cytometry for Diseases of Immune Dysregulation

Since the first attempt by Cooper et al. to provide a classification for PIDs in 1973 (45), the number of PIDs have exponentially increased as most recently summarized by the IUIS Inborn Errors of Immunity Committee classification [Figure 1 (24)]. The first PIDs with features of immune dysregulation appeared in the IUIS Phenotypic Classification for Primary Immunodeficiencies in 1999 (Wiskott-Aldrich syndrome, PNP deficiency, selective IgA deficiency, early complement component deficiencies, and ALPS) (46). In subsequent reports, increased numbers of PIDs with features of immune dysregulation were reported, currently comprising a total of 40 monogenic diseases of immune dysregulation (Figure 2), divided into two main groups labeled “Hemophagocytic Lymphohistiocytosis (HLH) & Epstein-Barr virus (EBV) susceptibility” and “Syndromes with Autoimmunity and Others” (Figure 3). We use this classification throughout this article. The genes causing these disorders are listed in Figure 4 (HLH and EBV susceptibility) and Figure 7 (syndromes with autoimmunity).


[image: Figure 2]
FIGURE 2. Network of 40 genes that cause PIDs associated with immune dysregulation. The interactive circular graph illustrates the connections (e.g., physical interaction, common signaling pathways, co-localization.) between the causative genes and was developed using the GeneMANIA Cytoscape plugin (47). The genes were provided as a query and are represented by the blue nodes while their connections are represented by the gray lines. Related genes are closer together in the network and have more connecting lines among them.
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FIGURE 3. Diagram of the 40 genes that cause PIDs associated with immune dysregulation. The genes are classified according the 2017 IUIS phenotypic classification for PIDs (24).



[image: Figure 4]
FIGURE 4. Inborn errors of immunity that cause increased susceptibility to Hemophagocytic Lymphohistiocytosis (HLH) & Epstein–Barr virus (EBV)*. Illustration of mutated genes associated with HLH and increased susceptibility to EBV are shown with colored backgrounds. To allow a better comprehension of signaling pathways involved, other molecules (Fas, Trail, MHC, NFκB, 2BA, CD48, CD28, CD80, CD86, and BCR) not associated with HLH and EBV susceptibility are shown in the white background. *Named according to the 2017 IUIS phenotypic classification for PIDs (24). The illustration was constructed using Motifolio Drawing Toolkits (48).


With a few exceptions, the flow cytometry contributions for the characterization of diseases of immune dysregulation are discussed below and summarized in Tables 1, 2. We have not included the Fanconi anemia-associated protein 24 (FAAP24) (91) and Itch E3 ubiquitin ligase (ITCH) (92) deficiencies, which are molecules that play a critical role in DNA repair (91, 93) and the negative regulation of T cell activation (92, 94). There are only single reports (91, 92) of these deficiencies and flow cytometry methods for the characterization of their immunopathological mechanisms are not available. This is also the case for prolidase D (PEPD) deficiency (95), which has been associated with the development of systemic lupus erythematosus (SLE) (96), and zeta chain of T cell receptor-associated protein kinase 70 (ZAP-70) (97) and nuclear factor of activated T cells 5 (NFAT5) deficiencies (98). Only two ZAP-70-deficient siblings have been reported with combined hypomorphic and activation mutations, and flow cytometry was only used to analyze T cell activation by measuring CD69 expression on activated T cells. Only a single patient with NFAT5 deficiency was reported, for whom flow cytometry was used mainly for immunophenotyping and cell death analysis (98).


Table 1. Summary of flow cytometry contributions for the immunopathological characterization of Hemophagocytic Lymphohistiocytosis (HLH) and Epstein–Barr virus (EBV) susceptibility.
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Table 2. Summary of flow cytometry contributions for the immunopathological characterization of Syndromes with autoimmunity.
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Flow Cytometry Guidelines

Before reviewing the contribution of flow cytometry to the characterization of PIDs with immune dysregulation, we emphasize that in order to perform molecular characterization of inborn errors of immunity in diagnostic laboratories, one needs to become familiar with the flow cytometry guidelines and parameters, which have been previously reported (31, 99–104) They were discussed in detail with focus on technical flow cytometry aspects. For example, flow cytometry parameters of general importance are the determination and validation of flow cytometry positive controls (e.g., fluorescence compensation controls as well as resting and activation controls in the case of inducible molecules), the establishment of appropriate cutoffs (e.g., by defining the 10th percentile of normal controls as a center-specific lower limit of normal), and avoiding misinterpretation of results due to inter-laboratory variability, specificity, and sensitivity, particularly in patients with low peripheral blood lymphocyte counts. Another important issue is that some functional assays have a time frame (normally within 24 h after venous puncture) within the test must be performed, due to changes in cell viability or the activation of affected cell pathways during blood shipment. Thus, it is important to obtain blood from healthy controls at the same time of patient sampling and ship them together for flow cytometry screening tests (49, 105). In cases that the cells obtained from the same-day healthy control show results outside the normal range, i.e., not expressing or overexpressing a specific molecule, which is used as experimental readout such as in degranulation assays (49), the shipment and test have to be repeated. Altogether, the above mentioned factors as well as other experimental procedures such as correct definition of instrument setup and evaluation of cell viability prior to the experiment are of major importance for the proper execution of diagnostic flow cytometry. Importantly, following the initial flow cytometry screening tests, there is a significant amount of work to be performed by functional validation studies (e.g., by combining site-directed mutagenesis combined with flow cytometric assays) when identifying new molecular defects.




HEMOPHAGOCYTIC LYMPHOHISTIOCYTOSIS AND EBV SUSCEPTIBILITY

HLH is a hyper-inflammatory syndrome directly linked to abnormalities in cytotoxicity as a result of defective degranulation. This syndrome is characterized by prolonged fever and massive hepatosplenomegaly associated with laboratory findings such as cytopenia, hypertriglyceridemia, hypofibrinogenemia, and NK cells and cytotoxic (CD8+) T lymphocytes (CTLs) exhibiting reduced cytotoxicity (24, 106). Clinical and immunological features of FHL syndromes have previously been reviewed in detail (107, 108). Natural killer (NK) and cytotoxic T cells from these patients show an impaired capacity to control viral infections. The unique curative therapy for HLH is hematopoietic stem cell transplantation (HSCT) (109–111).

Several different genetic disorders are associated with an HLH phenotype and are classified as HLH with hypopigmentation or without hypopigmentation (familial hemophagocytic lymphohistiocytosis syndromes or FHL). Secondary HLH, generally seen in older children and adults without a known genetic defect, are triggered by viral infections such as EBV (most commonly), cytomegalovirus, and herpes simplex virus, or by hematologic malignancies, rheumatologic conditions, or tuberculosis (112). The 19 causative genes associated with the HLH and EBV susceptibility group are summarized in Figure 4 as well as a summarized guideline is shown in Figure 5, which describes the flow cytometric assays required to diagnose patients with syndromes that present with autoimmunity.
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FIGURE 5. Flowchart depicting the immunophenotypic analysis used to define the molecular genetic defects of patients with hemophagocytic lymphohistiocytosis & EBV susceptibility, with flow cytometry. In those cases with normal protein by flow cytometry, if there is a strong clinical indication for a specific immune dysregulation disease, it is recommended to perform gene sequencing to exclude missense mutations that do not impair protein expression. While it has been estimated that PRF1 deficiency accounts for 30–60% of known FHL cases and UNC13D deficiency for up to 20% of FHL cases, the frequency for most of the other immune dysregulation syndromes remains unknown. *Flow cytometry assay validated in HepG2 cells, but remains to be tested with cells from PID patients. Bold and italic texts are disease-specific and non-disease specific flow cytometry tests, respectively.



Hypopigmentation Syndromes

Four different inborn errors of immunity causing HLH with hypopigmentation/albinism have been described: Chediak-Higashi syndrome, genetically characterized by mutations in the lysosomal trafficking regulator (LYST) gene (50, 51); Griscelli syndrome type 2 due to mutations in Ras-Related Protein Rab-27A (RAB27A) (52); and Hermansky-Pudlak syndrome type 2 and type 10 caused by mutations in the adaptor related protein complex 3 beta 1 (AP3B1) (53) and adaptor related protein complex 3 delta 1 (AP3D1) (54), respectively. These diseases generally manifest as hypopigmentation, immunodeficiency, neutropenia, or decreased NK and cytotoxic T cell activity, and bleeding tendency. However, a few cases of patients with Griscelli syndrome type 2 with biallelic mutations in RAB27A have been reported with normal pigmentation (113).

Interestingly, the overlapping clinical features shown by inborn errors of immunity causing HLH with hypopigmentation/albinism might be explained by defects in the molecular machinery responsible for the biogenesis and transport of secretory lysosome-related organelles in different cell types (54). These physiologic processes are essential for production and secretion of perforin and granzyme by NK cells and cytotoxic CD8+ T lymphocytes (54, 55), as well as secretion of melanin by melanosomes (114, 115) and release of small molecules by δ granules from platelets during blood vessel damage, which facilitates platelet adhesion and activation during coagulation (114).

Since there is no specific flow cytometry approach established to detect the expression of LYST, RAB27A, AP3B1, or AP3D1, the differential diagnosis of these syndromes, based on flow cytometry, is not possible and thus the diagnosis relies on biochemical and molecular criteria (50, 109, 116). A few specific features differentiate these disorders, such as the presence of large inclusions (lysosome) in white blood cells from patients with Chediak Higashi syndrome (49, 50, 116), specific hair shaft anomalies, and the detection of a platelet storage pool deficiency characteristic of Hermansky-Pudlak syndrome (54). However, flow cytometry has been used successfully as a screening tool for primary (i.e., genetic) degranulation defects. The approach relies on measuring the up-regulation of CD107a on NK cells (with/without K562 stimulation) (49) and cytotoxic T lymphocytes (with/without anti-CD3 stimulation) (54). CD107a is a lysosomal protein that co-localizes with perforin and granzyme in cytolytic granules (117, 118) and is expressed on the cell surface upon activation-induced degranulation following the engagement of T cell receptor (TCR) and NK cell activating receptors (119, 120). This assay has been performed in parallel with a cytotoxicity assay using K562 or P815 target cells to functionally confirm the degranulation defect suggested by a reduced CD107a expression following 48 h with phytohemagglutinin (PHA)/IL-2 or anti-CD3/anti-CD28 beads stimulation (49, 109, 112, 121). This degranulation assay allows the differentiation between primary and secondary HLH. The latter express CD107a normally upon cell activation (49). Furthermore, as elegantly reported by Bryceson et al. (49), the analysis of CD107a expression by flow cytometry has the advantage of being a sensitive assay even when patients receive immunosuppressive therapy or have very low numbers of T/NK cells. Detailed methodological information about the detection of T and NK cell degranulation by flow cytometry can be found elsewhere (36, 122).



Familial Hemophagocytic Lymphohistiocytosis (FHL) Syndromes

FHL is a life-threatening autosomal-recessive inherited hyper-inflammatory syndrome that usually develops within the first 2 years of age (56). FHL syndromes are caused by mutations in perforin-1 (PRF1), designated as FLH2, accounting for 30–50% of known cases (105, 108), or proteins involved in perforin secretion: protein unc-13 homolog D (UNC13D) (56), Syntaxin-11 (STX11) (57), and Syntaxin Binding Protein 2 (STXBP2) (58), known as FHL3, FHL4, and FHL5, respectively. The gene responsible for FHL1 has not yet been identified (107).

Defective perforin expression by NK cells (CD3−CD56+CD16+) and cytotoxic T lymphocytes (CD3+CD8+) can be detected by flow cytometry and has been used as a screening approach for FHL2 (34). Likewise, patients with UNC13D deficiency, which accounts for up to 20% of FHL cases, can be identified by decreased UNC13D expression using flow cytometry. Usually, UNC13D expression is assessed on NK cells and T lymphocytes. Since patients with UNC13D deficiency frequently present with significantly reduced leukocyte counts (pancytopenia), UNC13D expression can instead be analyzed on platelets (CD41a+) (34, 105, 123), since platelets express UNC13D more abundantly than peripheral blood leukocytes (105).

There is no specific or commercially available antibody for flow cytometry to screen patients with STX11 and STXBP2 deficiencies. Therefore, these two deficiencies have been identified indirectly by measuring CD107a expression, or by the exclusion of defective PRF1 and UNC13D expression. While cells from patients with FHL3-5 present reduced CD107a expression on the surface of NK cells and CTLs, CD107a expression is normal in subjects with PRF-1 deficiency (49, 58, 123). This phenomenon is explained by the fact that perforin constitutes part of the lytic granule content, but in contrast to UNC13D, STX11, and STXBP2, it is not essential for the transport of secretory lysosome-related organelles (55, 58, 106, 107, 124, 125).



Susceptibility to EBV Infection

More than 90% of the global population are EBV-seropositive, with the majority being asymptomatic or manifesting a self-limiting disease (126). Patients with inborn errors of immunity that result in susceptibility to EBV may develop severe or fatal mononucleosis, B cell lymphoma, lymphoproliferative disease, or HLH (67, 127–129). Mutations in at least 11 genes (four of them with EBV-associated HLH) are known to cause increased susceptibility to EBV (24), demonstrating the non-redundant role of signaling pathways that generate EBV-specific immunity, and the pivotal role of continuous immune surveillance to ensure virus-host homeostasis (129, 130). The signaling pathways and outcomes involved in the immunopathogenesis of severe EBV infections (129) are summarized in Figure 4.

Notably, T cell proliferation by patients with susceptibility to EBV can be reduced, normal or even increased (Table 3); however, some subjects belonging to the same PID subgroup may display variable proliferation results where some patients with CTPS1 (65, 131) and CD27 (74, 134) deficiencies have reduced T cell proliferation and others do not. Moreover, the abnormal proliferative responses might be stimulus dependent. For instance, patients with ITK deficiency may demonstrate reduced T cell proliferation in response to CD3/CD28 stimulation, but normal proliferation in response to PHA stimulation (132). Therefore, in addition to be a non-specific assay to screen different PIDs, the analysis of T cell proliferation from patients with susceptibility to EBV needs to be carefully scrutinized as a screening flow cytometry tool to direct the definitive diagnosis of these PIDs.


Table 3. T cell proliferation response of PIDs with susceptibility to EBV.
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RASGRP1 Deficiency

RAS guanyl-releasing protein 1 (RASGRP1) is a guanine nucleotide exchange factor and activator of the RAS-MAPK pathway initiated by diacylglycerol following TCR signaling (129). Mutations in RASGRP1 have been found in patients with a combined immunodeficiency (a ALPS-like disease) (59) presenting with recurrent respiratory infections in association with EBV-induced lymphoproliferative disease, chronic lymphadenopathy, hepatosplenomegaly, autoimmune hemolytic anemia, and immune thrombocytopenia (59–63). In addition to its availability as a screening tool to establish the diagnosis of RASGRP1 deficiency (59), flow cytometry has been widely applied to evaluate functional defects resulting from RASGRP1 mutations. For instance, this approach can be used to detect reduced T cell expansion by a cell proliferation kit (e.g., CellTrace), impaired T cell activation by CD69 staining, and markedly reduced phosphorylation of ERK. Diminished intracellular expression of active caspase 3 in lymphocytes associated with reduced apoptosis using annexin V (AV) and propidium iodide (PI) staining has been observed (59–61).



CD70/CD27 Deficiencies

Disorders of T cell co-signaling pathways such as those caused by deficiencies in CD40L, SAP, OX40, or CD70/CD27 highlight the critical role of co-stimulation for host defense (135–137). Patients with mutations affecting the co-stimulatory molecules CD70 and CD27 (Figure 4), which are expressed on the surface of T, B and NK cells (138–140) present with similar clinical phenotypes. These patients exhibit impaired effector CD8+ T cell generation, hypogammaglobulinemia, lack of memory B cells, and reduced cytolytic and proliferative responses of T cells resulting in chronic EBV infections (EBV-associated lymphoproliferation, EBV-associated HLH, and B cell lymphoma). Additionally, affected patients might develop severe forms of other viral infections including influenza, herpesviruses (e.g., varicella-zoster virus), and cytomegalovirus (CMV) (64, 74, 134, 141–143). Cell-surface expression of both CD70 and CD27 are assessed by flow cytometry using specific monoclonal antibodies. Similar to other combined deficiencies, it is possible that a mutated non-functional protein is expressed on the cell surface (144, 145) in which case it is possible to analyse the ability of a CD27Fc fusion protein that binds to CD70, by flow cytometry (64).



RLTPR Deficiency

The RLTPR (RGD motif, leucine-rich repeats, tropomodulin domain, and proline-rich containing) is a scaffold protein that bridges CD28 located on the cell-surface to the cytosolic adaptor called Caspase Recruitment Domain Family Member 11 (CARD11), enabling proper activation of the TCR-induced NF-κB signaling pathway (146, 147). Although human CD28 deficiency has not yet been characterized, RLTPR deficiency was recently reported as an autosomal recessive combined immunodeficiency highlighting the critical role of the CD28 pathway for T- and B-cell activation (66). RLTPR-deficient patients present with low numbers of memory CD4+ T cells, reduced numbers of T helper (Th)1, Th17, and T follicular helper cells, as well as reduced memory B cells, and show poor antibody responses to vaccines (67, 148). RLTPR deficiency causes susceptibility to a variety of pathogens, including bacteria, fungi, and viruses (e.g., EBV). RLTPR expression can be detected by flow cytometry in adaptive (B and T lymphocytes) and innate (monocytes and dendritic cells) immune cells. Moreover, NF-κB signaling defects (149, 150) in CD4+ and CD8+ T cells from patients with RLTPR mutations have been characterized by flow cytometry, primarily manifested by reduced NF-κB P65 phosphorylation and IκBα degradation following anti-CD28 stimulation (66). In this context, there is a debatable paradigm that CD28 co-stimulation is not necessary for the activation of memory T cells. In agreement, flow cytometric analysis of T cell proliferation has shown that the lack of RLTPR only impairs the proliferation of naïve, but not memory T cells (66). Flow cytometric analysis also points out a critical role of RLTPR in NK cells, since their degranulation capacity is impaired after K562 stimulation, depicted by reduced CD107a expression (151).



CTPS1 Deficiency

The cytidine nucleotide triphosphate synthase 1 (CTPS1) is a molecule involved in DNA synthesis in lymphocytes (152) and therefore plays a central role in lymphocyte proliferation (65, 131). Loss-of-function homozygous mutations in CTPS1 cause a combined immunodeficiency characterized by the impaired capacity of activated T and B cells to proliferate in response to antigen receptor-mediated activation (65). CTPS1-deficient patients are susceptible to life-threatening bacterial and viral infections, including those caused by EBV (e.g., EBV-related B-cell non-Hodgkin lymphoma). Flow cytometry has only been used to evaluate T lymphocyte proliferation in response to an anti-CD3 antibody or anti-CD3/CD28 coated beads, as well as B cells in response to anti-BCR plus CpG, which were found to be defective (65). However, patients with normal lymphoproliferative response have also been reported (131). There is no anti-CTPS1 fluorochrome-conjugated antibody commercially available. Therefore, CTPS1 expression is analyzed by western blot (65). CTPS1 expression by flow cytometry has been validated in HepG2 cells through incubation of primary unconjugated antibody followed by a dye-conjugated secondary antibody staining (153). This staining strategy represents a potential approach to screen patients with CTPS1 deficiency by flow cytometry.



ITK Deficiency

Mutations in the IL-2-inducible T cell kinase (ITK) causes a life-threatening syndrome of immune dysregulation and therapy-resistant EBV-associated lymphoproliferative disease (154–156). ITK is a signaling molecule located proximal to the TCR (Figure 4). ITK is expressed in thymocytes and peripheral T cells, regulating the thresholds of TCR signaling and specific development of CD8+ T cells (131). Flow cytometry analysis has shown that ITK deficient patients exhibit a reduced TCR-mediated calcium flux in T cells (67) and an absence of NKT cells as determined by the lack of TCR Vβ11 and TCR Vα24 double-positive cells (156).



MAGT1 Deficiency

In addition to its essential role as a co-factor for nucleic acids and metabolic enzymes (157, 158), a critical role of magnesium ion (Mg2+) in immune responses has been demonstrated by disease-causing mutations in the magnesium transporter 1 gene (MAGT1). Li et al. (68) reported Mg2+ as an intracellular second messenger following TCR activation in patients with an X-linked inborn error of immunity characterized by CD4+ T cell lymphopenia, severe chronic viral infections (e.g., EBV infection associated with lymphoproliferative disease or lymphoma), and defective T lymphocyte activation. Flow cytometry was used by the authors to characterize several immunological defects, but not the expression of MAGT1, which was investigated by Western blots. A reduced CD69 expression by CD4+ T cells after anti-CD3 stimulation was identified, while the response to phorbol 12-myristate 13-acetate (PMA) plus Ionomycin was normal, thus suggesting a specific defective TCR signaling that was confirmed by impaired NF-κB and NFAT nuclear translocation using confocal microscopy. Reduced levels of naïve CD4+ T cells (CD27+, CD45RO−) expressing CD31, a cell surface marker of naive TREC-rich T cells, suggest a diminished thymic output (159–161). Kinetic analysis by flow cytometry also revealed abrogation of TCR-induced Mg2+ influx, which can be detected by the Mg2+-specific fluorescent probe, MagFluo4 (68). Another immunologic feature of the disease is the impaired cytotoxic function of NK and CD8+ T cells. Chaigne-Delalande et al. (162) elegantly demonstrated that decreased intracellular free Mg2+ causes impaired expression of the natural killer activating receptor NKG2D in NK and CD8+ T cells, impairing cytolytic responses against EBV.



PRKCD Deficiency

Protein kinase C delta (PKCδ) (69–71, 163) belongs to a family of at least 11 serine/threonine kinase members involved in several pathological conditions (164, 165). Mutations in this gene cause a monogenic disease that presents either as SLE-like disease or as autoimmune lymphoproliferative syndrome (ALPS)-like disorder. PKCδ deficiency is associated with uncontrolled lymphoproliferation and chronic EBV infection. Immunologically, human PKCδ deficiency results in a B cell disorder characterized by B cell resistance to apoptosis, B cell hyperproliferation, increased production of autoantibodies, and decreased numbers of memory B cells (69–71, 163). A similar phenotype has been identified in PKCδ knockout mice (166–168), demonstrating the essential role of PKCδ in B cell tolerance. Flow cytometry applications to investigate this disease are designed to demonstrate increased B cell proliferation after anti-IgM stimulation, resistance to PMA-induced cell death (70), and the almost absence of CD27 expression on B cells (69), i.e., absence of memory cells.



X-Linked Lymphoproliferative Syndromes

X-linked lymphoproliferative syndrome (XLP) is a PID that presents with severe or fatal EBV infection, acquired hypogammaglobulinemia, malignant lymphoma, and HLH (72, 169). Most XLP cases are due to mutations in the SH2 domain protein 1A (SH2D1A) gene (XLP type 1), which encodes the signaling lymphocytic activation molecule (SLAM)-associated protein (SAP) (72). SAP is an adapter molecule that controls several signaling pathways involved in lymphocyte activation, proliferation, cytotoxicity, and also promotion of apoptosis [Figure 4; (170–172)]. The defect in antibody production exhibited by SH2D1A-deficient patients probably arise from impaired CD4+ T cell interaction with B cells rather than an intrinsic B cell failure (169, 173).

