

[image: Technical challenges of intracellular flow cytometry-based assays as a functional complement to diagnosis of signaling defects of inborn errors of immunity: PI3K pathway as a case of study]
Technical challenges of intracellular flow cytometry-based assays as a functional complement to diagnosis of signaling defects of inborn errors of immunity: PI3K pathway as a case of study





ORIGINAL RESEARCH

published: 15 November 2024

doi: 10.3389/fimmu.2024.1476218

[image: image2]


Technical challenges of intracellular flow cytometry-based assays as a functional complement to diagnosis of signaling defects of inborn errors of immunity: PI3K pathway as a case of study


Lucía del Pino Molina 1*, Keren Reche Yebra 2, Yolanda Soto Serrano 2, Álvaro Clemente Bernal 2, Carmen L. Avendaño-Monje 3, J. Gonzalo Ocejo-Vinyals 4, Rebeca Rodríguez Pena 1,2,5 and Eduardo López Granados 1,2,5


1 Center for Biomedical Network Research on Rare Diseases (CIBERER U767), Madrid, Spain, 2 Lymphocyte Pathophysiology in Immunodeficiencies Group, La Paz Institute for Health Research (IdiPAZ), Madrid, Spain, 3 Department of Immunology, Hospital Universitario Central de Asturias, Oviedo, Spain, 4 Immunology Department, Hospital Universitario Marqués de Valdecilla, IDIVAL, Santander, Spain, 5 Clinical Immunology Department, La Paz University Hospital, Madrid, Spain




Edited by: 

Emily S. J. Edwards, Monash University, Australia

Reviewed by: 

Andrew L. Snow, Uniformed Services University of the Health Sciences, United States

Manish Butte, University of California, Los Angeles, United States

Georgios Sogkas, Hannover Medical School, Germany

*Correspondence: 
 Lucía del Pino Molina
 lucia.delpino@idipaz.es


Received: 05 August 2024

Accepted: 16 October 2024

Published: 15 November 2024

Citation:
del Pino Molina L, Reche Yebra K, Soto Serrano Y, Clemente Bernal &, Avendaño-Monje CL, Ocejo-Vinyals JG, Rodríguez Pena R and López Granados E (2024) Technical challenges of intracellular flow cytometry-based assays as a functional complement to diagnosis of signaling defects of inborn errors of immunity: PI3K pathway as a case of study. Front. Immunol. 15:1476218. doi: 10.3389/fimmu.2024.1476218






Background

The use of next-generation sequencing in inborn errors of immunity (IEI) has considerably increased the identification of novel gene variants, many of which are identified in patients without the described clinical phenotype or with variants of uncertain pathogenic significance in previously described genes. Properly designed functional and cellular assays, many necessarily accomplished by research-based laboratories, reveal the pathogenic consequences of the gene variants and contribute to diagnosis. Activated PI3Kδ syndrome (APDS) is a rare disease that can be divided into APDS1, caused by gain of function (GOF) mutations in PIK3CD gene, and APDS2, with loss of function (LOF) variants in the PIK3R1 gene. Both entities present hyperactivation of the PI3K pathway, which can be analyzed through Akt and S6 phosphorylation status.





Methods

Our objective was to perform an accurate, robust, and reproducible functional assay to analyze the phosphorylation status of proteins in the PI3K-Akt-S6 pathway by flow cytometry, to contribute to diagnosis, to monitor treatments, and to establish intra-assay standardization.





Results

We illustrate the robustness and reproducibility of our experimental procedure in patients with APDS who had high Akt and/or S6 phosphorylation levels at baseline, and after anti-IgM stimulation in B cells. We show the relevance of an appropriate cohort of samples from healthy donors, processed within the same conditions as the suspected samples, in particular the time frame for sample processing once blood is collected.