Mutations in the gene encoding the X-linked inhibitor of apoptosis (XIAP), which inhibits caspase-3,−7, and−9 by direct binding (174), are responsible for XLP type 2 syndrome (73).The clinical phenotype and the disease pathogenesis have been reviewed and compared in detail elsewhere (129, 172, 175, 176). Flow cytometry can be used to evaluate apoptosis, in order to distinguish both XLP forms. Due to the distinct physiological roles of SH2D1A and XIAP, enhanced apoptosis of T lymphocytes is observed in patients with XIAP-deficiency, while the absence of SAP in SH2D1A deficiency is consistently associated with impaired cell apoptosis (133, 170, 172). This might explain why cytopenia is common in XIAP but not in SH2D1A deficiency (129). The EBV-associated immune dysregulation in XIAP deficiency might, in part, be due to the combination of an intrinsic exacerbated proliferation of immune cells plus the incapacity to respond to EBV. The lymphoproliferative disease reported in SH2D1A deficiency seems to be more the consequence of extrinsic and constant stimulation induced by EBV that cannot be properly controlled. For both XLP forms, flow cytometry to test intracellular testing for SAP and XIAP protein expression is available [Figure 6; (34)]. In addition, flow cytometric testing has demonstrated that the absence of SAP or XIAP proteins results in reduced numbers of circulating NKT (Vα24TCR+/Vβ11TCR+) cells (73).
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FIGURE 6. Disease-specific flow cytometry tests for PIDs with immune dysregulation. The histograms show the normal expression of SAP and XIAP from healthy control lymphocytes (upper panels) compared with the absent expression of SAP and XIAP in lymphocytes from patients with X-linked lymphoproliferative syndrome type 1 (XLP1) and XLP2 (lower panels), respectively. The dot plot exhibits the absence of nuclear forkhead box P3 (FOXP3) expression in CD4+CD25+ regulatory T cells from patient PBMCs with immune dysregulation, polyendocrinopathy, enteropathy, X-linked inheritance syndrome (IPEX) (bottom right panel) compared with healthy control PBMCs (top right panel).






SYNDROMES WITH AUTOIMMUNITY

The second major group of diseases of immune dysregulation named “Syndromes with Autoimmunity and Others,” is subdivided based on the increased percentage of CD4−CD8−TCRα/β (double negative [DN] T cells), on Treg defects, and the development of colitis (24). The 21 disease-causing genes belonging to this group are represented in Figure 7 as well as a summarized guideline (Figure 8) which describes the flow cytometric assays required to diagnose patients with syndromes that include autoimmunity.
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FIGURE 7. Inborn errors of immunity that cause Syndromes with autoimmunity and others. The illustration demonstrates the mutated genes associated with syndromes with autoimmunity, and are shown with different colored backgrounds. To allow a better comprehension of signaling pathways, other molecules (TCR, CD3, CD28, CD80, and CD86) not associated with syndromes associated with autoimmunity are shown in white background. Nomenclature as designated by the 2017 IUIS phenotypic classification of PIDs (24). The illustration was constructed using Motifolio Drawing Toolkits (48).
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FIGURE 8. Flowchart depicting the recommended immunophenotypic analysis used to define the molecular genetic defects of patients with immunodeficiency syndromes with Autoimmunity. In those cases with normal protein by flow cytometry, if there is a strong clinical indication for a specific immune dysregulation disease, it is recommended to perform gene sequencing to exclude missense mutations that do not impair protein expression. It is estimated that mutations in the FAS receptor are the most frequent pathology of ALPS (≅70% of genetically defined ALPS) (177, 178). However, the frequency of other immune dysregulation syndromes remains unknown. Bold and italic texts are disease-specific and non-disease specific flow cytometry tests, respectively.



Syndromes Associated With an Increased Percentage of CD4−CD8−TCRα/β Cells


Autoimmune Lymphoproliferative Syndromes (ALPS)

TCRα/β DN T cells are useful biomarkers, frequently elevated in children with autoimmune lymphoproliferative syndromes (ALPS) (179). The immunological functions of these cells have been reviewed in detail elsewhere (180). However, their precise role in the pathogenesis of autoimmune diseases is not well understood (179). ALPS is caused by mutations in five different genes: FAS, FASL, FADD, CASP8, and CASP10. The interaction between Fas (CD95) and Fas ligand or FasL (CD178), both expressed by activated T lymphocytes (the former also present on other cell types), triggers the formation of a death-inducing signaling complex (181, 182). This process involves the recruitment of Fas-associated death domain (FADD), cysteine-aspartic acid protease 8 (CASP8), and CASP10, initiating a cascade of signaling events that result in apoptotic cell death (183). This process regulates lymphocyte life span and promotes the elimination of autoreactive lymphocytes (Figure 7). The syndromes caused by mutations in these five genes have been classified by the National Institutes of Health (NIH) (177) as ALPS-FAS cell surface death receptor (the most frequent) (75), ALPS-FASL (76), ALPS-Caspase 8 (77), ALPS-Caspase 10 (78), and the FADD-deficiency (79). These disorders generally present as lymphadenopathy, splenomegaly, and autoimmune manifestations such as autoimmune hemolytic anemia, and severe recurrent thrombocytopenia (75–79, 184). Laboratory findings also include polyclonal hypergammaglobulinaemia, T lymphocyte apoptosis defect, and increased percentages of TCRα/β DN T cells (177).

Flow cytometry analysis demonstrates defective T cell apoptosis in response to anti-Fas antibody, recombinant FasL, or after phytohaemagglutinin (PHA)-/IL-2 stimulation by using FasT Kill assays or AV/PI or 7-AAD-staining. The technique of detecting increased percentages of TCRα/β DN T cells within peripheral blood mononuclear cells (PBMCs) is well established (76, 185, 186). Moreover, protein expression of FAS (187) and FASL (186) (both after T-cell blast generation by PHA plus IL-2) by flow cytometry is available to investigate ALPS-FAS and ALPS-FASL, respectively. Although the other ALPS forms (due to FADD (79), CASP8, or CASP10 deficiency) have not yet been studied by flow cytometry due to the unavailability of specific fluorescent conjugated antibodies, mutations in the FAS receptor is the most frequent disease form of ALPS found in ~70% of genetically defined ALPS (177, 178) thereby making flow cytometry an essential screening tool for patients suspected to have ALPS.



STAT3 Gain-of-function Mutations

While heterozygous germline inactivating mutations in the signal transducer and activator of transcription 3 (STAT3) with dominant negative effect cause autosomal dominant hyper IgE syndrome (188), heterozygous gain-of-function (GOF) mutations in STAT3 result in an ALPS-like phenotype (81). Patients can develop early-onset poly-autoimmunity (e.g., type 1 diabetes), autoimmune hypothyroidism, enteropathy, pulmonary disease, cytopenias, arthritis, short stature, myelodysplastic syndrome, aplastic anemia, and lymphocytic leukemia (81, 189, 190). Increased percentages of TCRαβ+-DN T cells are occasionally identified (189). So far, STAT3 GOF mutations have been shown to enhance transcriptional activity and delay dephosphorylation of STAT3, without inducing constitutive phosphorylation as shown by flow cytometry studies. In agreement with the involvement of STAT3 in the inhibition of Tregs (191, 192) and enhancement of Th17 cell differentiation (193), flow cytometry has also shown increased Th17 levels while the FOXP3+CD25+ Treg population is reduced and the expression of CD25 (IL2RA) is decreased in patients with STAT3 GOF mutations (189). Due to its activity as a repressor of FAS-FASL activity, decreased FASL-induced apoptosis has been observed (190).



LRBA Deficiency

Mutations in the lipopolysaccharide responsive beige-like anchor protein (LRBA) gene cause a common variable immunodeficiency (CVID)-like disease with predominant antibody deficiency (hypogammaglobulinemia) and autoimmunity (e.g., autoimmune hemolytic anemia as well as atrophic gastritis with autoantibodies against intrinsic factor, autoimmune enteropathy, hypothyroidism, myasthenia gravis, polyarthritis), and inflammatory bowel disease (80, 194, 195). The phenotype of LRBA deficiency has been well-characterized elsewhere (196). LRBA is highly expressed in immune cells such as T and B cells (80). The application of flow cytometry to screen patients with LRBA deficiency has been recently developed (197) as well as its application to evaluate several immunopathological mechanisms of this disease. More than 70% of the LRBA-deficient patients have reduced levels of Tregs (196) (CD4+CD25+FOXP3+), which may be related to the low surface expression of cytotoxic T lymphocyte–associated antigen 4 (CTLA4 or CD152) (198). CTLA4 is a cell surface molecule required for the proper suppressive function of Tregs (199–201). The reduced CTLA4 levels can be explained by the fact that LRBA is a regulator of CTLA4 vesicle trafficking [Figure 5; (197)]. Increased percentages of TCRα/β DN T cells have been found in up to 50% of LRBA-deficient patients (196). Several other defects associated with LRBA deficiency have been identified by flow cytometry (80). Among them are increased B cell apoptosis, low levels of IgG+IgA+CD27+ switched-memory B cells, reduced B cell proliferation, and impaired activation (as measured by CD138 expression).




Defective Regulatory T Cells

The next two subgroups of Syndromes with Autoimmunity are based on the presence or absence of Treg defects (24). Tregs play a central role in peripheral immune tolerance, which controls the response of mature B and T cells that egressed from the primary lymphoid organs (202–204). Several autoimmune diseases have demonstrated the essential role of Tregs (202, 205), whose development is orchestrated by the transcription factor FOXP3.


Immune Dysregulation Due to Abnormal Tregs


IPEX

The immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by loss of function mutations in the FOXP3 gene (82). Clinical, immunological, and molecular features of IPEX syndrome have recently been characterized in a large cohort of patients (206). Flow cytometry of CD4+FOXP3+CD25+ cells is well established to screen patients suspected to have IPEX who normally have low or absent nuclear FOXP3 expression in Tregs [Figure 6; (34)]. However, patients with missense mutations in FOXP3 may present with normal protein expression and are not suitable for flow analysis. The identification of FOXP3 mutations is essential to differentiate patients with IPEX from those with IPEX-like syndromes caused by mutations in other immune regulatory genes (e.g., LRBA, CTLA4, and CD25) (83, 206).



CD25 deficiency

Although CD25-deficient patients display normal percentage of FOXP3+ cells, mutations in the CD25 gene, which encodes the high-affinity subunit IL-2 receptor alpha chain (IL-12RA) of the tripartite receptor for IL-2 (83), causes an IPEX-like syndrome. This observation is explained by the fact that CD25, which can be detected by flow cytometry, is required for the production of the immunoregulatory cytokine IL-10 by Tregs (207). This suggests that CD25 is required for the function but not the survival of Tregs (207). CD4+ lymphocytes are decreased in numbers, and the proliferative response following stimulation with anti-CD3, PHA, or other mitogens is diminished (208). In addition, CD25 deficiency decreases apoptosis in the thymus, impairing negative selection of autoreactive T cell clones, resulting in inflammation in multiple organs (208).

Flow cytometry has also defined a role of CD25 in NK cell maturation and function, as suggested by the accumulation of CD56brightCD16high and reduced frequency of CD56dimCD16hi NK cell in the peripheral blood as well as the expression of higher amounts of perforin and granzyme B. Increased degranulation (by increased CD107a expression) while reduced IFN-γ production by NK cells has also been reported (209).



CTLA4 deficiency

Mutations in the inhibitory receptor CTLA4, which acts to terminate the proliferation of activated T cells, have recently been recognized as a monogenic cause of CVID (210, 211). Therefore, for diagnostic assays of CTLA4, LRBA, and BACH2, defects in these molecules need to be evaluated in parallel (Figure 7; see section BACH2 Deficiency). CTLA4 is also constitutively expressed by Tregs and functions as a key checkpoint molecule for immune tolerance (211, 212). Details of CTLA4 biology and immunophenotyping of CTLA4 haploinsufficiency have recently been reviewed (213, 214). Briefly, CTLA4 competes effectively with CD28 because of higher affinity for binding to the costimulatory molecules CD80 and CD86, which are expressed on the surface of antigen-presenting cells (215). Patients with CTLA4 haploinsufficiency develop a T cell hyperproliferative syndrome resulting in lymphocytic infiltration of multiple organs (e.g., brain, gastrointestinal, and lung), autoimmune thrombocytopenia, hemolytic anemia, and other cytopenias, as well as hypogammaglobulinemia (84, 210), and increased susceptibility for cancer (216). Decreased CTLA4 expression can be demonstrated by flow cytometry. This tool is also useful to assess the effect of different mutations on CTLA4 function, which would normally require complex assays. For instance, flow cytometry can be used to demonstrate that CTLA4 loses its ability to interact with its natural ligands (CD80 and CD86), to traffic from the intracellular compartment to the cell membrane, and to inhibit T cell activation by physical removal of CD80/CD86 by CTLA4-mediated trans-endocytosis (211, 217, 218).



BACH2 deficiency

The gene encoding the BTB and CNC homology 1, basic leucine zipper transcription factor 2 (BACH2) is involved in the maturation of T and B lymphocytes. BACH2 is required for class switch recombination (CSR), somatic hypermutation (SHM) of immunoglobulin genes, and generation of regulatory T cells (219, 220). BACH2 haploinsufficiency has recently been associated with CVID and lymphocytic colitis. Low BACH2 protein expression in CD4+, CD8+ T and B lymphocytes can be demonstrated by flow cytometry, together with significantly decreased numbers of Foxp3+ Treg cells, increased Th1 cells, reduced CD19+CD27+ memory, and low IgG class-switched CD27+IgG+ B cells (85).




Normal Treg Function


APECED

The discovery that mutations in the autoimmune regulator (AIRE) gene cause the autoimmune-polyendocrinopathy-candidiasis-ectodermal-dystrophy (APECED) syndrome (221) provided the novel concept that a monogenic defect can cause a systemic human autoimmune disease (86). The endocrinopathies presented by APECED patients are characterized by hypoparathyroidism, hypothyroidism, adrenal failure, gonadal failure, and autoimmune hepatitis. The ectodermal dystrophies comprise vitiligo, alopecia, keratopathy, and dystrophy of dental enamel, nails, and tympanic membranes (86, 222).

AIRE mediates central T cell tolerance by promoting the expression of thousands of tissue-specific self-antigens by medullary thymic epithelial cells (mTEC), leading to the deletion of T cells with strongly self-reactive TCR (223). Extrathymic AIRE expression has recently been reported in response to antigen and interleukin 2 stimulation in human peripheral blood cells such as CD4+ T cells, suggesting a role of AIRE in mature lymphocytes (224). However, there is no flow cytometry assay available to analyze AIRE expression in peripheral blood lymphocytes. To explore the expression of AIRE in CD4+ T cells to screen patients with APECED could improve the precise diagnosis of this disease, once the screening is currently based on the presence of the classical triad of CMC, hypoparathyroidism and adrenal insufficiency (Addison's disease) (225).



Tripeptidyl-peptidase II deficiency

Tripeptidyl peptidase II (TPPII) is a cytosolic peptidase that works downstream of proteasomes in cytosolic proteolysis by trimming proteasomal degradation products [Figure 7; (226)]. TPPII modulates several cellular processes, including antigen presentation by major histocompatibility complex (MHC) I molecules, T cell proliferation, and survival (87, 227). Among others, patients with TPPII deficiency develop autoimmune manifestations (e.g., immune hemolytic anemia, immune thrombocytopenia, and other cytopenias), and they are susceptible to viral infections such as CMV and severe chickenpox (87).

Although not used to assess TPPII expression in lymphocytes for establishing the diagnosis of TPPII deficiency, flow cytometry has been broadly employed to immunophenotypes and characterize lymphocyte function in affected patients. Lymphocytes from TPPII-deficient patients express higher levels of HLA class I molecules, present a skewed T-effector memory phenotype, and have a predominant CD8+CD27−CD28−CD127− phenotype (87), which has been associated with enhanced effector functions and increased percentages of IFN-γ- and IL-17- positive T cells, as well as high levels of T-bet and perforin expression. Defective lymphoproliferation and increased susceptibility to apoptosis were also characterized by flow cytometry using Carboxyfluorescein succinimidyl ester (CFSE) and AV/PI. Furthermore, the patients showed increased levels of CD21low cells, an autoreactive B cell population often associated with CVID and autoimmune diseases. CD21low B cells are thought to have undergone activation and proliferation in vivo while exhibiting defective proliferation in response to B cell receptor stimulation (228, 229).



JAK1 gain-of function

The janus kinase 1 (JAK1) plays a central role in cytokine (e.g., interferon-α, IFN-γ, IL-6) signaling by phosphorylating STAT proteins (e.g., STAT1, STAT2, and STAT3). STAT proteins translocate to the nucleus and activate the transcription of many genes involved in immune responses (230). A family with a JAK1 germline GOF mutation that causes a systemic immune dysregulatory disease has recently been reported. Affected patients present with severe atopic dermatitis, profound eosinophilia, and autoimmune thyroid disease. A phospho-flow cytometry assay was able to demonstrate increased JAK1 and STAT1 phosphorylation at baseline and following IFN-α stimulation as well as enhanced IL-6-induced STAT3 phosphorylation (88).



Challenges to evaluating Treg function by flow cytometry

Due to their relevant pathophysiological role in the maintenance of immune homeostasis, we briefly reflect on the challenges associated with evaluating Treg number and function by flow cytometry. Distinct markers have been used to characterize human CD4+ regulatory T cells since their first ex-vivo characterization in 2001 (231–233). The stable expression of the transcription factor FOXP3 represents one of the hallmarks of Tregs in both human and mice (234) and has been used to evaluate Tregs by flow cytometry, not only in PIDs with immune dysregulation but also other human diseases, including cancer (235) and diabetes (236). However, the functional characterization of human Tregs by flow cytometry still represents a challenge due to several factors; (I) FOXP3 can also be transiently expressed by activated CD4+ T cells (237, 238); (II) FOXP3 evaluation requires the permeabilization of the nucleus membrane thereby impeding the possibility of FACS-sorting; (III) Circulating Tregs represent a very low frequency of the blood composition (representing 10% of the CD4+ T cell compartment) and therefore a large number of PBMCs are required for adequate analysis. (IV) Classic Treg definition requires the ex-vivo evaluation of their suppressive capability.

Phenotypically, the evaluation of Tregs goes beyond the expression of FOXP3 in CD4+ T cells, requiring the combination of distinct surface markers. In order to detect the high expression of the alpha chain of the IL-2 receptor (CD25) (232, 233), flow cytometric panels have shown that Treg cells exhibit low expression of both CD45RA (239) and IL-7 alpha receptor (CD127) (240, 241). Recent works have also shown that Tregs from tissues might express high levels of activation markers such as the coinhibitory receptor T cell Ig and ITIM domain (TIGIT) (242), the inducible T-cell co-stimulator (ICOS) (243), and the ectonucleotidase CD39 (244–246), which could be used for further ex-vivo isolation and characterization.

Another challenge for the laboratorial evaluation of Tregs consist of the low frequency of these cells in peripheral blood, which limits adequate functional assessment of these cells. To overcome this limitation, in vitro strategies for Treg expansion may include an initial cell enrichment step by selecting T cells, phenotypically characterized by CD4+CD25highCD127low expression, that will subsequently be subjected to cell culture in the presence of IL-2, rapamycin or TCR-stimulation (e.g., anti-CD3 or APCs) (247–249). These strategies may be considered to achieve the number of cells required for screening or classical suppression assays using cells from patients with PIDs and immune dysregulation. In this context, Tregs are co-cultured and proliferated with conventional CD4+ T cells or CD8+ T cells under polyclonal stimulation followed by assessing suppression of proliferation with fluorescent-labeling methods. The ratios of Tregs to target cells, duration of co-culture and readout need to be adapted to each set of assays, considering variation of donors, cell viability and the sensitivity of the suppression method (250).




Immune Dysregulation With Early Onset Colitis


IL-10, IL-10Ra, and IL-10Rb Deficiencies

Interleukin 10 (IL-10) is an important anti-inflammatory cytokine produced by cells like APCs. Early-onset (within the first months of life) of severe inflammatory bowel disease (EO-IBD), i.e., Crohn's disease and ulcerative colitis (UC), can be caused by IL-10 and IL10- receptor deficiencies (89, 90, 251). The expression of both IL-10 receptor alpha (IL-10RA) and IL-10 receptor beta (IL10RB) can be assessed by flow cytometry (90). Of note, IL-10 binds to its receptor, leading to the activation of the JAK1-STAT3 pathway [Figure 9A; (252)]. Normal or defective IL-10-induced phosphorylation of STAT3 in T cells has been evaluated by flow cytometry to distinguish patients with EO-IBD due to IL-10 or IL-10R deficiencies (Figure 9B). Recombinant IL-6 or IL-23 are used in parallel with IL-10 as stimuli to distinguish the specificity of IL-10 or IL10R deficiencies.


[image: Figure 9]
FIGURE 9. IL-10 and IL-10 receptor deficiencies and the relevant role of flow cytometry analysis for precise diagnosis. (A) The interaction between IL-10 and its receptor (left side) as well as the downstream signaling events (right side) are exhibited. The red X highlights the IL-10 and IL-10 receptors (IL-10RA/B) that if mutated cause immune dysregulation with early onset colitis. (B) Flow cytometric histograms from a healthy control and an IL-10RA deficient patient, in resting or after IL-23 or IL-10 stimulation, illustrating the importance of flow cytometric application for functional assessment of inborn errors of immunity.







CONCLUSION AND FUTURE PERSPECTIVES

Since the identification of the specific mutation is the definitive approach for a specific molecular diagnosis, flow cytometry represents an extremely useful and versatile tool to effectively and rapidly evaluate patients with PIDs at relatively low costs (32–35). Of note, most of the other PIDs associated with immune dysregulation (Figure 3) seem to be rare diseases. This current landscape is also influenced by the fact that, while some diseases have been described earlier (e.g., mutations in FAS, FASL, and LYST) (75, 184) and investigated in more detail, the molecular defects that cause most PIDs with immune dysregulation have only recently been discovered (Figure 1). However, we can confidently estimate that PRF1 deficiency accounts for 30–50%, and UNC13D deficiency for up to 20% of all FHL cases (34, 105, 108, 123), and mutations in the FAS receptor are the most frequent cause of ALPS [~70% of genetically defined ALPS (177, 178)]. The incidence of several other PIDs with immune dysregulation remains to be determined when additional patients are discovered. While more than 250 patients with Chediak–Higashi syndrome due to LYST deficiency were described 13 years ago (? ), other PIDs we included in this review have been reported only in the last decade and we expect that only a small proportion of these patients have been discovered to date. The establishment of more laboratories capable of molecularly characterizing PIDs with immune dysregulation syndromes throughout the world, including developing countries, will be essential in advancing this new field of immunology. This will allow us to elucidate which defects are indeed rare or common.

Since these syndromes are rare, there is not a high request of specialized assays (e.g., FAS/FASL expression) when compared to other less specialized laboratory tests (e.g., complete blood count and quantitative immunoglobulins determination). Consequently, while the former assays are routinely only performed in PID research centers (often in state universities), which are supported by research grants, less specialized examinations are broadly available in most laboratories. We hope that improving the diagnoses of previously described and newly discovered PIDs with immune dysregulation will encourage governments and other funding sources to promote the establishment of new PID specialized laboratories in underserved geographic areas such as developing countries, where the true incidence of PIDs with immune dysregulation remains to be determined.

Finally, beyond its utility as a screening tool for patients with symptoms of immune dysregulation, flow cytometry has helped to characterize novel immunopathological mechanisms of several recently reported new PIDs. However, new flow cytometric technologies such as time-of-flight mass cytometry (CyTOF) (253) have not yet been applied for characterizing the immunopathology of immune dysregulation syndromes. Equally, flow cytometry is not currently applied in the context of systems immunology studies (254, 255) to better understand the immunopathology of diseases of immune dysregulation. For instance, traditional flow cytometry can be used to validate the findings obtained from combinatorial techniques such as CyTOF with high-throughput sequencing of mRNA (RNA-seq) or mass spectrometry, and uncovering systemic immunology defects (256, 257). Systems immunology will provide a more comprehensive understanding of the role of specific molecules across immune cells, potentially revealing novel therapeutic targets for patients with diseases of immune dysregulation.
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B-cell precursors (BCP) arise from hematopoietic stem cells in bone marrow (BM). Identification and characterization of the different BCP subsets has contributed to the understanding of normal B-cell development. BCP first rearrange their immunoglobulin (Ig) heavy chain (IGH) genes to form the pre-B-cell receptor (pre-BCR) complex together with surrogate light chains. Appropriate signaling via this pre-BCR complex is followed by rearrangement of the Ig light chain genes, resulting in the formation, and selection of functional BCR molecules. Consecutive production, expression, and functional selection of the pre-BCR and BCR complexes guide the BCP differentiation process that coincides with corresponding immunophenotypic changes. We studied BCP differentiation in human BM samples from healthy controls and patients with a known genetic defect in V(D)J recombination or pre-BCR signaling to unravel normal immunophenotypic changes and to determine the effect of differentiation blocks caused by the specific genetic defects. Accordingly, we designed a 10-color antibody panel to study human BCP development in BM by flow cytometry, which allows identification of classical preB-I, preB-II, and mature B-cells as defined via BCR-related markers with further characterization by additional markers. We observed heterogeneous phenotypes associated with more than one B-cell maturation pathway, particularly for the preB-I and preB-II stages in which V(D)J recombination takes place, with asynchronous marker expression patterns. Next Generation Sequencing of complete IGH gene rearrangements in sorted BCP subsets unraveled their rearrangement status, indicating that BCP differentiation does not follow a single linear pathway. In conclusion, B-cell development in human BM is not a linear process, but a rather complex network of parallel pathways dictated by V(D)J-recombination-driven checkpoints and pre-BCR/BCR mediated-signaling occurring during B-cell production and selection. It can also be described as asynchronous, because precursor B-cells do not differentiate as full population between the different stages, but rather transit as a continuum, which seems influenced (in part) by V-D-J recombination-driven checkpoints.

Keywords: next generation sequence (NGS), immunoglobulin repertoire, bone marrow, flow cytometry, precursor B-cell


INTRODUCTION

B cells arise from hematopoietic stem cells in bone marrow (BM) and develop in a stepwise manner (1, 2). Identification and characterization of the different B-cell precursor (BCP) subsets contributes to the understanding of normal B-cell development (3, 4). Currently, it is accepted that expression of the PAX5 transcription factor triggers commitment to the B-cell lineage through the expression of B-cell specific genes such as CD79a (or Igα) and CD19, while suppressing B-lineage inappropriate genes. Since cytoplasmic expression of CD79a (cyCD79a) is one of the first signs of B-cell lineage commitment, human cyCD79a+ CD19- cells are defined as pro-B cells, followed by CD19 expression in pre-B-I cells. During this stage, V-D-J recombination of the immunoglobulin (Ig) heavy chain (IGH) locus is initiated by the recombination activating genes (RAG1 and RAG2) (5–11). If this rearrangement process results in a functional protein, Igμ heavy chain is expressed in the cytoplasm (cyIgμ), which defines the pre-BII-stage. Whenever rearrangement of the first allele does not result in a productive Igμ molecule, the second allele will be rearranged. Igμ is expressed on the cell membrane together with the surrogate light chains λ14.1 and VpreB as pre-B-cell receptor (pre-BCR) (12, 13). Pre-BCR signaling triggers a cascade of events including downregulation of the recombination machinery to ensure allelic exclusion and subsequent proliferation, followed by opening of the Ig light chain (IGL) locus, which is being rearranged under the influence of a second expression wave of RAG1 and RAG2 (10, 14). After successful IGL rearrangement, a functional BCR in the form of a complete IgM molecule is expressed on the cell surface membrane, defining progression to the immature B-lymphocyte stage. Subsequent IgD expression on the plasma membrane of IgM+ immature B-cell leads to the differentiation into mature naive B-lymphocytes, which are released from BM to peripheral blood (PB). In addition to the above described changes in rearrangement status and expression of Ig molecules, BCP undergo also other maturation-associated immunophenotypic changes. Whereas, Pro-B cells express stem cell markers such as CD34 and CD10, later stages start to express B-cell specific markers such as CD19 and CD20. Additionally, cells that are in their rearrangement process express TdT in two waves, one during the IGH gene rearrangements and another during the IGL gene rearrangement which ensures junctional diversity by random addition of non-templated nucleotides at the joining sites of the V, D, and J genes. Expression of these markers and the different variants of the immunoglobulin (BCR) complex-molecules can be studied with flow-cytometry (15).

Most knowledge about B cell development in BM came from mouse studies; however, detailed insight into normal human BCP development is important to identify and unravel pathophysiological processes in hematological malignancies and primary immunodeficiencies (PID), caused by genetic defects (16). In turn, BCP analysis in genetically-defined PID can help elucidating the role of specific genes in BCP development (13, 17), because absence (or dysfunction) of essential proteins cause a full or incomplete block of maturation at specific developmental stages (18–20).

Here, we studied BCP differentiation in BM from both healthy controls and patients with a well-defined genetic defect in V(D)J recombination or pre-BCR signaling, to further unravel the normal immunophenotypic profiles of BM BCP at distinct stages of maturation and to determine the type of differentiation blockades caused by specific genetic defects. In multiple cycles of design, testing, evaluation, and redesign, we developed a 10-color antibody combination and applied novel data analysis strategies based on multivariate (principal component and viSNE) analysis (21) that allowed more detailed characterization of previously described BCP populations. This 10-color antibody combination was first validated against a conventional 4-color panel (7, 15, 18, 22). Secondly, we analyzed Ig gene rearrangement status and the gating strategy based on BCR-associated markers (cyCD79a, cyIgμ, IgM, IgD, CD19) was compared with gating based on membrane markers such as CD10 and CD20, as also done in the literature (7, 23–25). Gating based on BCR-associated markers allowed us to define the crucial steps of B cell development better than gating based on other non-BCR-associated surface markers alone, while intracellular markers emerged as essential to adequately delineate BCP development.



MATERIALS AND METHODS


Bone Marrow Samples

BM samples from healthy controls were left over samples from healthy children who donated BM for transplantation into a diseased sibling or were collected from patients that had a BM biopsy to rule out other diseases than lymphoid PID. The latter BM samples were considered to be normal when no malignant cells were detected in combination with a normal BCP differentiation pattern upon standard diagnostic testing. Patient BM samples were collected for PID-diagnostics. Both normal BM samples and patient BM samples in this study were obtained with informed consent according to the guidelines of the local medical ethics committee of the Erasmus MC (MEC-2013-026) and the LUMC (P08.001).



Flow Cytometric Immunophenotyping and Repertoire Analysis of Bone Marrow

Flow cytometric immunophenotyping of BM samples was performed on a LSR Fortessa (BD Biosciences, San Jose, CA) with instrument setting according to EuroFlow SOP (26). Following the EuroFlow bulk-lysis SOP (26, 27), cells were stained for surface membrane (sm) and intracellular markers in two consecutive steps. The following surface stainings -fluorochrome conjugate (clone)- were used: IgM-BV510 (MHM-88) CD38-BV605 (HIT2) and CD20-PB (2H7) were all from Biolegend (San Diego, CA); CD34-APC (8G12) and IgD-PeCF594 (IA6) were both from BD Biosciences); CD19-PC7 (J3-119) was purchased from Beckman Coulter (Fullerton, CA); and CD10-APC-C750 (HI10a) was obtained from Cytognos (Salamanca, Spain). Sustained cells were fixed and permeabilized using the Fix&Perm reagent kit (An der Grub, Vienna, Austria) according to manufacturer's instructions, and further stained for intracellular markers: IgM-PerCPcy5.5 (MHM-88) from Biolegend; TdT-FITC (HT6) purchased from (Supertechs, Rockville, MD); and CD79a-PE (HM47) purchased from Beckman Coulter) (see Table 1 for complete panel).


Table 1. Composition and technical information on reagents of the 10-color EuroFlow BCP tube.

[image: Table 1]

Patient BM samples were analyzed in parallel with a diagnostic 4-color panel as previously described (7, 18), for comparison of the new 10-color panel to the 4-color diagnostic panel (gold standard). Based on the 4-color protocol the main precursor B-cell populations were defined as follows: pro-B-cells as CD22+CD19−; pre-B-I cells as CD19+cyIgμ−, pre-B-II cells as CD19+cyIgμ+IgM−; immature cells as CD19+IgM+IgD− and CD19+IgM+IgD+. For calculation the composition of the precursor B-cell compartment mature B-cells are excluded, because mature B-cells can also arise from peripheral contamination. An overview of the antibodies used in all panels can be found in Table 1.

For data was analysis with Infinicyt (Version 1.8, Cytognos) and Cytobank (Cytobank, Inc, Santa Clara, CA, USA) software programs were used. Principle component analysis was performed with the Infinicyt software. This method calculates the most discriminating projections based on selected parameters, into a single Automated Population Separator (APS) bi-dimensional graph. Multiple APS graphs (APS1, APS2 etc.) can be generated, depending on which parameters contribute more or less to the principle components on the X-axis and Y-axis. ViSNE projection (21) was calculated using Cytobank (Cytobank, Inc, Santa Clara, CA, USA) (28). This method generates a 2D dotplot in which the X- and Y-axis are defined by virtual parameters called tSNE1 and tSNE2, in which all events are projected integrating information on all selected parameters. In a viSNE plot the distance of one event to other events represents how similar events are, with the most similar events plotting closest to each other (21).

For repertoire analysis, two BM samples without malignant cells and with normal BCP differentiation (determined with standard diagnostic testing) were enriched for B cells using a RosetteSepp human B-cell enrichment cocktail (Stem cell Technologies, Vancouver, Canada) according to the manufacturer's instructions, as described elsewhere (29). Subsequently, the B-cell enriched samples were frozen in liquid nitrogen and thawed prior to sorting. Sorting was done with the same 10-color antibody combinations as described above on an FACS Aria-III flow cytometer (BD Biosciences). After sorting, cells were washed and DNA was isolated using a direct lysis procedure as described elsewhere (30). From this DNA, IGH rearrangements were amplified in a 2-step PCR and sequenced by NGS. IGH rearrangements were amplified (35 cycles) using the forward VH1-6 FR2 and reverse JH consensus EuroClonality/BIOMED-2 primers, extended with Illumina P5 and P7 adapter sequence (31). Subsequently, PCR products were purified by gel extraction (Qiagen, Valencia, CA), followed by a nested PCR reaction (12 cycles) to include the sample-specific indices and Illumina sequencing adapters using primers from the Illumina TruSeq Custom Amplicon Index Kit (Illumina, San Diego, CA). The final PCR product concentration was measured using the Quant-it Picogreen dsDNA assay (Invitrogen, Carlsbad, CA). The libraries were analyzed by NGS (221 bp paired-end) on the MiSeq platform (Illumina, San Diego, CA, USA) with use of an Illumina MiSeq Reagent Kit V3, according to the manufacturer's protocol (Illumina, San Diego, CA, USA). Paired sequences were aligned using paired-end read merger (PEAR) (32), and the fastq files were converted to fasta files (33). Subsequently, the sequences were trimmed to remove the primer sequence and uploaded in IMGT/High-V-Quest (34); subsequently, the IMGT output files were analyzed using the ARGalaxy tool (https://bioinf-galaxian.erasmusmc.nl/argalaxy) (35). For analysis only a single sequence per clone (defined as same V gene, same J gene and the nucleotide sequence of the CDR3 region) were included. In-frame IGH rearrangements were defined to have an in-frame rearrangement without a stop codon. Unproductive IGH rearrangements were either out-of-frame rearrangements or in-frame rearrangements with a stop codon.




RESULTS


Subset Definition Based on BCR-Associated Markers Is Consistent Between Different Panels

To study human BM, we designed and validated a 10-color flowcytometry antibody combination to be stained in a single tube (Table 1), to make optimal use of available material and integrate information about both intracellular and extracellular markers on each individual cell. This 10-color tube was tested against a previously validated 4-color diagnostic panel (7, 18) using BM samples from healthy controls and PID patients. B cells and BCP were defined as cyCD79a+. The five major B-cell populations (pro-B, pre-BI, preB-II, immature and mature B cells) (Figure 1A) were gated based on the staining profiles for the BCR-associated markers CD19, nTdT, cyIgμ, IgM, and IgD (Figure 1B and Supplementary Material), as defined by the previously observed subset distribution with the 4-color panel used as gold standard. Since IgMD+ cells (mature B cells) can also be detected in peripheral blood (PB), they were not considered as a formal BCP stage. In ten independent (n = 4 controls and 6 patients) samples both panels revealed the same precursor B-cell subset distribution, as illustrated by three representative cases in Figure 1C: one of normal BCP development, a RAG deficient patient and a BTK deficient patient. This indicates that gating based on BCR-associated markers is consistent between both panels and gives comparable results in both healthy controls and PID patients with defects in BCR signaling or V(D)J recombination (Figure 1C).


[image: Figure 1]
FIGURE 1. Major BCP subsets in human bone marrow. (A) Schematic representation of the BCP subsets in human bone marrow, the green bars indicate when recombination processes take place. (B) Population definition based on BCR-related markers. All cyCD79a expressing cells are considered BCP or B cells. Pro-B cells are defined as CD19- TdT+, pre-BI cells are defined as CD19+ cyIgμ- IgM-, pre-BII cells are defined as CD19+ cyIgμ+ IgM-, immature B cells are defined as CD19+ IgM+ IgD- and mature B cells are defined as CD19+ IgM+ IgD+. (C) BCP subset distribution in the same sample that was acquired in parallel with two different panels. Population definition was in both cases done as indicated above.




B-Cell Populations Defined Based on BCR-Associated Markers Only Show Heterogeneous Intra-Population Phenotypes

Based on BCR-associated markers only (cyCD79a, CD19, cyIgμ, IgM, and IgD), 4 distinct subsets of BCP were identified/defined as described above. Further analysis of the expression profiles for other markers (i.e. TdT, CD34, CD10, CD20, and CD38) within these four B-cell populations showed highly heterogeneous patterns, particularly within pre-BI and pre-BII BCP (Figure 2A). Thus, pre-BI BCP were mainly TdT+ and CD34+, but some cells had lost one or both markers, while, at the same time, they were CD10+ and CD20- ruling out they could be unswitched memory B-cells. Similarly heterogeneous patterns of expression were observed for CD10 and CD38 (most cells being positive but a minority negative) and CD20 (most cells CD20- but some were CD20+), pointing out the existence of multiple subsets of pre-BI cells (Figure 2A). In turn, pre-BII cells, were cyIgμ-positive while mostly negative for CD34 and TdT, but with some CD34+ and TdT+ pre-B-II cells. CD20 expression was highly heterogeneous within this population with progressively more CD20 molecules per cell (Figure 2A). Multivariate (e.g., viSNE) analysis confirmed the presence of minor subsets of TdT− CD34− pre-BI B-cells and CD34+ TdT+ pre-BII cells, both populations showing progressively higher expression levels of CD20, similarly to immature B-lymphocytes (Figure 2B).


[image: Figure 2]
FIGURE 2. Heterogeneity within BCP subsets. (A) Dotplots of a representative normal bone marrow sample, showing all cyCD79a+ B cells in bone marrow. Populations of interest are highlighted in a different color: pro-B cells in pink, pre-B-I cells in green, pre-B-II cells in blue, immature cells in orange. (B) Results of a viSNE analysis of individual B-cell precursor subsets, represented by tSNE-1 vs. tSNE-2 plots. The color scale represents the intensity of the stain for individual markers: TdT, CD34, CD20, CD10, and CD38.




Asynchronous Expression of Non-BCR-Associated Markers in BCP Stages Defined by BCR-Associated Patterns

In order to gain further insight into the relationship between the pattern of expression of non-Ig related markers and cyIgμ, we compared BM pre-BI and pre-BII cells from controls to patients with RAG-deficiency and BTK-deficiency. As described above a fraction of all pre-BI cells in controls, loses CD34 and/or TdT expression, and some upregulate CD20 (Figure 3). In RAG-deficient patient, TdT expression remains intact, but loss of CD34 together with some upregulation of CD20 was observed. Thus, it appears that BCP can lose CD34 and upregulate CD20 in the absence of a functionally rearranged heavy chain while they do not loose TdT. In BTK-deficiency a similar profile was observed. In addition, within the pre-BII BCP of controls and BTK-deficient patients, some cells retained CD34 and/or TdT expression, although they already expressed cyIgμ. Since RAG deficient patients do not have pre-BII cells, we could not compare this subset for these patients. Altogether, there results point out the existence of different kinetics of expression of BCR-associated and other non-BCR-related markers during normal B-cell maturation. Additionally, RAG or BTK deficient cells can lose CD34 expression, without downregulating TdT.


[image: Figure 3]
FIGURE 3. pre-BI and pre-BII marker expression in control and patient samples. (A) Dot plots representing pre-BI cells from a control sample, and two patient samples, indicating the uncoupling of expression of cyIgμ and surface markers like CD34, CD20, and CD10. In both the control and the patients, cells without cyIgμ can lose CD34 expression and gain CD20 expression. (B) Dot plots representing pre-BII cells from a control sample, and two patient samples. In both the control and the patients, cells with cyIgμ expression can still express CD34 and TdT, and CD20 expression is heterogeneous.




Dissection of Multiple BCP Maturation Pathways in BM

Multivariate analysis of normal BM BCP based on all markers evaluated simultaneously revealed the existence of up to three (parallel) distinct maturation pathways, where the BCR-associated cyIgM and CD20 represent the major discriminating markers (Supplemental Figure 1). Based on a data set of 5 healthy control BM samples, a reference BM profile was built using the APS1 view –Principal Component (PC) 1 vs. PC2- of the in Infinicyt software (36) (Figure 4A), after plotting the 2SD lines corresponding to each reference population of normal BCP. Once this reference profile has been built, BCP events from a sixth, independent healthy donor was plotted against it (Figure 4B), the events neatly falling within the ranges of the other 5 healthy controls BM samples. In contrast, when BM BCP from a patient with RAG-deficiency and another child with BTK-deficiency were plotted against the reference profile, profiles with a clear blockade appeared with most cells exclusively present within the first maturation pathway. In the BTK deficient patient, a small fraction of the BCP cells reached the pre-B-II stage (Figure 4C). Furthermore, in this representation, some patient cells fell outside the 2SD lines of both pre-BI and pre-BII suggesting the existence of aberrant phenotypic profiles.


[image: Figure 4]
FIGURE 4. Supervised APS view of BCP populations in healthy bone marrow (n = 5) indicated by lines at 2SD intervals. (A) BCP populations in a pool of 5 healthy bone marrow samples that were used to create the APS view. Lines indicate the 2 SD range of each population, dot indicate individual cells. The different populations are indicated by the different colors. (B) 2 SD lines of BCP populations derived from a pool of 5 healthy donors, dots indicate total BCP from a sixth healthy donor, a RAG deficient patient and a BTK deficient patient, plotted against the reference pool. (C) Bars indicate the BCP subset distribution of each sample, compared to age matched controls (<5 years).




IGH Gene Rearrangement Profile of BCP at the pre-BI and pre-BII Stage Showing Distinct Patterns of Expression of CD34 and TdT

When we focused on the cells that were neither within the 2SD interval of the pre-BI cells nor in the 2SD interval of pre-BII cells, we found that they are present in normal BCP differentiation (between 1 and 3% of all BCP cells), although not as many as in the patient samples (Figure 5A). These cells are defined as pre-BI or pre-BII based on the absence or presence of cyIgμ, but the expression of TdT, CD34, CD10, and CD20 is asynchronous with their cyIgμ status (Figure 5B). We can divide the pre-BI cells in true pre-BI cells that are CD19+ cyIgμ- CD34+ TdT+ (pre-BI+/+) and another, more heterogeneous group that is CD19+ cyIgμ- but where CD34 and or TdT expression is negative (pre-BI–/–). These cells are not switched memory B cells coming from peripheral blood, because they all express both CD10 and CD38. The same split can be made within the pre-BII cells, dividing them in pre-BII cells that are CD19+ cyIgμ+ CD34− TdT− (pre-BII–/–) and a heterogeneous group that is CD19+, cyIgμ+ but that still have CD34, TdT or both these markers (pre-BII+/+). In the APS views that are based on all BCPs, these cells end up between pre-BI and pre-BII. If we create an APS view of only the pre-BI and pre-BII stages, we can examine how heterogeneous these populations are (Figures 5C,D).


[image: Figure 5]
FIGURE 5. Further dissection of the BCP compartment. (A) APS views indicating the cells that are outside the 2SD lines of the pre-B-I and pre-B-II populations of healthy controls. (B) Expression of CD34, TdT, CD10, and CD20 within cyIgμ- (in green) and cyIgμ+ cells. All cells here are CD19+ CD10+ CD38+ indicating that they are bone marrow derived B cells. (C) APS views indicating the cells that are outside the 2SD lines of the pre-BI and pre-BII populations of healthy controls, color coded as in B. (D) APS view supervised on pre-BI and pre-BII cells, separating the transitioning pre-B cells further. (E) Distribution of in-frame and out-of-frame DNA-rearrangements in sorted pre-B subpopulations. (F) CDR3 length of productive rearrangements of the four sorted pre-B-I and pre-B-II populations. (G) The proportion of CDR3 regions with ≥3, 2, 1, or 0 positive charges.




Rearrangement Status Classifies the Intermediate Stages

To further dissect this, we sorted the pre-B populations into four populations: pre-BI +/+ (CD19+ cyIgμ- CD34+ TdT+), pre-BI–/– (CD19+ cyIgμ− CD34- TdT−), pre-BII–/– (CD19+ cyIgμ+ CD34− TdT−) and pre-BII+/+ (CD19+ cyIgμ+ CD34+ TdT+). We isolated DNA from these subsets and sequenced complete IGH rearrangements using next-generation sequencing. We found that in the pre-BI+/+ cells, the majority of complete rearrangements is non-productive with an in-frame: non-productive ratio of 1:9, which is in line with the observation that these cells do not express cyIgu, yet (Figure 5E). In the pre-BII–/– cells, the in-frame: non-productive ratio is 4:1, with ~80% of rearrangements in frame, which is in line with the observation that these cells all express cyIgu. In the pre-BI–/– population, the in-frame: non-productive ratio is 3:1, and in the pre-BII +/+ population, this ratio is also 3:1. In these populations, the relative amount of in-frame complete rearrangements is approximately the same, however, in one population the cells do not express cyIgu, whereas they do in the other populations. This indicates that in the pre-BI–/– cells in-frame rearrangements are present, but they are either not productive (i.e., not leading to a functional protein) or they are not (yet) expressed. The pre-BII +/+ already express cyIgu, but did not yet downregulate CD34 and TdT. In addition, we analyzed the CDR3 lengths of the productive rearrangements as well as proportion of IGH CDR3s with ≥3, 2, 1, or 0 positive charges (Figures 5F,G). The CDR3 lengths of productive rearrangements of pre-B-I–/– cells were longer than the productive rearrangements of pre-B-I +/+ and pre-B-II cells, which could be explained by a lower number of nucleotide deletions. The proportions of IGH CDR3 charges did not differ between the four subpopulations.




DISCUSSION

In this study, we designed and validated a 10-color flow cytometry panel, to study human BCP development in BM of immune deficient patients at crucial developmental thresholds in more detail than was done previously. In our standardized measurements, we could reliably gate populations according to BCR-related markers. This allowed us to superimpose PID samples over healthy controls and describe the deviations from normal development as found in patients. Unexpectedly, when we included information from additional (non-BCR) markers, we found heterogeneity, especially within the preB-I and preB-II populations, during which V(D)J recombination takes place with expression of surface markers that seem asynchronous to the expression of cyIgμ. NGS analysis of complete IGH rearrangements in sorted populations was used to determine the rearrangement status at the DNA level.

We showed that BCR-related marker based population definition is consistent over samples and different panels, but this results in heterogeneous populations when other markers, like CD34, TdT, and CD20 are considered. Upon more in-depth study of expression patterns of these markers, we found that in some specific populations, expression of these markers is asynchronous to the process of BCR-formation. This effect is more visible in patients with defects in V(D)J-recombination. Specifically, we found that CD20 can be upregulated in the absence of cyIgμ expression and that cells can lose TdT expression and CD34 expression without having expression of heavy chain protein in the cytoplasm.