Discussion

We highlight the importance of B cell stimulation through B cell receptor signaling, which is highly recommended, especially for samples that would be processed more than 24 hours after blood extraction. Also, having a defined experimental procedure is important, including the cytometer setup, which allows cytometer reproducibility for a period of time, enabling the comparison of a sample at different times.
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1 Introduction

Inborn errors of immunity (IEIs) are a large group of rare diseases caused by pathogenic variants in genes involved in the generation and function of the human immune system (1). The use of next-generation sequencing in clinical practice has accelerated diagnosis, but it has also boosted the identification of patients harboring gene variants of uncertain significance (VUS) or those likely pathogenic, in genes typically associated with clinical and immunological phenotypes that might be coincident or resemble those found in the patient being studied. Functional evaluation of these variants by means of cellular and molecular assays is mandatory for a proper estimation of their pathogenic implications. The type of assays required can exceed the capability of routine laboratories, whereas translational research laboratories can contribute to the diagnosis of IEI with in-house functional assays. However, these assays demand quality control conditions to ensure reproducibility and robustness and should include proper cohorts of healthy controls to account for inter- and intra-individual variation (2).

Activated PI3Kδ syndrome (APDS) is an IEI (3), thus far comprising APDS1, caused by gain of function (GOF) mutations in PIK3CD coding for the catalytic p101δ subunit (4, 5); APDS2 with loss of function (LOF) variants in the regulatory PIK3R1 coding for the regulatory p85α subunit (4) and LOF mutations in phosphatase and tensin homolog (PTEN) (APDS-L) (5). These 3 entities promote dysregulation by enhancement of the PI3K-Akt-mTOR-S6 signaling pathway in B and T lymphocytes (6). Hyperactivation of this pathway is associated in B cells with low somatic hypermutation and class switch recombination, which have a profound impact on the germinal center (GC) structure, leading to a reduced memory B-cell compartment and defective humoral response (9), whereas in T cells, the PI3K hyperactivation leads to excessive proliferation and contributes to lymphadenopathy. There is also an enhanced differentiation to memory cells, effector T cells, and T follicular helper, which leads to autoimmunity (7, 8). The CD8 lineage exhibits an exhausted phenotype with effector functions but with impairment of Epstein–Barr virus clearance (9, 10). On the other hand, LOF variants in PIK3CD have also been reported leading to underactivation of the PI3Kδ pathway (11, 12).

Single case reports have shown enhanced activity of the pathway by increased basal Akt and S6 phosphorylation levels, downstream of the PI3K, in the primary T and B lymphocytes of patients with APDS. Both western blot and/or phospho-specific intracellular flow cytometry have been used in research-based conditions. We previously reported results suggestive of enhanced Akt and S6 phosphorylation in primary B cells from patients with APDS, both at baseline and after stimulation conditions (4, 13–16). Furthermore, we showed a modulatory effect on compassionate treatment with off-label use of m-TOR inhibition. Increased Akt and S6 phosphorylation levels in T cell blasts, which require a pre-activation culture, have also been reported in patients with APDS. Intracellular flow cytometry is a potentially advantageous technique for the evaluation of signaling pathways in immune cells in a cell-specific manner. However, in contrast to immunophenotyping of leukocyte subpopulations purely based on cell-surface staining, in which standardization has been achieved (17), assays of intracellular flow cytometry remain mostly as research laboratory procedures (18, 19).

We describe a translational research-based, but robust, reproducible and clinically useful in-house functional assay to analyze the phosphorylation status of Akt and S6 in the PI3Kδ pathway by intracellular flow cytometry in primary patient cells. This assay contributes not only to APDS diagnosis (20) but also to the monitoring of PI3K targeted treatments (21–23). We have taken into account several procedural considerations (24) to establish intra-assay standardization through our experimental procedure (21), and a number of processed controls in different periods to reflect the biological variability and establish the normal reference range to compare with suspected APDS cases. We tested positive controls by analyzing baseline and stimulated samples, samples processed in various periods, and importantly, we validated the technique in different clinical and genetically confirmed patients with APDS.




2 Materials and methods



2.1 Flow cytometer settings and standardization measures

We developed this assay using various flow cytometers. The first studies were performed in a FACS Canto II (BD Biosciences), based on standard day and periodic quality checks to ensure reproducibility. These included setting up the target values for each channel/fluorochrome. In the course of the assay’s development, we were required to change to the use of a DxFlex flow cytometer (Beckman Coulter).