We combined the population-gating based strategy that is often used in flow cytometry with principle component analysis. We showed that the BCP populations seem to overlap, indicating a continuous process rather that a step-wise differentiation. This is in line with asynchronous marker expression that we see between surface markers e.g. each cell seems to up-and-down regulate its phenotype markers at its own pace. Even more, some phenotype markers that were previously thought to be V(D)J-recombination dependent, seem to progress even in the absence of cyIgμ expression, as indicated by loss of CD34 and gain of CD20 in patients with genetic defects in V(D)J-recombination. Some of the cellular phenotypes that we found in controls are more common in genetically defined patient samples. This indicates that, even though cells cannot successfully rearrange their IgH-locus, as is the case in RAG deficiency (10, 37), they will still lose CD34 expression as if they are progressing to the next stage. In addition to that, we found that CD20 expression is gradually increasing over the course of several stages. However, CD20 expression is heterogeneous in many populations. Especially in patient samples, we often detected high CD20 expression in populations that were assumed to be early in B-cell differentiation. Even though the exact role of CD20 on B cells is not found yet, it is still a useful marker indicating B-cell development and if highly expressed in combination with loss of CD10 and CD38, indicating maturity of the B cells. CD20 expression does not seem to be related with BCR-rearrangement.

Both in PID patients and in control samples, we identified cells outside the reference borders of the defined populations (e.g., pre-BI and pre-BII) in the APS plots, although the cell numbers were much lower in control samples. Especially in the RAG deficient patient this is striking, because it seems as if some cells can progress in surface marker expression by expressing CD20 and loosing CD34, without having a functionally rearranged heavy chain. This further supports the idea that expression of CD20 and CD34 is not in all cells strictly linked to IGH gene rearrangement status.

To further dissect this, we sorted preB-I and preB-II cells and further divided these populations based on their CD34 and TdT expression. DNA extracted from these cell populations was used to study complete IGH-rearrangements using NGS. In preB-I+/+ cells we showed that close to 90% of detectable IGH gene rearrangements are non-productive. Since these cells do not express cyIgu yet, we hypothesize that these cells have not yet obtained an in-frame IGH rearrangement, and thus they still express CD34 and TdT. In preB-II cells that are CD34- TdT-, around 75% of detectable IGH rearrangements were in-frame. These cells all express cyIgu, and some have an non-productive rearrangement on one allele combined with an in-frame rearrangement on the second allele, which explains the 25% of non-productive rearrangements in this population. The preB-II +/+ cells also contain ~75% of in-frame rearrangements. Possibly, these cells have only just completed their in-frame rearrangement, starting already expressing cyIgu but still need to downregulate CD34 and TdT. However, our data is not sufficient to conclude this. Also, we detected around 75% in-frame rearrangements in preB-I–/– cells. These cells have an in frame IGH rearrangement at the DNA level, but they do not (yet?) express cyIgu protein. To further investigate this, single-cell analysis on DNA, RNA and protein level might give further insight in how and why V(D)J recombination status and phenotypic marker expression are linked.

In conclusion, we have designed and validated a standardized 10-color staining and analytical tools for the analysis of BCP compartment in human BM. Our data indicate that BCP differentiation is not a single linear differentiation pathway, but rather a complex process of V(D)J recombination-driven checkpoints, divergence, parallel pathways and convergence to form a unique and functional BCR. The data also support the notion that B cell maturation is asynchronous, implying that precursor B-cells do not differentiate as full population between the different stages, but rather transit as a continuum, which can be influenced in part by V(D)J recombination-driven checkpoints. Due to this continuum, small populations of cells are captured as they transit between stages and, thus, have intermediate patterns of marker expression. Understanding the process of BCP differentiation requires an integrated approach of single-cell DNA, RNA and protein analysis, which can be applied for studying blockades in BCP differentiation pathways of genetically defined immunodeficient patients. We propose that our immunophenotyping panel can be used in multi-center studies with the standardization stringency developed by the EuroFlow consortium (26), thus allowing to mutually compare the data-files generated on patients with primary immunodeficiency with those of individuals with undisturbed B cell development.
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Adiponectin exerts beneficial pleiotropic effects through three receptors, AdipoR1, AdipoR2, and T-cadherin; it also exerts immunomodulatory effects. We previously demonstrated that adiponectin levels are altered in common variable immunodeficiency disease (CVID). The purpose of the present study was to investigate further the specific involvement of adiponectin in CVID by characterizing (i) the expression profile of adiponectin receptors on peripheral blood mononuclear cells; (ii) the levels of another relevant adipokine, namely leptin; (iii) the levels of five other cytokines (IL-2, IL-6, IL-10, TNFα, and IFNγ) in 24 patients on maintenance therapy, in 18 treatment-naïve patients (before and 24 h after the first Ig infusion) and in 28 healthy controls. We found that (i) adiponectin was down-expressed in patients on maintenance therapy and in treatment-naïve patients, and that it increased in treatment-naïve patients 24 h after the first Ig infusion; (ii) leptin expression did not differ between maintenance patients and controls either before or after the first Ig infusion; (iii) AdipoR1 expression was significantly higher on B lymphocytes, monocytes and NK cells of CVID patients than in controls; (iv) the expression of AdipoR1 and AdipoR2 on B lymphocytes, monocytes and NK cells was higher after the first Ig infusion than in treatment-naïve patients; (v) T-cadherin expression did not differ between treatment- naïve CVID patients and controls, and was not affected by Ig infusion; and (vi) IL-6, IL-8, IL-10, and TNFα levels were differently expressed in CVID patients on therapy maintenance and were not affected by the first Ig replacement therapy. This is the first study to demonstrate that the expression of AdipoRs in peripheral blood mononuclear cells from CVID patients differs from that of controls, and changes after the first Ig infusion. The specificity of adiponectin involvement in CVID is supported by the absence of changes in leptin levels and in the levels of the cytokines investigated. Taken together, these results suggest that the adiponectin system plays an important and specific role in CVID. A better understanding of adiponectin as a link in the cross-talk between the immune system and adipose tissue may provide additional benefits for the management of CVID patients.
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INTRODUCTION

Common variable immunodeficiency (CVID) comprises a group of heterogeneous disorders characterized by impaired antibody production (1, 2). It is the most common clinically symptomatic primary antibody disorder (prevalence: approximately 1:50.000 to 1:25.000) (3). CVID patients show also deregulation in the secretion of IL-2, IL- 4, IL-10, and IFN-γ by T cells (4). Adipose tissue is a source of adipokines involved in the pathogenesis and progression of metabolic and immune disorders and consequently plays a pivotal role in the control of metabolism and immunity (5). Adiponectin, that is produced by mature adipocytes, exerts beneficial effects on such cellular processes as energy metabolism, insulin sensitivity and inflammation (6). In particular, adiponectin levels are decreased in the metabolic diseases obesity (5, 6) and type 2-diabetes (5–7) but are elevated in classic chronic inflammatory/autoimmune diseases, such as asthma and chronic obstructive pulmonary disease (COPD) (8–10), multiple sclerosis and systemic lupus erythematosus (11, 12).

Adiponectin is a 244 amino acid monomer with a molecular weight of approximately 26 kDa. It is present in the circulation and accounts for up to 0.05% of total serum protein (13). It circulates as three oligomeric isoforms that differ in molecular weight: low molecular weight (LMW) trimers, medium molecular weight (MMW) hexamers and high molecular weight (HMW) multimers (13). The latter have been correlated with the most significant biological activities of adiponectin (13).

Adiponectin acts mainly through two receptors: AdipoR1 and AdipoR2 (14); a third non-signaling receptor has also been identified, T-cadherin (15, 16). AdipoRs are expressed in most tissues and cell lines including cells of the immune system, i.e., monocytes, B cells and NK cells, whereas they are barely expressed on T cells (17). AdipoR1 and AdipoR2 differ in both localization and binding affinity for adiponectin. Indeed, AdipoR1 is mainly expressed in skeletal muscle and binds globular adiponectin while AdipoR2 is mainly expressed in liver and engages the full-length adiponectin (14). Adiponectin negatively regulates lymphocyte functions (17). T-cadherin (also known as CDH13, cadherin 13, and H-cadherin) is abundantly expressed in injured vascular endothelial and smooth muscle cells in atherosclerotic regions (15). It is a receptor for the hexameric and high-molecular-weight species of adiponectin but not for the trimeric or globular species. Whether T-cadherin mediates signaling pathways is still controversial, but it is plausible that it serves as a reservoir of adiponectin (16).

Interest in the role of T-cadherin in human malignancies has recently increased consequent to the finding that it is down-regulated in several types of cancer (15) and that it regulates the progression of malignancies by modulating tumor cell proliferation and migration (16). Adiponectin has recently been found to be a modulator of the immune system that acts by inducing the secretion of the anti-inflammatory cytokines Interleukin (IL)-10 and Interleukin 1 Receptor Antagonist (IL-1RA), and by down-regulating the pro-inflammatory cytokines TNF-α and IL-6 (9, 18).

We recently demonstrated that adiponectin and in particular its HMW oligomers play an immunomodulatory role in CVID (19). In fact, we found that adiponectin levels are decreased, and correlated to IgA levels and associated with CVID phenotypes. In addition, adiponectin and HMW levels quickly and dramatically increased after the first Ig infusion in treatment-naïve CVID patients (19). In the attempt to shed further light on the role of adiponectin in CVID, we analyzed the expression profile of AdipoR1, AdipoR2 and T-cadherin on peripheral blood mononuclear cells (PBMC) from 18 treatment-naïve CVID patients, before and 24 h after the first Ig infusion. In addition, since cytokines are involved in the immunomodulation of CVID, we measured the serum expression of adiponectin, leptin, IL-2, IL-6, IL-10, TNF-α, and IFN-γ in 24 CVID maintenance patients, in 18 treatment-naïve CVID patients (before and after the first Ig infusion) and in 28 healthy controls.



MATERIALS AND METHODS


Recruitment of Subjects

Twenty-four CVID patients on maintenance treatment with Ig (12 men, 12 women) and 18 (10 men and 8 women) treatment-naïve patients, diagnosed according to the European Society for Immunodeficiencies (2), were recruited by the Division of Allergy and Clinical Immunology of the Department of Translational Medical Sciences, University of Naples “Federico II.” As controls, we recruited 28 age-, body weight-, and body mass index-matched healthy volunteers from the staff of CEINGE-Biotecnologie Avanzate, Naples. Furthermore, T cell count and B cell subsets and the response to pneumococcal polysaccharide antigens were also measured data on serum Ig levels T cell count and B cell subsets at diagnosis, and clinical history were retrospectively retrieved from the medical files of CVID patients (19).

CVID maintenance patients received continuous Ig replacement therapy (0.4 g/kg/month) at intervals of 3 weeks to maintain Ig levels above 600 mg/dl (768 ± 87 mg/dl). There were no familial cases of CVID in the control group. Treatment-naïve patients received intravenous Ig immunomodulating therapy at a dose of 0.4 g/kg. The research protocol was approved by the Ethics Committee of the School of Medicine, University of Naples “Federico II” and was conducted in accordance with the principles of the Helsinki II Declaration. Written informed consent was obtained from all participants.



Anthropometric and Biochemical Investigations

The height and weight of the patients were measured using standard techniques and the body mass index was calculated as body weight (kg)/height2 (m2). Blood samples (5 ml) were taken after 12 h of fasting from maintenance patients, and from treatment-naïve CVID patients before the first Ig replacement therapy (0.4 g/kg) and 24 h after. Serum samples were immediately centrifuged and aliquots were stored at −20°C. The levels of IgG, IgA, IgM, total cholesterol, HDL, and LDL cholesterol, triglycerides, glucose, total proteins, iron, fibrinogen, C reactive protein (CRP) and erythrocyte sedimentation rate (ESR) were determined in all patients with standard enzymatic methods (Hitachi Modular, Roche, Mannheim, Germany).



Measurement of Adiponectin and Leptin

Serum concentrations of adiponectin and leptin were evaluated in 18 naïve CVID patients before and 24 h after the first Ig infusion, in the 24 CVID patients on maintenance therapy and in the 28 healthy controls. The concentration of total adiponectin was measured by enzyme-linked immunosorbent assay (ELISA) as previously reported (20). Leptin levels were measured using an ELISA commercial kit (Elabscience, Houston, Texas, USA).



Assessment of Adiponectin Receptor Expression on Peripheral Blood Mononuclear Cells by Flow Cytometry

Leukocyte adiponectin receptor expression (AdipoR1, AdipoR2, and T cadherin) was evaluated in 18 treatment-naïve CVID patients before and after the first administration of Ig. PBMC were stained with the specific antibodies for 30 min at 4°C. Subsequently, samples were labeled with the relevant secondary conjugated antibodies for 30 min at 4°C. Isotype controls and secondary only conditions served as negative controls. Rabbit anti-human AdipoR1 (357–375) and AdipoR2 (374–386) antibodies (Phoenix Pharmaceuticals, Karlsruhe, Germany) were used at 5 μg/ml and detected using 8 μg/ml goat-anti rabbit Alexa 488 secondary antibody (Life Technologies, Milan, Italy). Gating to measure the expression of AdipoR1 and AdipoR2 on PBMC and B cells was based on the isotype control. Isotype control frequencies were subtracted from the AdipoR1 and AdipoR2 frequencies in each subject. The following antibodies were used to stain human PBMC: CD4-FITC (1:50) (OKT-4), CD3-PerCp-Cy5.5 (1:50) (OKT3), CD19-PECy7 (1:50) (HIB19), CD8-Pacific Blue (1:50) (OKT8), CD56-PE (1:50) (MEM188) (all from E-bioscience, Hatfield, UK), CD4-Pacific orange (1:10) (clone S3.5) (Life Technologies, Milan, Italy) and CD45RO-APC (1:20) (UCHL1) (BD Bioscience, Oxford, UK), α4β1-PE (1:100) (P5D2), αLβ2-FITC (1:100) (212701), DP-2-FITC (1:10) (301108) (R&D Systems, Abingdon, UK.), CXCR3-PE (1:50) (2Ar1) (VWR International PBI S.r.l., Milano, Italy). B cell subsets were labeled using CD19-PerCp-Vio700 (1:30) (LT19), IgM-PE (1:30) (PJ2-22H3), IgD-APC (1:60) (IgD26), CD38-FTIC (1:150) (IB6), and CD27-APC-Vio-770 (1:10) (M-T271) (all from Miltenyi Biotec, Bergisch Gladbach, Germany).



Measurement of Cytokine Levels

The levels of 8 cytokine species (IL-2, IL-4, IL-6, IL-8, IL-10. INFγ, TNFα, GM-CSF) were measured in the serum of the 18 treatment-naïve CVID patients before and 24 h after the first Ig infusion, in the 24 maintenance therapy CVID patients and in 28 healthy controls using a commercially available kit (Bio-Plex Pro™ Human Cytokine 8-plex Assay, Hercules, CA, USA). The assay was performed according to the manufacturer's instructions and the concentrations of cytokines were calculated by comparing reads with a 5-parameter logistic standard curve using a Bioplex-200 instrument (Bio-Rad, Hercules, CA, USA).



Statistical Analysis

Statistical significance was established at p < 0.05. Bonferroni and Student's t-tests were used to compare the means of biochemical parameters. Analysis of variance (ANOVA) and the Bonferroni t-test were used to compare mean cytokine levels.




RESULTS


Anthropometric and Biochemical Features of CVID Patients

The anthropometric and biochemical characteristics of the 24 CVID patients on maintenance therapy, and the 28 healthy controls are reported in Table 1. The levels of total cholesterol, total proteins and iron were lower in patients than in controls (p < 0.03). The results of the ELISA test confirmed the lower total adiponectin levels in CVID patients vs. control subjects (p = 0.03), and moreover show that total adiponectin levels increased in treatment-naïve patients 24 h after the first Ig replacement treatment (p = 0.007). Table 2 shows the characteristics of the 18 treatment-naïve CVID patients before and 24 h after the first Ig replacement.


Table 1. Anthropometric and biochemical features of CIVD patients on maintenance therapy, and in treatment-naïve patients and controls.
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Table 2. Anthropometric and biochemical features of treatment-naïve CVID patients before and 24 h after the first Ig infusion.
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Leptin Concentrations in CVID Patients

To verify the specificity of adiponectin modulation in CVID, we investigated the involvement of leptin, which is one of the most pivotal cytokines produced by adipose tissue. First, to explore whether the levels of leptin are modulated by Ig replacement therapy, we measured their levels in treatment-naïve CVID patients before and 24 h after the first Ig replacement therapy. Interestingly, unlike adiponectin, leptin levels were not affected by Ig infusion (Table 2). Accordingly, leptin concentrations did not differ between CVID patients on maintenance therapy and controls (Table 1).

Figure 1 shows adiponectin and leptin levels and the adiponectin/leptin ratio in treatment-naïve CVID patients before and 24 h after the first Ig replacement therapy vs. healthy controls. The adiponectin-leptin ratio was consistently lower in treatment-naïve patients than in controls. On the contrary, the adiponectin-leptin ratio increased 24 h after the first Ig replacement infusion (Figure 1). Given that Ig infusion did not affect leptin levels, we conclude that this difference in ratio values is attributable to variations in adiponectin expression.


[image: Figure 1]
FIGURE 1. Leptin levels are comparable in controls and patients, and are unchanged after the first Ig infusion. The adiponectin-leptin ratio in patients on maintenance therapy and in 16 treatment-naïve CVID patients before and 24 h after the first Ig infusion. Data represent the mean (±standard deviation of three independent experiments, each performed in triplicate. *p ≤ 0.05.




AdipoR1, AdipoR2, and T-Cadherin Expression on PBMC

As shown in Figure 2, flow cytometry demonstrated that the expression (in terms of the percentage of positive cells) of AdipoR1 and AdipoR2 on the surface of CD19+ B cells, CD19+CD27+ activated B cells, CD3-CD56+ NK cells, and CD14+ monocytes (Figures 2A,B) was higher in treatment-naïve CVID patients than in healthy controls. Notably, AdipoR1 expression on CD19+ B cells, CD3– CD56+NK cells and CD14+ monocytes in CVID patients was significantly higher than in healthy controls whereas AdipR1 expression on CD27+ B cells did not differ significantly from controls (Figure 2A). AdipoR2 expression on CD19+ B cells, CD– CD56+NK, CD14+ monocytes and CD27+ B cells was higher in CVID treatment-naïve patients than in controls although the difference was not significant (Figure 2B).


[image: Figure 2]
FIGURE 2. AdipoR1 and AdipoR2 expression was higher in lymphocyte subpopulations of treatment-naïve CVID patients than in those of healthy controls. Their expression decreases 24 h post the first Ig replacement therapy. (A–C) Percentage of AdipoR1- AdipoR2- and T-cadherin-positive cells on the lymphocyte subpopulations (CD19+ B cells, CD19+CD27+ B-activated cells, CD3–CD56+ NK lymphocytes and CD14+ monocytes) from healthy controls and treatment-naïve CVID patients before and 24 h after the first Ig infusion. Data obtained from two independent experiments performed by flow-cytometry in triplicate. *p ≤ 0.05.


Interestingly, 24 h after the first Ig replacement therapy, the levels of both AdipoR1 and 2 decreased on the surface of CD19+B cells, CD19+CD27+activated B cells, CD3–CD56+ NK cells, and CD14+ monocytes. The expression of T-cadherin on activated B cells, NK or monocytes did not differ between patients and controls after the first Ig replacement therapy (Figure 2C). We also collected blood samples from 5 patients and analyzed AdipoRs expression in PBMC at 7, 14, and 21 days post-infusion and found that the data did not differ among the various time points examined (Supplementary Figure 1). The expression of AdipoR1, 2, and T-cadherin on T-lymphocytes was barely detectable (data not shown).



The Cytokine Profile in Maintenance Therapy CVID Patients

As shown in Figure 3, the levels of IL-6, IL-8, and TNF-α were significantly higher in the two treatment groups than in controls, and IL-10 levels were significantly lower in patients than in controls, while the expression of IL-2, IL-4, and INF-γ did not differ significantly between the two groups of patients (maintenance and naïve) and controls. The levels of IL-6, IL-8, and TNF-α in treatment naïve patients were comparable to those of healthy controls. The first infusion of Ig barely modified cytokine levels after 24 h or 7, 14, and 21 days later (Supplementary Figure 2). IL-10 serum levels were significantly lower in naïve patients than in controls (Figure 3).
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FIGURE 3. Serum levels of IL-6, IL-8 and TNF-α were higher in CVID patients than in healthy controls. Their levels are barely modified by the replacement therapy. ELISA assay was performed to quantify serum levels of cytokines in CVID patients and healthy controls. IL-6, IL-4, IL-2, IL-8, IL-10, INFγ, and TNF-α were quantified in sera from healthy controls, maintenance CVID patients, and treatment-naïve patients before and 24 h after the first Ig replacement therapy. Data obtained from two independent experiments performed in triplicate *p ≤ 0.05.





DISCUSSION

We recently reported that the expression of total adiponectin and its HMW oligomers is decreased in patients with CVID, that it is associated with CVID activity and that it is correlated to the first Ig infusion (19). Here we demonstrate that the expression of AdipoR1 and AdipoR2 in PBMCs from CVID patients differs from that of controls, and changes after the first Ig infusion. The specificity of adiponectin involvement in CVID is supported by the absence of changes in leptin expression and in the levels of various cytokines tested. Taken together these results suggest that the adiponectin system plays a role in CVID.

The expression of AdipoR1 and AdipoR2 has been studied on B lymphocytes, monocytes, and NK cells but not on T lymphocytes (21). AdipoR1 and AdipoR2 expression was found to be decreased on the surface of B lymphocytes of patients with autoimmune disorders, namely, rheumatoid arthritis and type 1 diabetes (22). Chimen et al. reported an inverse association between adiponectin serum levels and AdipoR expression on immune cells (23). Accordingly, in an earlier study we found that low levels of adiponectin in CVID are accompanied by up-regulation of AdipoR1 and AdipoR2 and, vice versa, that high serum levels of adiponectin in autoimmune disorders result in the down-regulation of AdipoR1 and AdipoR2 (5). In addition, our findings suggest that the immune regulation functions of adiponectin in CVID are specifically related to AdipoR1 and 2 but not to T-cadherin signaling.

While T-cadherin expression has been associated with endothelial injuries and cancer progression (24, 25), to our knowledge, there are no data about the expression of T-cadherin on immune cells. The absence of changes in T-cadherin expression on the PBMC of our patients suggests that, in CVID, this receptor is not involved in the immune functions of adiponectin.

Another interesting result of our study concerns the changes in AdipoR1 and AdipoR2 expression, which, similar to the changes in adiponectin levels, were partially restored to “normal” levels after the first Ig treatment. This novel finding strengthens the concept that the adiponectin system plays a pre-eminent role in CVID. To assess the specificity of adiponectin involvement in CVID we looked at leptin. The latter cytokine is produced by adipose tissue, and is reported to play a key role in immunity (26, 27). We found that leptin expression did not differ between maintenance patients and controls, nor before and after the first Ig treatment in treatment naïve CVID patients. In the only study conducted thus far on leptin in CVID, leptin expression was not associated to the disease (28).

Various studies have been devoted to the production of cytokines in CVID, albeit with conflicting results (4, 29, 30). In the present study we found (i) that IL-6, IL-8 and TNF-α levels were higher, (ii) that L-10 levels were lower, and (iii) that IL-2, IL-4, and INF-γ were not differently expressed in patients vs. controls. Moreover, we found that in treatment-naïve patients, the levels of most cytokines were comparable to those of healthy controls with the exception of IL-10, the levels of which were significantly lower in treatment-naïve patients than in controls (31, 32). The different behavior between cytokine levels in maintenance vs. absence of modifications in treatment-naïve patients is probably related to the patient's condition (i.e., infections, cancer, etc.). Indeed, changes in the cytokine expression are evident only after several Ig administrations, as observed in patients on maintenance therapy. IL-6 and IL-8 are mainly produced and secreted by macrophages thereby enhancing the proliferation and the differentiation of B cells into memory or plasma cells (33, 34), while IL-2 and IL-4 are produced in most part by T lymphocytes (35). The up-regulation of IL-6 and IL-8 in CVID maintenance therapy may indicate a primary involvement of macrophages instead of T lymphocytes. We believe that the continuous infusion of Ig might activate Th2 and macrophages, thereby resulting in the release of IL-6 and IL-8. Elevation of IL- 6 and IL-8 was reported in CVID patients by Varzaneh et al. (4) and by Ibanez et al. (36). In addition, persistent activation of macrophages, which are the major sources of IL6 and IL8, was seen in CVID patients on maintenance therapy (37).

IL-10 serum levels are closely related to those of IL-2 and IL-4, which are low in naïve patients due to the alteration of the immune system typical of CVID patients (38). In fact, impaired secretion of IL-10 by the T-cells of CVID patients has been widely reported (32, 39, 40).

In conclusion, this is the first study to demonstrate that adiponectin receptors are differentially expressed on PBMC from CVID patients and that their expression is partially restored after the first Ig infusion. The peculiarity and relevance of the role played by adiponectin in CVID is confirmed by the finding that leptin and the other cytokines tested herein did not change after the first Ig infusion in treatment-naïve CVID patients. Further studies are needed to better understand the molecular mechanisms underlying the effects exerted by adiponectin in the pathogenesis of CVID.
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Multiparametric flow cytometry (MFC) represents a rapid, highly reproducible, and sensitive diagnostic technology for primary immunodeficiencies (PIDs), which are characterized by a wide range of T cell perturbations and a broad clinical and genetic heterogeneity. MFC data from CD4+ and CD8+ T cell subsets were examined in 100 patients referred for Primary Immunodeficiencies to our center. Naïve, central memory, effector memory, and terminal effector memory cell differentiation stages were defined by the combined expression CD45RA/CD27 for CD4 and CD45RA/CCR7 for CD8. Principal component analysis (PCA), a non-hypothesis driven statistical analysis, was applied to analyze MFC data in order to distinguish the diverse PIDs. Among severe lymphopenic patients, those affected by severe combined and combined immunodeficiency (SCID and CID) segregated in a specific area, reflecting a homogenous, and a more severe T cell impairment, compared to other lymphopenic PID, such as thymectomized and partial DiGeorge syndrome patients. PID patients with predominantly antibody defects were distributed in a heterogeneous pattern, but unexpectedly PCA was able to cluster some patients' resembling CID, hence warning for additional and more extensive diagnostic tests and a diverse clinical management. In conclusion, PCA applied to T cell MFC data might help the physician to estimate the severity of specific PID and to diversify the clinical and diagnostic approach of the patients.

Keywords: flow cytometric immunophenotyping, T cell subsets, primary immunodeficiencies, multivariate data analysis, diagnostic markers


INTRODUCTION

Primary Immunodeficiencies Disorders (PIDs) are a heterogeneous group of congenital disorders, caused by defects in development and/or function of the immune system, associated with an increased susceptibility to infections, immune-dysregulation, and a higher risk of malignancy (1, 2). Currently, about 340 genetic disorders responsible for defects in the immune system have been identified (3). The T cell compartment plays a key role in coordinating innate and adaptive immune responses upon antigen stimulation. Its impairment leads to a broad spectrum of immune diseases, which require rapid and defined diagnosis in order to adopt the targeted therapeutic management. Severe combined immunodeficiency (SCID) are caused by a severe defect in T cells differentiation, variably associated with B cell, natural killer (NK) cell, and/or myeloid lineage impairment, with the first symptoms usually manifesting within the first year of life and the only curative therapy is represented by haematopoietic stem cell transplantation and/or gene therapy for defined diseases (4, 5). Conversely, CID manifest later with a more heterogeneous clinical picture, often associated with immune-dysregulation manifestations (6, 7). Although few observational studies on CID are in progress, a commonly accepted clinical and diagnostic management for these patients has not been defined yet, and it often relies on the local center expertise, rather than on evidence based systematic experiences (8, 9). Moreover, humoral defects, classified as a predominantly antibody defects and common variable immunodeficiency (CVID) are characterized by recurrent infections, hypogammaglobulinemia, poor response to vaccines, and can be associated to diverse T cell abnormalities (10). Currently, the most accepted T cell maturation model suggests a progressive differentiation from naïve T cells to the memory phenotype, ending with the generation of T effector cells (11, 12). Multiparametric flow cytometry (MFC) allows an extensive and detailed characterization of lymphocytes subsets (13, 14). In this study, we analyzed by MFC the T cell immunophenotypes in a large group of PID patients, clinically classified according to ESID (European Society for Immunodeficiencies) criteria (15). T cell subsets frequencies were then investigated by principal component analysis (PCA) in order to test if this analysis could estimate the relative disease severity and could possibly support the clinical and diagnostic approach (16, 17).



MATERIALS AND METHODS


Study Population

Study cohort is composed of 100 patients affected by PID and 30 healthy donors followed at Bambino Gesù Childrens' Hospital between 2013 and 2017 and diagnosed for PID by ESID criteria (15). Patients' data were collected retrospectively and the study groups are described in Table 1 while their clinical and molecular characteristics are reported in Supplementary Tables 1a–c.


Table 1. Demographics of the study groups.

[image: Table 1]

Moreover, the study cohort includes 10 patients affected, respectively, by: selective IgM deficiency, NEMO (NF-kappa-B essential modulator) deficiency, not determined agammaglobulinemia, undefined T-defect, DOCK8-deficiency (dedicator of cytokinesis 8 gene), XIAP deficiency (X-linked inhibitor of apoptosis), XL-HIGM1 (X-linked Hyper IgM type 1), STING (STimulator of INterferon Genes) associated vasculopathy with onset in infancy (SAVI). Patients did not receive any corticosteroid treatment or immunosuppressive therapy at enrollment. Patients' median age was 10 years (range 3,6 months−36 years) while healthy donors' median age was 6,1 years (range 5 months−30 years). Healthy donors were immunocompetent individuals. The work was conducted in accordance with the ethical standards of the institutional research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. Informed consent, approved by the Ethical Committee of the Children's Hospital Bambino Gesù and Policlinico Tor Vergata, was obtained from either patients or their parents/legal guardians, if minors.



Multiparametric Flow Cytometric Analysis

T cell development can be phenotypically assessed by the combined cell surface expression of CD45RA, CD31, CCR7, and CD27 molecules. CD4 subsets are identified as naïve (CD4+ TN: CD45RA+CD27+), central memory (CD4+ TCM: CD45RA-CD27+), effector memory (CD4+ TEM: CD45RA-CD27–) and terminally differentiated (CD4+ TEMRA: CD45RA+CD27-). Moreover, CD4+ naïve T cells coexpressing CD31+ are highly enriched in recent thymic emigrants (RTE), a naïve T CD4+ cell subpopulation that have just egressed the thymus and characterized by higher signal joint T-cell receptor excision circle (sjTREC) content (18, 19). Similarly CD8 subsets are defined by the expression of lymph node homing receptor CCR7 in naïve (CD8+ TN: CD45RA+CCR7+), central memory (CD8+ TCM: CD45RA-CCR7+), effector memory (CD8+ TEM: CD45RA-CCR7-), and terminally differentiated (CD8+ TEMRA: CD45RA+CCR7-). All flow cytometric analysis were performed on ethylenediamine tetraacetic acid (EDTA) blood samples within 24 h of venipuncture. After red blood cells lysis with ammonium chloride the lymphocytes were stained with the following previously titrated monoclonal Abs: CD3 PerCP (clone BW264/56, Miltenyi Biotec), CD45RA APC-H7 (clone T6D11, Miltenyi Biotec), CCR7 PE (clone 3D12, Ebioscience), CD4 APC (clone OKT4, Becton Dickinson), CD8 PE-Cy7 (clone RPA-T8, Becton Dickinson), CD19 PE-CY7 (clone SJ25C1, Becton Dickinson), CD16 PE (clone 3G8), CD56 (clone NCAM16.2) PE, CD27 FITC (clone M-T271, Becton Dickinson), TCR alpha-beta APC (clone T10B9, Becton Dickinson), TCR gamma-delta FITC (11F3, Miltenyi Biotec). Cells were incubated with the appropriate antibody cocktail for 30 min at 4°C, washed with PBS and suspended in PBS. At least 50,000 events in the lymphocyte live gate were acquired for each sample. Samples were acquired on FACSCANTO II (BD Biosciences, San Diego, CA, USA) and analyzed with FlowJo software (Tree Star Inc, version 8.8.6, Ashland, Ore). Some patients of our cohort presented with severe lymphopenia and to avoid this bias, we have considered the cell subsets frequencies, instead of absolute counts. Details of the gating strategy are shown in Supplementary Figure 1.



Statistical Analysis

Unpaired t-test was used to compare the patients and controls for variables with normal distribution. For non-parametric variables, the unpaired two-tailed non-parametric Mann-Whitney test was used. All graphical representations and statistical analyses were performed using Prism 6.0 (GraphPad). The relative T subsets frequencies were subjected to PCA analysis, using PAST (PAleontological STatistics, version 3.22, University of Oslo) to visualize and to estimate the correlation among variables.




RESULTS

T subsets frequencies were diversely perturbed in most PIDs in univariate analysis, while those of STAT3, XLA, and SIgAD patients were all comparable to healthy donors. Moreover, no significant differences were evident between all lymphopenic groups (CID, DGS, TE) (Figure 1). T cell subsets frequencies were then interrogated by PCA: STAT3, XLA, and SIgAD groups did not show any evident alteration (Supplementary Figures S4A,B), with the exception of one SIgAD patient with severe autoimmune cytopenia clustering far from the SIgAD group (A13) and two XLA patients (X2 and X4) with TEM/EMRA CD8+ cell expansion (Supplementary Figure 4B).


[image: Figure 1]
FIGURE 1. (A) CD4+ and (B) CD8+ T cell subsets in patients with primary immunodeficiency diseases. Unpaired two-tailed non-parametric Mann-Whitney test was used to compare the patients and controls. The columns and error bars indicate median and interquantile ranges (25°–75°). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. SCID and CID patients showed a severe reduction in frequency of TN CD4+ and CD8+ cells and a corresponding increase in TCM and TEM CD4+ and CD8+, while in CVID patients the same reduction is reported only in CD4+ subsets. DGS and Thymic-excision patients present the same distributions pattern, except for TCM and TEM CD8+. In CGD group there is a reduction in the frequency of TN CD4+ cells and an increase TEM CD4+ cells, while TN and TCM CD8+ T cell compartment are significantly reduced accompanied by TEM CD8+ expansion. Symbol with a cross in the SIgAD groups represents the SIgAD patient with the severe clinical presentation. SCID, Severe Combined Immunodeficiency; CID, Combined Immunodeficiency; TE, Thymic Excision; DGS, DiGeorge Syndrome; STAT3, Loss Of Function STAT3 (Autosomal Dominat Hyper-IgE Syndrome); CVID, Common Variable Immunodeficiency; CGD, Chronic Granulomatous Disease; XLA, X-linked Agammaglobulinemia; SIgAD, Selective IgA deficiency; HD, Healthy Donors.


Most of the CID patients clearly segregated far from healthy donors, similarly to SCID (Figures 2A,B and Supplementary Figures 2, 5A) and the main discriminating variables were the TCM CD4+ and TEM CD8+ and to a lesser extent TEMRA CD8+ cell subsets, as clearly evident in the CID patients (C9, C13, C14, C15) diagnosed as APDS (activated PI3K delta syndrome) (Figure 2B). While 13 patients out of 15 segregated uniformly, two patients (C3 and C7) classified as CID, with recurrent respiratory infections but in absence of immune dysregulation phenomena, segregated differently: C7 lied inside the HD area and C3 was skewed toward naive cells and low memory subsets in PCA (Figure 2B). Indeed, patient C3 had normal TREC levels, despite a reduction in CD4+CD31+CD45RA+ T cells and an increase in the CD4+CD31-CD27+CD45RA+ (>20%), suggesting a defective T cell maturation. Some other patients were clearly identifiable, like the DOCK8 (AR-HIES) deficiency patient (K1) showing a trend vs. TEMRA CD8+ expansion and the patient (R1) with an undefined T cell defect clustering toward TEM CD4+ differentiation. Conversely, the immunophenotype of the two XL-HIGM1 patients (L1, L2) and XIAP deficiency patient (P1) segregated more closely to HD, although their clinical picture mimicked a CID (Figure 2B). In patient S1, admitted at 14 months of age for a severe dermatitis, chronic diarrhea, and anemia associated with a profound alteration in T cell distribution, PCA showed clearly a peculiar localization near HD area and far from CID group, excluding a combined immunodeficiency. Later targeted next generation sequencing (NGS) analysis revealed a STING (STimulator of INterferon Genes) mutation, justifying her severe course due to a deficiency in the interferon pathway (20).
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FIGURE 2. PCA Scatter plots of T cell subpopulations frequencies of (A) Severe Combined Immunodeficiency (SCID), (B) Combined Immunodeficiency (CID) patients compared to healthy donors (HD). Each sample (subject) is represented by the combination of variables (T subsets) and allocated in a Cartesian space. Samples are plotted, and similarities and differences can be visualized. The overlay of the 2D (2 Dimensional) plot of the scores (subjects) with the 2D plot of the loadings (combination of T subsets) allows the identification of the variables that most contribute to the characterization of a specific subject, since they lie in the same area of the graphs. PCA identifies directions, called principal components, along which the variation in the data is maximal, reported as percentages near the axis. SCID patients are indicated by green dots and the letter S, CID patients by blue dots and the letter C and healthy donors (HD) are represented by gray dots. Individual patients are represented as: C3 and C7 (blue dots) diagnosed as Combined Immunodeficiency patients (CID), K1 (dark green dot) is a DOCK8 Deficiency patient (AR-HIES), L1 and L2 (fuchsia dots) are X-Linked HyperIgM type1 patients (XL-HIGM1), P1 (light blue) is a patient with X-Linked Inhibitor of Apoptosis Protein deficiency (XIAP), S1 (magenta dot) is a SAVI patient (STING-Associated Vasculopathy with onset in Infancy: STING), R1 (purple dot) is a patient with a not determined T cell defect.


CVID immunophenotypes did not segregate uniformly (Figure 3), but when analyzed by age groups and compared to CID (Figures 4A,B and Supplementary Figure 3), PCA showed one 4-year-old patient (V1) with a CID-like clinical phenotype, characterized by recurrent infections, bronchiectasis, and facial dysmorfism that clustered far from HD near the CID age matched patients' area (Supplementary Figure 3). Furthermore, two 6–16-year-old CVID patients (V4 and V8, Figure 4A) presented a severe clinical course and could be distinguished by TEMRA CD8+ expansion in V4, probably related to persistent viral infections, and TCM CD4+ and TEM CD8+ in V8; patient V8 developed overtime a MAS (Macrophage Activated Syndrome), leading eventually to death. On the other hand, in the same 6–16 year age range three CVID patients (V2, V5, V10) with increased TN CD4+ clustered nearby but showed diverse molecular diagnosis: in V2 was reported a dominant heterozygous mutation c.2557CNT (p.Arg853*) in the NFKB2 gene, in V5 was detected a mutation in Transmembrane Activator and Calcium-Modulator and Cyclophilin-Ligand Interactor (TACI), while V10 is still without a definite diagnosis (Figure 4A).


[image: Figure 3]
FIGURE 3. PCA Scatter plot of T cell subpopulations frequencies of CVID patients (shown as red dots and the letter V) and SIgMD patient (orange dot) compared to healthy donors (HD gray dots) show overlapping areas except for V3,V4, V8, V11, V15, V16 and M1.
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FIGURE 4. (A) 6–16-year-old CVID patients (shown as red dots and with the letter V) compared to 6–16 year old CID patients (distinguished by blue dots and the letter C) and age matched HDs (shown as gray dots). CVID patients (V2, V5, V10) showed immunoprofile with increased TN CD4+ although they do not have the same diagnosis. N1 and N2 (light blue dots) patients bearing a splice site mutation NEMO transcript are differently identified: N1 more vs. TCM CD4+ while N2 showed a trend vs. TEM/EMRA CD8+. (B) more than 16-year-old CVID patients (shown as red dots and the letter V) compared to more than 16-year CID patients (drawn as blue dots and the letter C) and age matched HD (shown as gray dots). CID patients (C13, C14, C15) diagnosed as APDS (activated PI3K delta syndrome) and C12 cluster together due to the main discriminating variables such as TCM CD4+ and TEM CD8+ and to TEMRA CD8+ cell subsets. M1 (orange dot) is a selective IgM deficiency (SIgMD) patient with an immunoprofile showing a trend vs. late memory differentiation in both CD4+ and CD8+ subsets.


The immunoprofile of two NEMO deficiency relatives patients in age range 6–16 year (N1 and N2) (Figure 4A) and bearing a splice site mutation in the 59 UTR of the NEMO transcript, was skewed differently: N1 more vs. TCM CD4+ while N2 showed a trend vs. TEM/EMRA CD8+.

The older than 16 year CVID patient (V16), mother of patient V2 and bearing the same NFKB2 mutation of her child, outlied far in the upper right quadrant, influenced by the highly increased TN CD4+ frequencies (Figure 4B). In the same age range two CVID patients (V11, V15), segregated according to their relative TCM CD4+ expansion, maintaining normal TN CD8+ frequencies: V15 carried a Cytotoxic T-Lymphocyte-Associated protein 4 deficiency (CTLA4) while patient V11 is still under investigation (Figure 4B). The single selective IgM deficiency patient (M1) was not characterized by a distinctive differentiation pattern, although segregating outside HD area (Figure 4B).

DGS and Thymic excision patients were distributed in a broad area between controls and CID group (Figure 5 and Supplementary Figure 5B) mirroring the reported variable T cell defect severity and highlighting those with a CID-like phenotype (D4 and D12). Consistently, patient D1, the only one affected by complete DGS, resembling a SCID phenotype, clustered close to SCID area.
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FIGURE 5. PCA Scatter plots of T cell subpopulations frequencies of DiGeorge Syndrome (DGS, yellow dots and letter D) patients, Thymic Excision patients (TE, distinguished by purple dots and letter T), Combined Immunodeficiency (CID, represented by blue dots and the letter C) patients and healthy donors are shown as gray dots. D1 is the complete DGS patient, D4 and D12 are partial DGS patients with a CID-like clinical presentation.


Notably, CGD patients showed a trend vs. effector memory subsets, more evident in older patients and in the younger ones (G5 and G6) with a more severe clinical presentation (Figure 6).
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FIGURE 6. PCA Scatter plots of T cell subpopulations frequencies of Chronic Granulomatous Disease (CGD) patients divided by age: younger CGD patients (G1, G2, G3, G4, G5, G6, G7, G8 represented by green dots) are <16 year old; they cluster inside HD area with the exception of G5 and G6, that are two twin brothers with a severe clinical presentation. The older than 16 year CGD patients (G9, G10, G11, G12, G13 drawn as fuchsia dots), show a CID-like immunoprofile.




DISCUSSION

Several attempts have been used to categorize PIDs based on clinical manifestations, humoral immune defects and T cell phenotypes. Standardized disease definitions are still lacking in the current classification for PIDs, especially in pediatric age (15, 21). Unsupervised clustering methods applied to immunophenotype data might provide additional information regarding the diagnostic and clinical criteria of PIDs, which do not fulfill any classification. We particularly focused our analysis on specific categories of patients, as well as CID and CVID given their high clinical heterogeneity, which increases the complexity of the diagnostic approach and the clinical management. Indeed, according to PCA analysis, most of CID patients clearly segregated from healthy donors and the principal discriminating variables resulted the TCM CD4+ and TEM CD8+ and to a lesser extent TEMRA CD8+ cell subsets, suggesting an imbalance between CD4+ helper and CD8+ cytotoxic function in peripheral sites (22, 23). Their expansion in the majority of CID patients is partially explained by a lymphopenia-induced proliferation process (24, 25), but also revealed a trend to an accelerated T cell exhaustion leading to an inefficient immune response and the risk to develop immunedysregulation phenomena (6). This is particularly evident in APDS patients (C9, C13, C14, C15) (Figure 2B), in which their T cell senescence leads to a higher risk of chronic infection, such as EBV replication, and therefore to lymphoproliferative disease/malignancy susceptibility (26). At the same time PCA clearly identified two CID patients (C3, C7) with milder clinical course segregating far from CID area and close to HD (Figure 4A), distinguishing them from those at higher risk to develop severe complications.

A highly heterogeneous pattern of T cell abnormalities has been observed in CVID group (Figures 3, 4A,B and Supplementary Figure 3) and PCA clustered some CVID immunophenotypes in proximity to CID area, providing a clue for a deeper monitoring in these patients. Recent ESID Registry-Working Definitions for Clinical Diagnosis shows that some patients, previously diagnosed as CVID, were reclassified as CID and unclassified antibody deficiency (15, 27). Indeed, V8 patient, initially identified as CVID, showed a marked TCM CD4+ and TEM CD8+ expansion (Figure 4A), suggesting that a more aggressive treatment should have been considered, before developing fatal complications. In patient V15 segregating far from HD due to TCM CD4+ increase (Figure 4B) a CTLA4 haploinsufficiency responsible for a perturbed T CD4+ cell homeostasis was eventually confirmed by NGS (28).

Interestingly V2 (Figure 4A) and V16 patients (Figure 4B) currently diagnosed as CVID clustered far from either HD and CVID group reflecting their own peculiar NFKB2 driven differentiation defect (TN cell expansion) (29, 30). NEMO deficiency patients (N1, N2) (Figure 4A) showed a different trend vs. TCM CD4+ and TEM/EMRA CD8+ respectively, confirming the high variability in the clinical and immunological disease expression (31). IgM deficiency patient (M1) (Figure 4B) showed a trend vs. late memory differentiation in both CD4+ and CD8+ subsets that could influence B cell subset, as reported in a larger cohort (32).

As largely described (33), immunoprofiles of patients with partial DGS and Thymic excisions resulted extremely heterogeneuos in PCA (Figure 5), as well as in their clinical course. Patients who underwent to total thymic excision during cardiac surgery in neonatal age show a clinical improvement with age in terms of frequency/severity of infections, suggesting a peripheral recovery of the T-cell compartment (34). Interestingly two patients partial DGS (D4 and D12) with a more severe clinical phenotype (refractory autoimmune cytopenia and recurrent bacterial infections) clustered in CID area suggesting the need of a stricter follow up.

Although CGD is primarily a phagocytes disorder, recent evidence showed a defect in adaptive immunity in both T and B cell compartment (35–37), as shown in PCA by an early T cell senescence evident in older CGD patients (Figure 6), probably related to chronic inflammation. PCA could be useful to consider and to monitor an immunomodulating treatment whenever necessary in CGD patients to reduce the T cell exhaustion (38).

No evident alterations and specific segregation were detected in XL-HIGM1, XIAP, LOF STAT3 (AD-HIES), and SIgAD patients (Supplementary Figures 4A,B), except for one SIgAD patient (A13) with a severe autoimmune cytopenia which segregated outside the HD area (39–42). Although reduction in CD4+ memory T cell subsets was previously reported in XLA patients (43), this data was not confirmed in our limited cohort and a longer follow up is necessary. Only two XLA patients (X2 and X4) segregated accordingly to their TEM/EMRA CD8+ cell expansion, likely associated to recent infections (Supplementary Figure 4B).

In order to test the PCA potentiality, we applied it in three patients (K1, R1, and S1) with a severe clinical presentation not easily classifiable (Figure 2B and Table 1). Patient K1, with a history of endocarditis, vasculitis and sepsis, apparently normal T cell count, showed a high and evident terminal effector CD8+ T cells expansion and later DOCK8 deletion was detected using multiple genetic approaches (44, 45). Patient R1, with a history of interstitial pneumonia and lymphocytes lung infiltration, showed TEM CD4+ expansion, alerting us for a severe but still undefined T cell defect. Finally, child S1 with a picture mimicking a CID, in PCA segregated close to healthy donors' area, ruling out a severe immunodeficiency. Mutation in STING gene was detected by NGS targeted panel for autoinflammatory inborn error allowing the start of a specific treatment (46).



CONCLUSIONS

The multivariate data processing techniques could be used as a diagnostic and prognostic tool to identify peculiar immune profiles, to screen atypical PID with higher risk for severe disease progression and monitor the response to personalized therapeutic approaches.
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Supplementary Figure 1. Naiv¨e and memory T-cell subsets gating strategy. PBMC from lysed whole blood were gated on live lymphocytes and identified as CD45+. Then after sequential gating on CD3+CD4+ subset, the naiv¨e (TN) cells were distinguished as CD45RA+CD27+, central memory cells (TCM) as CD45RA-CD27+, effector memory cells (TEM) as CD45RA-CD27-, and terminally differentiated cells (TEMRA) as CD45RA+CD27-. Among CD3+CD4+ T cells, recent thymic emigrants (RTE) were identified as CD31++CD45RA+. Similarly after gating on CD3+CD8+ subset, the naiv¨e (TN) cells were gated as CD45RA+CCR7+, central memory cells (TCM) as CD45RA-CCR7+, effector memory cells (TEM) as CD45RA-CCR7-, and terminally differentiated cells (TEMRA) as CD45RA+CCR7-.

Supplementary Figure 2. PCA Scatter plot of T cell subpopulations frequencies in SCID patients and HD <6-year-old. Healthy donors <6-year-old are represented by gray dots and SCID patients by green dots and the letter S. PCA identifies directions along which the variation in the data is maximal, in this analysis represented by TCM CD4+ cells inversely correlated to TN CD4+ as variables that most contribute to the characterization of different subjects.

Supplementary Figure 3. Less than 6-year-old Common Variable Immunodeficiency (CVID) aged patient (V1) indicated by red dot and the letter V compared to aged matched Combined Immunodeficiency (CID) patients, represented by blue dots and the letter C and age matched healthy donors (HD) shown as gray dots.

Supplementary Figure 4. PCA Scatter plot of T cell subpopulations frequencies in (A) Loss of Function STAT3 (LOF STAT3) (Autosomal Dominant Hyper-IgE Syndrome) (AD-HIES) patients represented by green dots and the letter E and healthy donors by gray dots, showing the complete overlapping of the areas. (B) X-linked Agammaglobulinemia (XLA) patients by light blue dots and the letter X, Selective IgA deficiency (SIgAD) patients by yellow dots and the letter A, one not defined Agammaglobulinemia patient (n.d) by brown dot and letter Y, healthy donors are represented by gray dots. The X2 and X4 patients' immunoprofiles segregated outside HD area, accordingly to their TEM/EMRA CD8+ cell expansion. Not defined Agammaglobulinemia (Y1) patient clustered in the HD area, not revealing any peculiar pattern.

Supplementary Figure 5. PCA Scatter plots of T cell subpopulations frequencies of (A) Severe Combined Immunodeficiency (SCID) compared to Combined Immunodeficiency (CID) patients. SCID patients are indicated by green dots and the letter S and CID patients by blue dots and the letter C. (B) DiGeorge Syndrome (DGS) patients (represented by yellow dots and letter D), Thymic excision patients (TE) (by purple dots and letter T) compared to CID patients (by blue dots and the letter C).

Supplementary Tables 1a–c. Clinical and molecular diagnosis of the patients.



ABBREVIATIONS

SCID, severe combined immunodeficiency; CID, combined immunodeficiency; TE, thymic excision; DGS, DiGeorge syndrome; LOF STAT3 (AD-HIES), loss of function STAT3 (autosomal dominant hyper-IgE syndrome); CVID, common variable immunodeficiency; CGD, chronic granulomatous disease; XLA, X-linked agammaglobulinemia; SIgAD, selective IgA deficiency; NEMO deficiency, nuclear factor-kappa B essential modulator deficiency; DOCK8 (AR-HIES) deficiency, dedicator Of cytokinesis 8 (autosomal recessive hyper-IgE syndrome) deficiency; XL-HIGM1, X-linked HyperIgM type1; SAVI, STING-associated vasculopathy with onset in infancy; XIAP, X-linked inhibitor of apoptosis protein; TACI, transmembrane activator and calcium-modulator and cyclophilin-ligand lnteractor, CTLA4, cytotoxic T-lymphocyte-associated protein 4.
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CD20+CD10~CD27+igA+
CD20*CD19*+CD38MNCD27
CD19MCD21 Thet +CD110*FCRLE

CD3~CDs6+
CD3*Va24+Vp11+
OD3*Va7.2+CD161+
CD3*Vap~Vys+
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Patient Age
P1 27 year
P2 24year
P3 30 year
P4 16 months

Infections

Recurrent bonehiolitis and pneumonias,
recurrent skin abscesses

Prolonged pneumonias,
Gastroenteritis, Candida esophagitis,
Chronic warts -

Epidermodysplasia verruciformis

Recurrent pneumonias, lung abscesses,
Gastroenteritis,

Recurrent skin abscess, chronic leg
ulceration,

Gastroenteritis,

Genital condyloma and severe warts

/

Allergy

eczema,
Food, pollen and mites allergy

Eczema,
Food allergy

Eczema,

Food, mites, animal epithelia
allergy,

Alergic asthma

Mild eczema

Autoimmunity

Enterocolitis,

Small vessels vascullitis,

Autoimmune
thrombocytopenia,
panniculiis

Enterocolitis,
Pernicous anemia

Enterocolitis,
Small vessels vasoulitis

Evans syndrome

Malignancy Other

/ Stunted growth
Metaplasia in gastric ~ Stunted growth
mucosa, bowel
adenoma in situ
Cervical intraepithelial - Stunted growth
neoplasia grade 2

/ /
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Patient  IgE 1gG IgA 1gM cp3 cD19 cp4 cbs NK Teellprolif. T cell prolif.

(PHA) (CD3+CD28)

IE/L oL 10 cells/L % %
Nv1 0-100 7.0-16.0 0.7-50 04-28 0.7-19 0.1-0.4 0.4-13 0.2-0.7 0.04-0.2 29-67 50-85
P1 17461 184 098 252 0626} 05621 0305 0.498 0369 154 52
P2 92 113 47 085 0967 05211 0.459 0546 0.468 22} 70
P3 716t 136 63t 06 1.006 05421 0.730 0.126} 0066} 33 66
NvV2 0-60 4.7-120 0.14- 04-15 22-55 09-25 1.1-36 05-1.8 0.1-1.1 29-57 50-85

091

2 <19 1241 2214 133 16514 2066 1.024) 0.408) 0777 38 7

Immunoglobulin classes were measured in serum. The concentration of IGE s in IE/L, and IgG, IgA, lgMin g/L. The concentration of lymphocytes subpopulations are presented as x10%
cell/L, the prolferation of T lymphocytes after stimulation with PHA or CD3 and CD28 in percentage of prolferating cells. CD3, T lymphocytes; CD19, B lymphocytes; CD4, helper T
cells; CD8, cytotoxic T cells; NK, Natural killr cells; PHA, phytohaemegglutinin; anti-CD3, anti-CD28 - monocional antibodies, P, patients, NV1, normal velues for adults, NV2, normel
values for 16 month. An arrow indicates deviation from normal values (15, 16).
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Average MFI FITC-phalloidin stained actin

Without stimulation With stimulation Increase in MFI

Monocytes
Homozygous 17382£2,665  17334£2113  104£5%
n=4)

Carriers (n = 6) 22,809 + 7,655 33784 + 5,684 213 £ 44%

Without mutation 26,710+7,060 58280+ 14,269 289+ 41%
n=12)

Neutrophils
Homozygous 4,791 + 430 4,497 477 944 4%

(n=4)

Cariers (n = 6) 6,570 +279 13405 £ 661 208 24%
Without mutation 12,701 3,120 31,975+9508 238+ 13%
=12

Lymphocytes.

Homozygous 5,093 + 404 6,478 380 100 & 3%

n=4)

Cartiers (n = 6) 7,432 £ 1,858 92261589  141+19%
Without mutation 1261142484 15200£2672  181£9%
=12

The results are presented as the mean with the standard error of the mean (SEM).
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Nr. misclassifications for Nr. misclassifications three-class  Remarks

two-class classification model classification model

PIDOSO (CVID) 52 45 No explanation found yet.

PIDO40 (CVID) 70 73 Syndromic primary immunodeficiency initially presenting with
CVID phenotype.

PIDO041 (CVID) 59 63 Syndromic primary immunodeficiency initially presenting with GVID
phenotype.
First degree famiy member of PIDO40.

PID043 (Other 0 64 Early loss to follow-up, no information on progression of

PAD) disease phenotype.

PIDOS3 (CVID) 111 110 No explanation found yet.

PID054 (CVID) 104 100 No explanation found yet.
First degree famiy member of PIDOS3.

PIDOSS (CVID) 78 70 Presumably secondary CVID after autoimmune—induced
subacute liver failure with need of liver transplantation.

PIDOO (CVID) a2 35 No explanation found yet.

PID257 (CVID) 38 29 No explanation found yet.

PID285 (CVID) 39 33 No explanation found yet.

Al the patients listed i the first column were misclassified by the models in more than 1/3 of the 112 possible model combinations (built with or without a feature selection, with either
an SVM or random forest classifier, with one of six different feature sets of FlowSOM or the manualy selected populations). The second column depicts the results for all two-class
models while the third column shows the results for the three-class models. In the last column, remarks are listed as possible explanations for the frequent misclassification. The red
color of a number indicates that that patient was not misclassified in more than 1/3th of the 112 models.
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Panel 1: PBMCs.

Panel 3: T cells
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Genef(s) studied

PRF1

PRF1

PRF1

PRF1

PRF1, UNC13D,
STX11, STXBP2,
RAB27A, LYST, AP3B1
UNC13D, STX11,
STXBP2, RAB27A,
LYST, AP381
UNC13D, STX11,
STXBP2, RAB27A,
LYST

UNC13D, STX11,
STXBP2
UNC13D, STX11,
STXBP2
UNC13D, STX11,
STXBP2

LysT

LYsT

LYST

LYST
UNC13D
UNC13D

SH2D1A
XIAP/BIRC4
XIAP/BIRC4

Assay description

Direct Intracellular staining of NK or CTL
Direct Intracellular staining of NK or CTL
NK cytotoxicity (chromium release) upon K562 stimulation
Direct Intracellular staining of NK or CTL
NK eytotoxicity (chromium release) upon K562 stimulation

NK degranulation (CD107a) upon K562 stimulation

NK degranulation (CD107a) upon K562 stimulation

NK degranulation (CD107a) upon K562 stimulation

NK degranulation (CD107a) upon anti-CD16 antibody
stimulation

CTL degranulation (CD1072) upon anti-CD3 antibody
stimulation

NK degranulation (CD107a) upon K562 stimulation

NK degranulation (CD107a) upon anti-CD16 antibody
stimulation

CTL degranulation (CD1072) upon anti-CD3 antibody
stimulation

NK cytotoxicity (chromium release) upon K562 stimulation
NK degranulation (CD107a) upon K562 stimulation

CTL degranulation (CD1072) upon anti-CD3 antibody
stimulation

Direct Intracellular staining of NK or CTL

Direct Intracellular staining of NK or CTL

Monocyte activation (TNF) upon L-18MDP stimulation

Sensitivity,

specificity (%)

97,90
100, 100
100, 95
97,83
60, 72

94,78

96, 88

94,84

88,98

88,98

85,75
86,96

90, 90

89,94
100, 71
100, 100

87,89
95, 61
100, 100

Number of
primary cases

48
14
14
29
84

32

20
21

20

®

15
19
12
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Lymphocyte
phenotype

T-B-NK- SCID

T-B-NK+ SCID

T-B+NK-SCID

T-B+NK+ SCID

Omenn syndrome

Associated genetic
defects

ADA, PNP

RAGT, RAG2,
DCLRETC, LIG4,
NHEJ1

IL2RG, JAK3

IL7 R, CD35, CD3e and
cD3y

RAGT, RAG2,
DCLRETC, ADA, LIG4,
IL2RG, IL7R, DiGeorge
syndrome

Comments

Accumulation of toxic metabolites inhibits DNA synthesis and repair and leads to severe
lymphopenia (7).
Defects in somatic recombination result in decreased or absent T and B lymphocytes (8).

T-B+NK- SCID resuilts from defects in common gamma chain that is required for normal
development of T and NK cells (9). Analysis of surface expression of CD132 may also help in
identifying the defect (10).

Reduced surface expression of CD127 on T cells can help in classifying SCID (11).

Reduced naive T cells (CD3-+45RA+45R0—), elevated memory T cells (CD3-+45RA-45RO+), and
increased expression of HLA DR on T lymphocytes are noted in Omenn syndrome (12). T cell
receptor VB repertoire analysis shows skewed V usage indicating oligoclonality (13)
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Healthy controls Al patients PAD-NIC PAD+NIC XLA
(n=59) (n=62) (n=23) (n =30) (h=9)

Median age (years; range)

Atinclusion 30 (20-71) 43 (18-82) 46 (19-79) 44 (23-82) 24 (18-69)
At diagnosis NA 35 45 (18-73) 36 (12-74) 9
(2 months to 74 years) (2 months to 13 years)
Female sex (%) 33 (58%) 34 (55%) 14(61%) 20 (67%) 0

Clinical diagnosis

Agammaglobulinernia (%) 0 10 (16%) 1(4%) 0 9(100%)
CVID (%) 0 32 (52%) 9 (39%) 23 (77%) 0
HGG (%) o 1321%) 7 (30%) 6(20%) 0
1GSCD (%) 0 1% 1(4%) 0 0
SpAD (%) 0 6(9%) 5 (22%) 1(3%) 0

Decreased serum immunoglobulin levels

19G (%) NA 40/54 (74%) 14/23 (61%) 26/30 (87%) ort"
19A (%) NA 46/61 (75%) 15/23 (65%) 24/30 (80%) 8/8 (100%)
IgM (%) NA 34/61 (56%) 11/23 (48%) 15/30 (50%) 8/8(100%)
Impaited vaccination responses (%) NA 25/30 (83%) 12/16 (75%) 12/14 (86%) /A"
Reduced cell numbers
8 calls (%) NA 24 (39%) 3(13%) 12 (40%) 9(100%)
T cels (%) NA 17 (27%) 5(22%) 11 (37%) 2(22%)
1gRT at sampling (%) NA 46 (74%) 11(48%) 25 (83%) 9(100%)
1gRT started after inclusion (%) NA 12 (19%) 7 (30%) 5(17%) /A
Immunomodulators* (%) NA 8(13%) 3(13%) 4(18%) 1(11%)

Reference ranges: IgG, 6.1-16.2 g/L; IgA, 0.85-4.99 g/L; Igh, 0.35-2.42 g/L; B cells, 97-614 cells/ul: T cells, 830-2,430 cells/yl.
(B- and T-cell reference ranges were derived from the th and 95th percentiles of our healthy controls).

#Serum lgG levels and vaccination responses not assessed owing to historic nature of disease.

*On immunomodulators within 6 months prior to blood sempling.

PAD, predominantly antibody deficiency; NIC, non-infectious complications; XLA, X-inked agammaglobulnemia; CVID, common variable immunodeficiency; HGG,
hypogemmeglobulinemia; IGSCD, IgG subclass deficiency; SpAD, specific polysaccharide antibody deficiency; IgRT, immunoglobulin replacement therapy; IGSCD, IgG
subclass deficiency. A subset of patients has been reported in a recent publication (77).
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Cytokine Subset Healthy adults (n = 5)

Patient

Daughter

Son

Mother

Father

Brother

26%
22%

0.1%

1.1%

0.7%
3%

32%
45%
0.3%
2.6%
3.2%
14%

81%
38%
0.4%
1.7%
6.3%
5.8%

76%

27%

0.1%
1%
9%
6%

76%
34%
0.6%
2.1%
5.7%
7.2%

IFNy CD8* T-cells 26-67%
CD4* T-cells 19-82%

IL-4/L-5 CD8* T-cells 0.1-0.3%
CD4* T-cells 1.6-2.9%

IL-17A/L-17F CD8* T-cells 0.2-1.3%
CD4* T-cells 1.4-2.5%

TIMULATION (CMV)

IFNy CD8* T-cells 0.3-0.7%
CD4* T-cells 05-5%

IL-4/L-6 CD8* T-cells 0-0%
CD4* Tcells 0-0.2%

IL-17A/IL-1T7F CD8* T-cells 0-0%
CD4* Tcells 0-0%

0.8%
0.4%"
0%
0.1%"
0%
0.4%"

o
38

g28¢

0.2%
4.8%
0%
0%
0%
0%

1%
1.6%
0%
0%
0%
0%

2.9%
1.6%
0%
0.2%
0%
0%

0.3%
1%
0.6%
0%
0.05%
0.08%

Results expressed as percentage of cells positive for each cytokine in CD8*, CD4* T-cells and double-negative T-cells (DNTS). *Results from double CD4- CD8~ TCRys~ T-cells.
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Daughter™t/wt Sonmut/vt Mothermut/wt Father™t/wt Brother"t/"t

(normal range) (normal range) (normal range) (normal range) (normal range)
Tocells 1,470 (664-2935) 1,159 (664-2.935)  1561(636-8,030)  1910(636-3,080) 1,056 (664-2,935)
cpa+ 663 (207-1,900) 726 (207-1,900) 900 (345-1,474) 1,293 (345-1,474) 556 (207-1,900)
Naive 288 (74-1,173) 129 (74-1,179) 145 (27-939) 251 (27-939) 73 (74-1,179)
Central memory/transitional memory 307 (117-886) 421 (117-886) 634 (173-764) 630 (173-764) 370 (117-886)
Effector memory 53 (14-500) 174 (14-500) 118 (30-639) 410 (30-639) 90 (14-500)
Terminally differentiated 15 (0-87) 15 (0-87) 3.9(0-219) 2.8(0-219) 24(0-87)
cps* 611 (160-1,103) 370 (160-1,103) 567 (202-1,571) 487 (202-1,571) 335 (160-1,103)
Naive 356 (38-787) 192 (33-787) 19 (2-223) 14 (2-223) 30 (33-787)
Central memory/transitional memory 186 (54-424) 108 (54-424) 235 (42-321) 245 (42-321) 137 (54-424)
Effector memory 20 (2-515) 18 (2-515) 242 (11-926) 118 (11-925) 10 (2-515)
Effector CD27%™ 1.1 (0-144) 1 (0-144) 27 (4-576) 11 (4-576) 5(0-144)
Terminally differentiated 48 (1-273) 50 (1-273) 44 (0-905) 99 (0-905) 153 (1-273)
CD4- CD8~ TCRyb™ 36(5-79) 30(5-79) 15 (2-27) 73(2-27) 87 (65-79)
TCRys* 160 (11-470) 33 (11-470) 80 (4-1,060) 57 (4-1,060) 156 (11-470)
NK-cells 233 (161-672) 242 (161-672) 195 (124-1,737) 738 (124-1,787) 122 (161-672)
Neutrophils 5,468 7,222 3,408 3,955 3019
(1,875-6,483) (1,875-6,483) (1,904-5,516) (1,904-5,516) (1,875-6,483)
Eosinophils 133 (17-2,359) 82 (17-2,353) 468 (40-508) 635 (40-508) 49 (17-2,353)
Basophils 36 (6-124) 43 (6-124) 42 (0-97) 162 (0-97) 22 (6-124)
Monocytes 413 (198-1,048) 486 (198-1,048) 438 (201-840) 1,480 (201-840) 363 (198-1,048)
Non-classical monocytes (CD16++) 1 (7-147) 109 (7-147) 188 (10-249) 409 (10-249) 99 (7-147)
Plasmacytoid DCs 16 (2.7-27) 6.6(2.7-27) 88 (4-19) 7.9(4-19) 52(27-27)

Results expressed as absolute cell counts per u of peripheral blood. Normal reference values are expressed as minimum and maximum values previously reported for age-matched
healthy donors (20, 21). Altered cell numbers are depicted in bold. mut, mutated allele; wt, wild type allele, PB, peripheral blood.
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Patient
Daughter

Son

Healthy donor 1
Healthy donor 2

CD4 concentration (ng/ml)

7.61
13.36
10.64
1.7
9.20
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Leucocyte subsets

T-cells

CD4+ CD8- TCRys~ T-cells
Naive
Central memory/transitional
memory
Effector memory
Terminally differentiated

CD4- CD8* TCRys~ T-cells
Naive
Central memory/transitional
memory
Eftector memory CD27~
Effector CD27%™
Terminally differentiated

TCRys* T-cells

CD4- CD8~ TCRys~ T-cells
Treg-like

(CD8~/TCRy$~/CD25*+/CD127-)

TFH-like
(CD8"/TCRyb~/CXCRS*)
Thi-like
(CD8~/TCRy3~/CXCR3*
/CCR4~/CCR6~/CXCR5™)
Th2-like
(CDB"/TCRyb~/CXCR3~
/CCRA*/CCR6~/CXCRS™)
Thi7-like
(CDB"/TCRyb~/CXCR3~
/CCR4*/CCR6*/CXCRS")
Th1/Th17-like
(CD8"/TCRy3~/CXCR3*
/CCR4~/CCR6*/CXCRS")
NK-cells
Classical monocytes
CD62L* cMo
CDB2L™ oMo
Non-classical monocytes (CD16++)
Mo (CD14+/CD16++)
Late ncMo (CD14-/CD16*+)
SLAN- Late ncMo
SLAN* Late ncMo
Plasmacytoid DCs.
Neutrophils
Eosinophils
Basophils
B-cells
Immature B-cells
Naive B-cells
CcD21+
cpei-
Memory B-cells
cpar+
CD27~
cp2t+
cbei-
IgM++D*
1gG1+
1gG2+
19G3*+
IgG4+
IgAT+
A2+
Only IgD*
Plasmablasts
IgM*
IgG1+
1gG2+
IgG3*
9G4+
IgA1+
IgR2+
Only IgD*

Patient

1,700 + 733
LE
00
0£0

00
00
902 + 367
556 226
217+ 98

105 £ 26
4x6

33£14

238+ 96

560 + 287
66

134

139

56

43

146

603 134
610258
249
220
160 £ 102
21
120
9%

24
6+3
3872 787
21864
62+ 15
517+ 241
7521
304 % 155
388 + 151
55+35
200477
194:£71
16+56.7
20176
80+14
8238
211
17£35
9.0£42
08
4a+18
18+1.4
07£10
6.6+62
007
03
<0.01
0.08
<001
6.2
04
<001

Age reference values

(743-2,379)
(501-1,654)
(83-1,057)
(235-784)

(25-208)
(0-663)
(133-1,432)
(29-336)
(69-453)

(6-323)
(7-457)
(0-500)
(7-231)
(@-24)

(22-141)"

(45-240)"

(57-709)"

(24-123)"

(14-99°

(20-124)"

(150-672)
(343-1,104)
(@-731y
(19-473)
(26-141)
©0-89
(0-160)
(0-155)
(0-62)
(4-29)
(1,800-6,782)
(0-648)
(10-64)
(48-413)
(0.8-23)
(26-244)
(24-872)
(0:3-81)
(25-173)
(19-160)
(1.4-17)
(16-144)
(2.8-83)
(12-114)
(2.8-30)
(0.6-14)
©0.7-6)
(<0.01-4.1)
@5-27)
(0.4-14)
(<0.01-0.9)
0.69.7)
(0.04-1)
(<0.01-1.7)
(<0.01-0.7)
(<0.01-0.2)
(<0.01-0.1)
0.2-3.8)
(0.04-2.9)
(<0.01-0.1)

Results expressed as (mean  standard deviation) absolute cellcounts per ulof peripheral
blood, obtained from repeated analysis performed during the last 5 years following
diagnosis. Normal reference values expressed as minimur and maximurn of age-matched
healthy donors (40-59 years) based on previously published data (20, 21, 26, 28) are
also shown between brackets (. Populations that showed abnormal absolute numbers
compared to age-reference values are depicted i bold. “Reference values obtained from
CD4* CD8= TCRys™ T-cels of age-matched healthy donors. DNT, double-negative T-cell
Tregs, regulatory T-cels; TFH, folicular helper T-cells; DCs, dendiitic cells; cMo, classicl

monocytes; iMo, ir
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Kamchaisatian
etal. (24)
Kamchaisatian
etal. (24)
Sripaet al.
5)

Liuetal. (27)
Duetal. (29)
Lietal. (23)

Duetal. (29)
Duetal. (29)
Duetal. (29)
Duetal. (29)

Ma et al. (26)

Leeetal. (22)

Fanetal. (28)

F6.1

F6.2

Genetic defect

CDAOL deficiency

CDAOL deficiency
CDAOL deficiency
CD40L deficiency
CDAOL deficiency
CDAOL deficiency
CDAOL deficiency
CDAOL deficiency

CDAOL deficiency
CD40L deficiency

AD Hyper-gE
syndrome (STAT)

AD Hyper-gE
syndrome (STAT)
AD Hyper-gE

syndrome (STAT3)

AD gain-of-function
STAT1 disorder

AD gain-of-function
STAT1 disorder

AD gain-of-function
STAT1 disorder

AD gain-of-function
STAT1 disorder

AR IFNGR1 deficiency

AR IFNGR1 deficiency

Mutation

gIVS1+1G>A

Complex mutation
inexons

Not stated

Not stated
gIVS1-8T>G

Not stated
gIVS3+1G>A
gIVS1-1G>A
gIVS4+1G>C
Large fragment

deletion including
exon 4 and exon 5

Not stated

p.0374G

PKS3IN

ATV

p.T2881

p.Las8F

p.M390I

Homozygous
PVB11sX69

Homozygous
PVB11sX69

Gender/age,
residence

M/29 months, China

M/14 months,
Northeastern Thailand

M/ year, Northern
Thailand

M/3 years, Thailand
M/2 years, China

M/14 months, China

M/35 months, China
M/27 months, China
M/3 years, China
M/13 years, China

M/30 years,
Hong Kong, China
F/12 months, China

M/13 years, China

M/15 years,
Hong Kong, China

F/7 years, Hong Kong,
China

F/5 years, Hong Kong,
China

M/10 years,
Hong Kong, China

F/5 months, Northemn
Thailand

M/12 months, Northern
Thailand

Extent of T.
nmarneffei infection

Disseminated, with
recurrent disease

Disseminated

Pulmonary disease and
lymphadenopathy
Pulmonary disease

Disseminated
Disseminated

Disseminated
Disseminated
Disseminated
Disseminated

Pulmonary (co-infection
with
Stenotrophomonas
maltophilia)
Disseminated

Disseminated

Disseminated

Pulmonary (co-infection
with cytomegalovirus)

Cervical
lymphadenopathy
(corinfection with
Mycobacterium
tuberculosis)
Disseminated with
multiple recurrences

Disseminated

Disseminated

Treatment and outcome

Disseminated disease reated with
voriconazole for 4 months with good
response, subsequent recurrence as
laryngeal involvement also treated with
Voriconazole with success

Treated with amphotericin B for 21 days,
followed by itraconzole for 10-12 weeks
Treated with amphotericin B for 21 days,
followed by itraconzole for 10-12 weeks
Itraconazole, good response

Died of multi-organ failure

Treated with itraconazole for 2 weeks and
improved

Responded well to anti-fungal therapy
Lost to follow-up

Responded well to anti-fungal therapy
Responded well to anti-fungal therapy

Treated with amphotericin B, died of
respiratory failure due to rapid disease
progression

Treated with itraconazole with good
response

Amphotericin B and voriconazole for 2
weeks, followed by itraconzole for 2
months.

Treated with amphotericin B for 6 weeks
with good response, followed by
itraconazole prophylaxis

Treated with amphotericin B for 6 weeks
with good response, followed by
itraconazole prophylaxis

Treated with itraconazole and
anti-tuberculous treatment with good
response

Protracted courses of anti-fungal therapy
with eventual clearance

Treated with amphotericin B for 6 weeks
with good response, followed by
itraconazole prophylaxis

Treated with amphotericin B for 6 wesks
with good response, followed by
itraconazole prophylaxis
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Hb (g/dl)
Full Blood Count
WCC (x1097)
ANC (x1097)
ALC (x10%/)
PLT (x10%/)
ESR (mmvh)
CRP (mg/))
Serum Ig
19G (g/)
IoA @)
IgM (o)
Lymphocyte Subset
CDB+ (/ul, %)
Normal range for age and sex
CDA+ (/ul, %)
Normal range for age and sex
CDB+ (/ul, %)
Normal range for age and sex
CD19+ (/ul, %)
Normal range for age and sex
CD16/56+ (/ul, %)
Normal range for age and sex

F1 F2 F3 F4 F5.1
12,0 105 103 98 88
237 63 12,81 65 32
0.87 4.86 10.71 286 NA
1.28 084 089 287 NA
367 308 229 297 NA
a4 75 104 89 NA
3 245 675 567 NA
43(6.76-13.49)  268(537-1682)  82.1(7.24-138) 11.13 (7.24-138) NA
0.44(0.63-234)  4.00(0.74-261) 3.30 (0.68-2.29) 074 (0.68-2.29) NA
062(0.64-237)  1.28(0.40-1.95) 097 (0.88-2.75) 1.59 (0.88-2.75) NA
706 (55.2) 841 (78.1) 833 (76.2) 1832 (63.7) NA
1,500-2,900 (62-70) 1,100-2,200 (56-72) 1,800-2,200 (64-72.5) 1,800-2,200 (64-72.5)
454 (35.5) 207 (27.6) 375 (34.9) 897 (31.2) 93 (29%)
1,000-2,100 (29-40)  600-1,600 (27-34)  600-1,100 (29.5-35.5) 600-1,100 (29.5-35.5) 600-1,100 (29.5-35.5)
228(17.8) 400 (37.1) 392 (35.8) 701 (24.4) 138 (43%)
700-1,100 (19-25)  500-1,200 (23-80)  500-1,000 (24-33.5)  500-1,000 (24-33.5)  500-1,200 (23-30)
512 (40.0) 158 (14.7) 189 (17.2) 879(30.6) Normal
500-1,200 (18.5-28)  200-600 (15-20)  300-500 (14-21) 300-500 (14-21) 200-600 (15-20)
403.1) 52 (4.9 25(2.3) 101 3.5) NA
300-600 (9-195)  300-600 (11-24)  300-500 (11-23) 300-500 (11-23)

F6.1

6.9

245
186
4.94
24
N/A
N/A

18.8
243
261

3276 (66.2%)
(60-81)
2,153 (43.5)
(22-50)
1,084 (21.5%)
(18-44%)
1168 (28.6%)
(7-27%)
190 (9.9%)
(2-40%)





OPS/images/fimmu-10-02189/fimmu-10-02189-g005.gif





OPS/images/fimmu-10-02189/fimmu-10-02189-g004.gif
H
CrTed firered






OPS/images/fimmu-10-02189/fimmu-10-02189-g003.gif





OPS/images/fimmu-10-00722/fimmu-10-00722-g007.gif





OPS/images/fimmu-10-00722/fimmu-10-00722-t001.jpg
Control group Unstimulated CD3/CD28
(100 ng/ml)
MFI of pSTAT5A? 103:£8 449 134
% of CD25+ pSTATEAHD 176 £07 46.6 £ 135
% of dividing Cells® 2406 533+73

CD3/CD28 (100ng/mi) +
DMSO (0.07 %)

358 £ 131
387 £8.7
53.8 £ 12

aMedian fluorescence intensity (MFI) of STATSA after 24 h, calculated as mean == SD.

bPercent of CD25 pSTATSA* cells after 24 h, calculated as mean = SD.

®Percent of dividing cells after 72 h, calculated as mean + SD.

CD3/CD28 (100 ng/ml) +
JAK3i (12 1M)

12 £17
8337
7£57

CD3/CD28 (100 ng/mi) +
STATSi (35 M)

127 = OF
16£72
55+ 45
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Control group Unstimulated PHA PHA (10 j.g/ml) + DMSO PHA (10 g/ml) + JAKSi PHA (10 ng/ml) + STATSi

(10pg/mi) (0.07 %) (12pM) (350M)
MFI of pSTAT5A? 1038 380 111 331 £ 51 19+ 15 125 £ 15
% CD25+pSTATSATD 176 £07 428+ 114 365+87 81+£36 89+67
% of dividing cells® 2406 5176 482485 98+9 45£7

%Median fluorescence intensity (MFI) of STATSA after 24 h, calculated as mean == SD.
bpercent of CD25+ pSTATSA* cells after 24 h, calculated as mean = SD.
®Percent of dividing cells after 72 h, calculated as mean + SD.
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Susceptibility to EBV

Deficiency RASGRP1 CD70 CTPS1 RLTPR K MAGT1 PRKCD XLP1 XIAP CD27
T cell proliferation  Reduced Reduced Reduced Reduced Reduced Reduced Normal Increased Reduced Reduced
References (60) (64) (65, 131) (66) (132) 68) (70) (133 (73) (74, 134)
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Syndromes with autoimmunity

Flow cytometric (FC) application and immunopathological mechanisms identified

Syndromes associated with increased TCRa/ DN T cells

ALPS-FAS
ALPS-FASLG
ALPS-Caspase8
ALPS-Caspase 10
FADD deficiency
LRBA deficiency

STATS gain-of-function (GOF)
mutation

Defective regulatory T cells

IPEX
CD25 deficiency

CTLA4 haploinsufficiency
BACH? deficiency

Normal regulatory T cell function
APECED

Tripeptidyl-Peptidase Il deficiency

JAK1 GOF

FAS expression, reduced T cell apoptosis
FASL expression, reduced T cell apoptosis

Reduced T cell apoptosis

Reduced T cell apoptosis

Reduced T cell apoptosis

Reduced T regulatory (T reg) cels, low CTLA4 and Helios; Increased B cell apoptosis and low
levels of IgG*/lgA* CD27*+ switched-mermory B cells; reduced B proliferative capacity, and
impaired activation (using CD138 staining)

Delayed de-phosphorylation of STAT3; diminished STATS and STAT1 phosphorylation; which is
in line with the role in the negative regulation of several STATs162. High levels of Th17 cells;
reduced FOXP3*CD25* Treg population; decreased FASL-induced apoptosis

Decreased or absent FOXP3 expression by CD4+CD25* regulatory T cells
Impaired CD25 expression; defective proliferative responses following anti-CD3 or PH;
defective NK cell maturation increased (CD56brightCD16hi and reduced CDS6AImCD16hi NK
cells in peripheral blood); increased degranulation by elevated CD107a expression and higher
perforin and granzyme B expression in NK cells;

GTLA expression, trafficking, binding to its ligand, and GTLA4-mediated trans-endocytosis
Reduced BACH2 expression in T and B lymphooytes, decreased FOXP3 expression by
CD4+CD25* regulatory T cells, reduced total and class-switched mermory B cells, increased
Thet expression

Expression of IL-17A, IL-17F, and IL-22 by PBMGs. AIRE expression by FC is not available (no
antibody validated)

Lymphooytes expressing high levels of major histocompatibiity complex (MHC) class |
molecules, a predominant T CD8+CD27-CD28~CD127- phenotype; increased percentage of
IFN-y and IL-17 positive T cells; high expression of T-bet and perforin. Defective proliferation
lymphoproliferation and increased susceptibilty to apoptosis; increased levels of CD21low B
cells

Increased JAK1, STAT1, and STATS phosphorytation

Immune dysregulation with early onset Colitis

IL-10 deficiency
IL-10RA deficiency

IL-10RB deficiency

No FC assay available. Normal STAT3 phosphorylation in response to IL-10
IL-10RA expression; defective STAT3 phosphorylation in response to IL-10. Normal STATS
phosphorylation in response to IL-23
IL-10RB expression; defective STAT3 phosphorylation in response to IL-10. Normal STAT3
phosphorylation in response to IL-23

Genetic defect
(References)

TNFRSF6 (75)
TNFSF6 (76)
CASP8 (77)
CASP10(78)
FADD (79)
LRBA (80)

STATS (81)

FOXPS (82)

CD25 or IL2RA
®3)

CTLA4 (89)
BACH2 (85)

ARRE (86)

TPP2 (87)

JAK (88)

1L-1089)
IL-10Ra (30)

IL-10Rb (90)

Inheritance

AD/AR
AD/AR
AR
AD
AR
AR

AD

XL
AR

AD
AD

AR

AR

AD

AR
AR

AR

Diseases are classified as reported by the 2017 IUIS phenotypic classification for PIDs (24). AD, Autosomal dominant; ALPS-FAS, Autoimmune lymphoprolierative syndrome-Fas cel
surface death receptor; ALPS-FASLG, Autoimmune lymphoproliferative syndrome FAS ligand gene; APECED, Autoimmune polyendocrinopathy candidiasis ectodermal dystrophy; AR,
Autosomel recessive; BACH2, BTB Domain And CNC Homolog 2; CASP, cysteine-aspartic acid protease 8;,CASP10, cysteine-aspertic acid protease 10; CD25 or IL2RA, Iterleukin 2
Receptor A; CTLA4, cytotoxic T-ymphocyte-associated Protein 4; DN, double negative; FADD, Fas Associated Via Death Domain; IL-10, Interleukin-10; IL-10Ra, Interfeukin-10 Receptor
alphe; IL-10Rb, Interleukin-10 Receptor beta; IPEX, Immune dysregulation; polyendocrinopathy; enteropathy; XL, X-linked; JAKT, Janus Kinase 1; LRBA, LPS Responsive Beige-Like
Anchor Protein; NFATS, Nuclear Factor Of Activated T Cells 5; STAT3, signal transducer and activator of transcription 3: TPP2, Tripeptidyl Peptidase 2.
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HLH and EBV susceptibiity Flow cytometric (FC) application and immunopathological mechanisms identified Genetic defect  Inheritance

(References)
Hypopigmentation Syndromes.
Chediak Higashi sd Reduced degranulation based on the surface up-regulation of CD107a (49) in Natural kiler (NK)  LYST (50, 51) AR
cells and cytotoxic T lymphocytes (CTLs)
Griscelli sd type 2 Reduced degranulation based on the surface up-regulation of CD107a (49) in NK and CTLs RAB27A (52) AR
Hermansky-Pudiak sd type 2 Reduced degranulation based on the surface up-regulation of CD107a (49) in NK and CTLs AP3B1 (53) AR
Hermansky-Pudlak sd, type 10 Reduced degranulation based on the surface up-regulation of CD107a (49) in NK and CTLs AP3D1 (54) AR
Familial HLH
Perforin deficiency (FHL2) Perforin expression in NK cells and CTLs PRF1 (55) AR
Normal CD107a expression in NK and CTLs
UNC13D or Munc13-4 Munc13-4 expression in NK cels, CTLs, and platelets. UNCT3D (56) AR
deficiency (FHL3)
Syntaxin 11 deficiency (FHL4) STX11 expression not available by FC (no antibody validated). STX11(57) AR
Reduced CD107a expression in NK and CTLs
STXBP2 or Munci8-2 deficiency  STXBP2 expression by FC not available (no antibodly validated). STXBP2 (58) AR
(FHLS) Reduced CD107a expression in NK and CTLs
Susceptibiity to EBV infections RASGRP1 AR
RASGRP1 deficiency Reduced cell proliferation using fluorescent cell staining dye; impaired T cell activation by (69-63)
measuring CD69 expression; defective CTPS1 expression; reduced intracellular expression of
active caspase 3; recluced T cell apoptosis using annexin V/propidium fodide staining, allin
response to CD3/TCR activation
CD70 deficiency CD70 expression on phytohaemagglutinin (PHA)-stimulated T cells; binding of a CD27-Fo ©D70 (84) AR
fusion protein on T cells
CTPS1 deficiency Defective cell proliferation using fluorescent cell staining dye CTPS1 (65) AR
RLTPR deficiency RLTPR expression in adaptive (B and T lymphocytes) and innate (monocytes and dendiitic RLTPRor
cells) immune cells. Reduced phospho-nuclear factor (NF)-«B PE5-(pS259) expression and CARMIL2 (66)

inhibitor ()cBo degradation in CD4+ and CD8*, specifically after CD28 co-stimulation; CD107a
expression after K562 stimulation
ITK deficiency ITK expression by FC not available (no antibody validated). Reduced T cell receptor 1K (67) AR
(TCR)-mediated calcium flux; absence of Natural Killer T (NKT) cells determined as TCR Vg1
and TOR Va4 double-positive cells
MAGTH deficiency MAGT1 expression by FC not available (no antibody validated). Reduced CD69 expressionin  MAGTH (68) XL
CD4* T cells after anti-CD3 stimulation. Low CD31+ cells in the naive (CD27*, CD45RO")
CD4* T cel population. Impaired Mg influx using Mg2* -specific fluorescent probe MagFluod.
Reduced NKG2D expression in NK cells and CTLs

PRKCD deficiency Increased B cell prolfferation after anti-IgM stimulation; resistance to PMA-induced cell death;  PRKCD (69-71) AR
low CD27 expression on B cells

XLP1 SH2D1A expression, low numbers of circulating NKT cells (Va24TCR+/V/B11TCR+). Impaired  SH2D1A (72) XL
apoptosis.

XLP2 XIAP expression, low numbers of circulating NKT cells (Va24TCR-+VB11TCR+). Enhanced XIAP (73) XL
apoptosis

CD27 deficiency CD27 expression on B cells cD27 (74) AR

Diseases are classified as reported by the 2017 IUIS phenotypic classification for PIDs (24). AP3B1, Adaptor Related Protein Complex 3 Beta 1; AP3D1, Adaptor Related Protein Complex
3 Delta 1; AR, Autosomal recessive; CD27, Cluster of Diferentiation 27; CD70, Cluster of Differentiation 70; CTPS1, Cytidine triphosphate synthase 1; FHL, famillal hemophagocytic
lymphohistiocytosis; ITK, IL2 Inducible T Cell Kinase; LYST, Lysosomal Trafficking Regulator; MAGTI, Magnesium Transporter 1; PRF1, Perforin 1; PRKCD, Protein Kinase C Delta;
RAB27A, Ras-Related Protein Rab-27A; RASGRP1, RAS guanyl-releasing protein 1; RLTPR, RGD motif, leucine rich repeats, tropomodulin domain and proline-rich containing; sd,
syndrome; SH2D1A, SH2 Domain Containing 1A; STX11, Syntaxin 11; STXBP2, Syntaxin Binding Protein 2; UNC13D, Protein unc-13 homolog D; XL, X-linked; XIAR, X-linked inhibitor
of apoptosis protein.
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IL7R n n o n
RAGT /8 8/8 18 88
RAG2 5/5 5/5 o5 5/5
DCLRE1C 33 33 o3 33
NHEJI n n on in
cb(n=12) 58% 83% 25% 100%
cp4oL 1/6 6/6 o6 /6
ZAPT0 3/3 13 o3 33
DOCKS 22 212 212 212
BCL10 ”n n n n
CID with syndromic 70% 60% 10% 75%
features (1 = 20)
WASp 373 3/3 o3 3/3
ATM 5/6 a6 o6 5/6
Di George 3/6 1/6 o6 3/6
STAT3 1/2 22 1/2 22
NEMO 172 172 o2 12
PNP 1 11 17 17
PAD (0= 16) 31% 100% 25% 100%
BTK 110 10/10 110 10/10
PIK3CD 5 5/5 35 5/5
AD o 14 ot 17
Disease of immune 70% 60% 10% 90%
dysregulation (n = 10)
Syntaxin n n o ”n
FAS 5/5 2/5 115 5/5
XP o 11 ot 17
cD27 n n on n
cTPSt 02 1/2 o2 1/2
Defects of phagocytes 30% 60% 40% 70%
or function (n = 10)
caD 1/5 3/5 115 3/5
GATA2 25 3/5 35 a5
Defects innate 67% 67% 33% 67%
immunity (0 = 3)
STAT1 n n n in
WHIM 17 1 o 17
IRAK4 on (] [} o
Complement 0% 0% 0% 0%

deficiencies (n = 4)

Results expressed as percentage of patients showing absolute counts below the lower
limit of nommality, compered to age-reference velues obtained from 250 healthy donors
analyzed with the same protocol. SCID, Severe Combined Immunodeficiency; CID,
Combined Immunodeficiency; PAD, Predominantly Antibody Deficiency.
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HGVS, human genome variation society; NA, not available; MAF, minor allele frequency; EUR, European; PD, probably damaging; S, synonimous; T, tolerated; D, deleterious.

Change coordinates
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Immunological role of the gene-encoded
protein

Member of Janus kinase family of tyrosine kinases;
Oytokine receptor-mediated intracellular signal
transduction

Cell surface glycoprotein with major role in cell-cell
adhesion, in endothelia and immune cells

Transcription Factor AP-1 interacts with specific
target DNA sequences to regulate gene expression
in the immune system

Regulates intracellular protein trafficking in
endosomes; Mutations associated with
Chediak-Higashi syndrome with impaired cytotoxic
lymphocyte function (30)

Member of the Toll-like receptor family, with a role in
pathogen recognition and activation of innate
immunity. Identified as a critical mediator of intestinal
immunity

Belongs to collectin family. Important element in the
innate immune system

Variants associated with susceptibiity to
autoimmunity and infections (31)

Important for efficient T and B-cell antigen receptor
signal transduction

CDASRA persistence in memory T cells in
alterative splicing defect
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Healthy controls All PAD® PAD-NIC PAD+NIC
(n =59 (h=53) (n=29) (n=30)

FREIBURG
la (smB—21l0) 0 7(18%) 2(9%)  5(16%)
b (smB—21norm) 3(5%) 22(42%) 8(36%) 14 (47%)
1l (smB+211o or norm) 56(95%)  24(45%) 13(55%) 11(37%)
EUROCLASS
B 0 36%) 2% 106%
B+smB—21normTmorm 0 50%) 3(18%) 2(%)
B+smB—21normTrhi 0 12%) o 1(3%)
B+smB—21loTrnorm [ 5 (9%) 0 5(17%)
B+smB-21loTrhi 0 1(2%) 0 13%)
B+smB+21norm 59(100%)  31(58%) 15(65%) 16 (53%)
B+smB+21lo 0 7(14%)  3(13%) 4 (14%)

PAD, predominantly antibody deficiency; NIC, non-infectious complications; smBs,
switched memory B cells, 21, CD21; T transitional 8 cells.

Freiburg classification undertaken on patients with 21% B cells in lymphocyte gate;
definiions (79): smB~, <0.4% CD28*lgD~ B cells within lymphocytes; 210, 220% B
cells are CD21°.

EUROGlass definitions (47): B-, <1% of lymphocytes; smB-~, <2% of B cells; 21°, =10%
B cells are CD21"; Tihi, 9% of B cells are transitional (CD38"CD27-).

aExcluding patients with a clinicel diagnosis of X-lnked agammeglobulinemia (XLA), as
these were all B cell negative.
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All patients PAD-NIC PAD+NIC ~ XLA
(=62 (=28 (1=30) (=9

INFECTIOUS COMPLICATIONS
URTI (%) 49(79%) 17 (74%) 24(80%) 8 (89%)
Sinusitis (%) 48(T7%)  16(70%) 24 (80%) 8 (89%)
Oiitis (%) 2032%)  7(30%) 7(8% 6(67%)
LRTI (%) 49(79%) 17 (74%) 25 (83%) 8 (89%)
Bronehitis (%) 8(18%)  4(17%) 4(13%) 0
Preumonia (%) 38(61%) 12(62%) 20(67%) 7 (78%)
Bronchiectasis (%) 17@7%)  4(17%)  8(27%) 5 (56%)
Gastrointestinal (%) 4(6%) 0 4(3% O
Giardia (%) 4(6%) 0 4(3%) O
Other sites* 8(13%)  1(4%) 6(0%) 1(11%)
NON-INFECTIOUS COMPLICATIONS
GLILD (%) 1(2%) 0 16% 0
Autoimmunity (total) (%) 18 (29%) 0 18(60%) O
Musculoskeletal (%) 5(8%) 0 5(17%) o
Cytopenia (%) 6(10%) 0 6@0% O
Endocrine (%) 3(5%) 0 3(0% 0
Splenomegaly (%) 4(6%) 0 4(3%) O
Lymphadenopathy (%) 1(2%) 0 1(38%) 0
Gastrointestinal disease total) (%) 11 (18%) 0 11@%) 0
Enteropathy (%) 10 (16%) 0 10 (33%) 0
Coltis (%) 2(3%) 0 20% 0
Granulomatous disease (%) 3(5%) 0 3(10% O
Malignancy (%) 2(3%) 0 20%) 0
Solid Organ (%) 2(3%) 0 20% 0
Hematological (%) 0 0 0 o

PAD, predominantly antibody deficiency; PAD-NIC, PAD without non-infectious
complications; PAD+NIC, PAD with non-infectious complications; XLA, X-inked
agammaglobulinemia; GLILD, granulomatous-lymphocytic interstitial lung disease.
“Other includes osteomyelitis, pertussis, prostatitis, and systemic viral infection.

#One XLA patient developed an acute precursor-B-cell leukemia 6 months after inclusion
in this study (78).
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Naive patients  Naive patients—24h p-value

ni8 post Ig infusion
Sex M/F 108 - -
Age (years) 41.44 (16.18) - -

Body Mass Index (kg/m?)  24.51 (4.47) - -
Total Cholesterol (mg/d) ~ 158.37 (28.33) - -

Triglycerides (mg/d) 94.66 (56.52) - -
Glycemia (mg/dl) 82.06 (10.79) - -
19G (mg/d) 236 (1.85) 7.99(2.83) 054-8
IgA (mgy/di) 0.11(0.13) 0.12(0.15) 078
1M (mg/cl) 031(0.38) 033 (0.35) 087
Total proteins (g/d) 6.01(0.54) . -
Iron (ug/cl) 55.75 (26.04) - -
Fibrinogen (mg/d) 301.81 (66.44) - -
C reactive protein (mg/d) 221 (2.87) - -
ESR (mm) 8.4(4.83) = -
Adiponectin (ug/m) 653 (6.19) 13.93 (9.22) 0.007
Leptin (ng/m) 8.32(3.29) 9.01(4.88) 062

Data are expressed as mean (sd).
Statistically relevant values are reported in bold.
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Sex M/F

Age (years)

Body Mass Index (kg/m2)
Total Cholesterol (mg/d)
Triglycerides (mg/d)
Glycemia (mg/d)

19G (mg/d)

I9A (mg/dl)

IgM (mg/dl)

Total proteins (mg/d)

Iron (g/d)

Fibrinogen (mg/d)

G reactive protein (mg/d)
ESR (mm)

Adiponectin (ug/mi)
Leptin (ng/mi)

Data are expressed as mean (sd).

Controls

14/14
42,67 (15)
24.36 (2.74)
199.88 (43.17)
95.56 (45.26)
87.29 (13.86)

7.3(062)
9559 (34)

20.17 .74)
9.49 (3.59)

Statistically relevant values are reported in bold.

Maintenance therapy
patients

12/12
4529 (14.86)
25,19 (4.45)
16141 (41.21)
95.16 (35.80)
80.29 (15.31)
224.79 (97.56)
12.41(13.99)
23.75 (47.88)
6.48 (0.59)
68.79 (34.12)
331.54 (99.66)
0678 (0.78)
10.16 (9.75)
15.96 (3.63)
8.38(3.75)

p-value

0.53
0.45
0.002
0.97
0.09

0.001
0.01

0.03
0.28

Naive patients
n.18

10/8
4144 (16.18)
24.51(4.47)
15837 (28.33)
94,66 (56.52)
82.06(10.79)
2,36 (1.85)
0.11(0.13)
031(0.38)
601 (0.54)
55.75 (26.04)
301.81 (66.44)
2.21(2.87)
8.4.(4.89)
653 (6.19)
832(3.29)

p-value

0.42
0.65
0.87
0.97
0.69
5.47-12
0.0006
0.07

0.20
0.30
0.02
0.59
2.55-97
0.95
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Clone Source Catalog number Application in EuroFlow panel

SK7 BD Biosciences 345767 Orientation, SCID/RTE, T cell subset tubes

SK3 BD Biosciences 382772 Orientation tube

SK1 BD Biosciences 345772 Orientation tube

3G8 BD Biosciences 556407 Orientation tube

J3-119 Beckman Coulter IM3628 Orientation, BM-BCP, Pre-GC, Post-GC, IgH-isotype tubes

M-T271 BD Biosciences 562513 Orientation, Pre-GC, Post-GC, T cell subset tubes

0323 BioLegend 302824 Orientation, Pre-GC, Post-GC, T cell subset tubes

2D1 BD Biosciences 641417 Orientation tube

HI100 BD Biosclences 563031 Orientation tube

HI100 BiolLegend 304142 Orientation tube

c5.9 Cytognos CYT-56PE Orientation tube

Leullc BD Biosciences 332779 Orientation tube

1A6-2 BiolLegend 348205 Orientation tube

MHM-88  BioLegend 314511 Orientation tube

11F2 BD Biosciences 655410 Orientation, SCID/RTE, T cell subset tubes

APCH7

CD45

wi/test
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SmigG3 FITC

SmigG4 FITC

SmigM ~ BV510

Bv421

BV510

Smight
Smight
Smight
Smight

Clone

UCHT-2

J3-11

B-lyd
ALBY

9

M-T271

HB7
HB7

IS11-8E10
I1S11-8E10

sAat
SAAt
saR2
1A6-2
polycl

lonal

G18-145

SAG1

SAG2
SAG2
SAG3
SAG4

MHM.

-88

FITC PE PerCPCy5.5 PECy7
css cD5 Smigd cpi9
SmigE and Smigh SmigG and Smigh Smigd cpi9
SmigGé and SmigG2 SmigG1 and Smig2 Smigb cpi9
SmigG3 and SmigA1 SmigA2 and SmigA1 Smigd it

Source Catalog number  Application in EuroFlow-PID panel

BioLegend 300608 Pre-GC tube

Beckman Coulter IM3628 Orientation, BM-BCP, Pre-GC, Post-GC, IgH-isotype

tubes

BD Biosciences 559867 Pre-GC, Post-GC, IgH-isotype tubes

Beckman Coulter 810738 Pre-GC,

BD Biosciences 562513 Orientation, Pre-GC, Post-GC, IgH-isotype, T-cell

subset tubes

BD Biosciences 340909 Pre-GC tube

BD Biosciences 656646 Post-GC tube, IgH-isotype

Mitenyi 130-098-071  Post-GC tube

Mitenyi 130-093-128  Post-GC tube

Cytognos CYTIGATF IgH-isotype tube

Cytognos CYTIGAIPE  IgH-isotype tube

Cytognos CYTIGAZPE  IgH-isotype tube

BioLegend 348208 Pre-GC, Post-GC, IgH-isotype tubes

Life Technologies H15701 Post-GC tube

BD Biosciences 555787 Post-GC tube

Cytognos CYTIGGIPE  IgH-isotype tube

Cytognos CYFIGG2F  IgH-isotype tube

Cytognos CYTIGG2F  IgH-isotype tube

Cytognos CYT-IGG3F IgH-Isotype tube

Cytognos CYT-IGG4F IgH-isotype tube

BioLegend 314521 Pre-G, Post-GC, IgH-isotype tubes

APC

cb21
cb21
cb21
co21

APCAF750

CD24
CD38
CD38
CD38

wlitest

5
5

10
5

1 (Pre/Post-GO)/2

13

(igh-isotype)

©

(Pre/Post-GO)/2
(IgH-isotype)
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PacB
CD20
Marker

D10
D19
cD20
CD34
cD38
CyCD7%a
Smigb
SmigM
CylgM
nuTdT

BV510
Smight
Fluorochrome

APCC750
PECY7
PacB

APC

BV60S

PE
PECF594
BV510
PerCPCY5.5
FITC

BV605

CcD38

Clone

Hi10a
J3-119
2H7
8G12
HIT2
HMS7
1A6-2
MHM-88
MHM-88
HT-6

FITC PE PECF594
nuTdT ©yCD79a SmigD
Source Catalog number
Cytognos CYT-10ACT50
Beckman Coulter  IM3628
Biolegend 302820
BD Biosciences 345804
Biolegend 303532
Dako R7159
BD Biosciences 562540
BioLegend 314521
BioLegend 314512
Dako F7139

PerCPCy5.5 PECY7 APC
CylgM cD19 CD34
Application in EuroFlow-PID panel

BM-BCP

Orientation, BM-BCP, Pre-GC, Post-GC, IgH-isotype tubes
BM-BCP tube

BM-BCP tube

BM-BCP tube

BM-BCP tube

BM-BCP tube

BM-BCP, Pre-GC, Post-GC, IgH-isotype tubes

BM-BCP tube

BM-BCP tube

APCC750
CD10

Wlitest

o - o w

@ w

~non
3
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APC Alexa750

Fluorochrome

Target cD20 IgM cp38 TdT CD79a 1gD oylgM cp19 cD34 cp10
clone 2H7 MHM-88 HIT2 HT6 HM47 1A6 MHM-83 J3-119 8612 HI10a
Volsume 1l 1.3 Tl 10l 5ul 3ul 25l sul 25l 5ul
(undiluted)

Shaded fields indicate intracellular markers.
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Cytokine ical Phenotype

PRIMARILY INFECTIOUS MANIFESTATIONS

Interferon gamma (IFNy) Disserminated extra-pulmonary, NTM infections,
infections with Salmonella typhi, Toxoplasma, CMV,
reactivation of VZV.
Likely immunomodulatory in Guillain-Barre Syndrome

Interleukin-17 (IL-17A, IL-17F)  APS-1,CMC

Interleukin-22 (IL-22) APS-1,CMC

Autoimmune PAP, intracellular infections with
Mycobacterium avium and Cryptococcus, Nocardia, and
Aspergillus species

Granulocyte Macrophage
Colony Stimulating Factor
(GM-CSF)

Interleukin-12 (IL-12) APS-1, thymoma associated autoimmune disease.
Burkholdaria ymphadents (one documented case)

INFECTIOUS OR AUTOIMMUNE MANIFESTATIONS
Interleukin-6 (IL-6) Documented association with systemic sclerosis,

recurrent staphylococcal infections with low CRP levels,

Interferon-alpha (IFN-o) SLE, APS-1, Thymora, immune deficiency associated
with hypomorphic RAG mutations, NFKB2 mutations

(one patient), IPEX syndrome

Granulocyte Colony Stimulating
Factor (G-CSF)

Neutropenia, Felty’s syndrome

Interleukin-1 (L-1) Pemphigus, psoriasis, rheumatoid arthritis, Sjogren’s
syndrome (non-destructive form of polyarthritis)

B Cell Activating Factor (Baf)  Systemic Lupus Erythematosus, associated with GVID

PRIMARILY AUTOIMMUNE OR IMMUNE DYSREGULATION
Tumor Necrosis Factor-alpha  SLE, Multiple Sclerosis, psoriasis, RA
(TNF-o)

Interleukin-8 (IL-8) Acute Respiratory Distress Syndrome

Erythropoietin (EPO) Acquired pure red cell aplasia (PRCA)

Osteopontin (OPN) Rheumatoid arthritis, hepatocellular carcinoma, prostate

cancer.

Osteoprotegerin Osteopoross, celiac disease, increased bone resorption

in rheumatoid arthritis

Possible biological role

Neutralizing, abrogates the IFNy response, leacing to
compromised cellular immune responses.

Neutralizes IFNy thereby decreasing inflammation in GBS
Neutralizing, abrogates IL-17 responses essential for
anti-fungal immunty

Found in association with anti-IL17 AAbs and may play
arole in anti-fungal immunity. Not conclusively
established.

Neutralizing, impaired alveolar macrophage development
leading to compromised surfactant clearance, impaired
macrophage, and neutrophil function

Neutralizing capability may increase susceptibilty to
intracelular organisms, however, biological role not
conclusively established

Neutralizing, leads to decreased CRP levels, increased
susceptibilty to infection.

May form stable complexes with IL-6 and contribute to
disease progression in systemic sclerosis.

Neutralizing activity may increase susceptibilty to
infections.

Neutralizing activity associated with reduction in disease
severity in SLE, Sjogren's syndrome, and RA.

May contribute to neutropenia through neutralization of
G-CSF, however, robust evidence not available.

Shown to be neutralizing, negatively correlated with
disease severity and may modulate disease.
Associated with decreased disease activity in SLE, but
role unclear.

Associated with GVID but does not correlate with
pathogenesis of disease

May play a role in disease modulation in SLE, RA, and
Psoriasis. Role unclear in MS.

Gomplexes with IL-8 thereby extending its
proinflammatory activity including recruitment of
neutrophils

Neutralizing AAbs to exogenous recombinant EPO cross
react with endogenous EPO, inhibiting growth of
erythroid progenitor cells.

Unclear, may have a role in modulating disease activity in
RA,

Potential early serum biomarker for prostate cancer.
Diagnostic and prognostic biomarker for

hepatocellular carcinoma

Biological role unclear.

Assay

Ligand-binding assay (ELISA)
Functional, abrogation of p-STAT1 in
human monocytes.

ELISA
Inhibition of IL-6 production by IL-17
responsive fibroblasts

Particle based ligand binding assay

ELISA, proliferation of TF-1 cells in response
to recombinant GM-CSF,

Inhibition of p-STATS detection by

flow cytometry

Particle based ligand binding assay
Inhibition of p-STAT4 in PHA-indluced T

cell blasts

Luciferase immunoprecipitation (LIPS)
ELISA, Western blot, inhibition of TF-1 cell
growth

Radioimmunoprecipitation

ELISA

Viral growth inhibition

Multiplex bead assay

Inhibition of p-STAT

ELISA

Western blotting

Inhibition of proliferation of G-CSF receptor
expressing 32D cell line.
Radioimmunoprecipitation,

ELISA

ELISA

ELISA

TNF-o induced apoptosis in U937 cells
ELISA to detect IL-8-anti-IL-8 complexes
Abilty to trigger neutrophil degranulation and
release of superoxide
Radioimmunoprecipitation. Ability of serum
from EPO-treated patients to inhibit the
proiferation of erythroid progenitor cells from
healthy donor bone marrow.

ELISA

Western biotting,

Direct and Competitive ELISA

References

(1,18, 19)
(16)

(0, 21)

©2,29)

(23,26, 27)

(28-30)

(7,31-39)

a7

(12,34, 35)

@6,87)

©8)

(10,39)

(40)

(41,42) (41, 42)

(43, 44)

AAbs, Autoantibodies; NTM, Non-tuberculous mycobacteria; CMV, Cytomegalovirus; VZV, Varicella Zoster Virus; APS-1, Autoimmune Polyglandular Syndrome-1; CMC, Chronic Mucocutaneous Candidiasis; PAR, Pulmonary Alveolar
Proteinosis; CRR, C-reactive protein; RAG, Recombination Activating Gene; NFKB2, Nuclear Factor Kappa B Subunit 2; IPEX, Immune dysregulation, polyendocrinopathy, enteropathy, X-linked; SLE, Systemic Lupus Erythematosus; RA,
Rheumatoid Arthritis; CVID, Common Variable Immunodeficiency; PRCA, Pure Red Cell Aplasia; EPO, Erythropoietin.
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Bv421

SCID/RTE panel coe2L
T-cell panel co27
Marker Fluorochrome
co3 APC

o4 BVS10

cos APCAFT50
cp27 Bv421

co27* BV421

co28 PerCPCY5.5
CD31 PE

CD4SRO  FITC

CD62L Bv421

ci97 PE

HLADR PerCPCY5.5
TCRys PECY7

BV510

CD4
CD4

Clone

SK7
OKT4
B9.11
M-T271
0323
cD28.2
MEM-05
UCHL1
DREG-56
FR11-11E8
1243
11F2

*Alternative reagent tested to provide same results.

FITC

CD45RO
CD45RO

Source

8D Biosciences
BioLegend
Beckman Coulter
BD Biosciences
BioL.egend
BioLegend

Exbio

Exbio

Biolegend
Mitenyi
Biolegend

BD Biosciences

PE

CD31
CD197

Catalog number

345767
317443
A94683
562513
302824
302021
1P-273-T100
1F-498-T100
304827
130-093-621
307629
649806

PerCPCy5.5 PECy7 APC
HLADR TCRyS cp3
cp28 TCRyS cp3

Application in EuroFlow panel

Orientation, SCID/RTE, T cell subset tubes
Orientation, SCID/RTE, T cell subset tubes
Orientation, SCID/RTE, T cell subset tubes

Orientation, Pre-GC, Post-GC, T cell subset tubes
Orientation, Pre-GC, Post-GC, T cell subset tubes

T-cell subset tube

SCID/RTE tube

SCID/RTE, T cell subset tube

SCID/RTE tube

T cell subset tube

SCID/RTE tube

Orientation, SCID/RTE, T cell subset tubes

APCAF750

CcD8
CcD8

litest

25
15
16
1
1
4

= o
=]

- = an
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Disease category EuroFlow PID tubes

(1UIs 2017) (1)

Orientation Pre-GC Post-GC IgH-isotypes SCID/RTE  T-cell subset  Frequency correct

tube diagnosis

Immunodeficiency affecting  Diagnostic screening Exploratory  Exploratory  Exploratory Ciinical Ciinical 100%
cellular and humoral immunity classification  classification
(n=236)
5CID with associated o Diagnostic screening Exploratory  Exploratory  Exploratory Ciinical Ciinical 75%"
syndromic features (1 = 20) classification  classification
Predominantly antibody Diagnostic screening Clinical Ciiical Diagnostic screening  Exploratory  Exploratory 100%
deficiencies (1 = 150) classification  classification  and classification
Diseases of immune Diagnostic screening Exploratory  Exploratory  Exploratory Exploratory  Exploratory 90%
dysregulation (n = 10)
Congenital defects of Immuno-evaluation ~ Exploratory  Exploratory  Exploratory Exploratory  Exploratory 70%
phagocyte numbers or
functions (n = 10)
Defects in intrinsic and innate  Immuno-evaluation  Exploratory  Exploratory  Exploratory Exploratory  Exploratory 67%
immunity (0 = 3)
Autoinflammatory disorders  Immuno-evaluation  Exploratory Exploratory Exploratory Exploratory  Exploratory -
(=0
Complement deficiencies Immuno-evaluation  Exploratory  Exploratory  Exploratory Exploratory  Exploratory 0%
=4

*60% of cases showing normel blood lymphocyte subset counts were DiGeorge Syndrome patients. Diagnostic screening: mandatory for the diagnosis and management of the patient
according to intemational classifications (1, 2, 5, 40). Clinical classification: required for identifcation of subgroups of patients with different cisease presentation and outcome, including
guiding genefic testing (1, 2, 5, 41, 43). Immuno-evaluation: provides information indicated for treatment decision and patients monitoring (11-13). Exploratory: not required for clinical
management, might provide relevant immune information; CID, Combined Immunodeficiency.
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Laboratory measurement Patient Normal range*

35year 42year

SERUM IG LEVELS (g/L)

19G 3.4 - 70-155
19G1 18 - 3893
19G2 18 - 2.4-70
19G3 03 - 0.22-176
19G4 0.1 - 0.04-086

IgA 16 - 0.76-39

IgM 03 - 045-23

LYMPHOCYTE SUBSETS (CELLS/j1l BLOOD)

B cells 51 103 76-608
Transitional - 09 0.4-29
Naive mature - 87 31-398
19D+ memory - 71 3.4-79
1gD- memory - 24 12-114

Teells 1248 1013 773-2,757
cs 576 475 243-950
cp4 624 409 307-1,600

Th (CD45RA-CXCR5+) - 2 16-175
Th17 (CD4SRA-COR6-COR4+CXCR3) 74 11-98

“For cell subsets: 5-95% of adult controls; B cells, n = 44; T cells, n = 34. Values below
normal range are depicted in bold font.
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Control group Unstimulated CD3/CD28 CD3/CD28 CD3/CD28
(100ng/ml)  (100ng/ml) + CsA  (100ng/ml) + CsA
(500nM) (500nM) + IL- 2
(100ng/mi)
MFI of pSTATSA® 128422 398+ 123 249 £ 74 458 £ 176
% CD25* pSTATSA* 1.6 £0.8 415+ 99 213+ 109 38979
% of dividing cells® 2418 509:£57 265+58 26857

aMedian fluorescence intensity (VF) of STATSA after 24h, calculated as mean = SD.
bPercent of CD25+ pSTATSA™ cells after 24 h, calculated as mean = SD.
CPercent of dividing cells after 72h, calculated as mean + SD.

PHA
(10pg/mi)

435 + 143
366+ 119
516+ 111

PHA (10pg/ml) +  PHA (10pg/ml) +
CsA (500nM)  CsA (500nM) + IL- 2
(100 ng/mi)
325 + 144 438 + 64
24+ 10 3083
318+ 126 32894
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Control group Unstimulated ~ CD3/CD28  PHA (10 1g/ml)

(100 ng/mi)
MFI of pSTATSA® 12 17 512 £278 413 + 123
% of CD25*pSTATSA®® 1.3 £ 0.8 471£182  426+9
% of dividing cells® 15£14 523+103  484£97

aMedian fluorescence intensity (MF) of STATSA after 24h, calculated as mean = SD.
bPercent of (.'«'025+ PSTATSA* cells after 24 h, calculated as mean + SD.
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PID groups Number Age (years) Male:Female
median—interquartile range

scip 5 08(035-1.6) 50
e} 15 126(3-8) 87
TE 5 4@57) 23
DGS 12 12(0-16) 93
LOF STATS 5 1567-277) 32
(AD-HIES)

cGD 13 16(7-29) 130
CvID 16 15.5 (6-18.5) 97
Selective IgM 1 19 1:0
Deficiency

NEMO 2 13(10-16) 20
Deficiency

XA 5 16(6-235) 50
Not determined 1 28 o1

Agammablobulinemia

SIgAD 14 55085 95

DOCK8 12 o1

(AR-HIES)

Deficiency

SAVI 1 1 o1

XL-HIGM 1 2 1250619 20
XIAP Deficiency 1 7 1:0
Undefined 14 1:0
T-Defect

Healthy Donors 30 6.1(22-126) 219
Total 130

SCID, Severe Combined Immunodeficiency; CID, Combined Immunodeficiency;
TE, Thymic Excision; DGS, DiGeorge Syndrome; LOF STAT3 (AD-HIES), Loss
Of Function STAT3 (Autosomal Dominat Hyper-IgE Syndrome); CVID, Common
Veriable Immunodeficiency; CGD, Chronic Granulomatous Disease; XLA, X-linked
Agammeglobulnemia; SigAD, Selective IgA deficiency; NEMO Deficiency, Nuclear
factor-keppa B Essential Modulator Deficiency; DOCKS (AR-HIES), Dedicator Of
Cytokinesis 8 (Autosomal Recessive Hyper-IgE Syndrome) Deficiency; XL-HIGM1,
X-Linked Hyper IgM type 1; SAV, STING-Associated Vasculopathy with onset in Infancy;
XIAP Deficiency, X-Linked Inhibitor of Apoptosis Protein Deficiency.
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