We performed daily quality control checks to ensure that the DxFlex Daily QC Fluorospheres (Beckman Coulter) flow cytometer instrument was working with adequate signal strength and precision. For standardization of the DxFlex flow cytometer, we used Flow-Set Pro fluorospheres (Beckman Coulter). For each specific assay, we defined the target median values or median fluorescence intensities (MFIs), updated daily with Flow-Set Pro fluorospheres, with the adjustment of the optimized gain settings to generate the target median values or MFI.

To achieve comparable results with those from the previous instrument (FACS Canto II), we adapted the MFI from the Canto to the DxFlex, redefining the electronic resolution, because the instruments have different dynamic range (number of channels) (25). We rescaled the target values for each fluorochrome from the Canto to a different scale in the DxFlex by applying a correction factor. We then adjusted the PMT voltages or gains for each fluorochrome in the DxFlex. Once we established those gains or voltages in the DxFlex (comparable to the FACS Canto II instrument), we monitored and updated them daily with the Flow-Set Pro fluorophores, assuming a 5%-10% variation in gains for each fluorochrome. With this methodology, we could compare the results of Akt and S6 phosphorylation from the same patient in the FACS Canto II cytometer and the DxFlex, processed during different periods. The robustness of the assay was enhanced by demonstrating that it can be performed with more than just a single cytometer.




2.2 Flow cytometry analysis of intracellular protein phosphorylation levels

We developed a standard operating procedure for an assay (Safe Creative 2408028964461, IMMUNE SIGNAL®) that improves the research methodology we previously just applied in two single cases (21, 26). Briefly, fresh peripheral blood mononuclear cells (PBMCs) were obtained after Ficoll density gradient centrifugation, and 5 × 105 PBMCs were resuspended in 500 μl complete medium and transfer to falcon tubes (5 mL) according to the different conditions: unstimulated Akt and S6 to detect basal phosphorylation levels (in independent tubes in triplicates), and stimulated samples for detecting p Akt and p S6 induction after anti IgM activation (in independent tubes in triplicates). The PBMCs were left to rest at 37°C for 30 min and simultaneously stained with surface antibodies: anti-CD27 BV421 (clone M-T271, BD Biosciences) and anti-CD19 PE Cy7 (clone J3-119, Beckman Coulter); we had previously tested the antibodies that could be damaged by methanol solutions for permeabilizing the cells (27). The cells were then fixed at 37°C with prewarmed Lyse/Fix Buffer (Phosflow, BD Biosciences) and permeabilized with Perm III Buffer (Phosflow, BD Biosciences) according to the manufacturer’s instructions. The cells were stained with anti-IgD PE (Southern Biotech) and anti-CD3 APC (clone UCHT1, BD Biosciences), together with the antibodies for detecting phosphorylated residues in targeted proteins: Alexa Fluor 488 (Ser 473) anti-pAkt (clone M9-61, BD Phosflow); Alexa Fluor 488-labeled anti-pS6 (S235-236, clone N7-548, BD Phosflow); and mouse IgG as an isotype control (clone MOPC-21, BD Phosflow). For the version of the assay including activation conditions, PMBCs were stimulated with 15 μg/ml mouse F(ab)2 anti-human IgM (μ chain specific) (Southern Biotech) for 10 min at 37°C, then fixed with Lyse/Fix, proceeding as explained above.

For the version of the assay applied under frozen cell conditions, after the Ficoll procedure, PBMCs were frozen in freezing medium containing 90% fetal calf serum (FCS) and 10% dimethyl sulfoxide (DMSO). The cells were then placed in a cryovial and kept in an isopropanol freezing container at −80°C for 2 days, and then stored in liquid nitrogen. For the thawing process, we placed the cryovial in a water bath at 37°C for some seconds, then added, drop by drop, 1 mL of prewarmed FCS into the cryovial to immediately transfer to 9 mL of prewarmed RPMI. We then centrifuged the cells and resuspended them in RPMI medium to count them, keep in rest for 30 min at 37°C to continue with the protocol previously specified.

For all conditions, the Akt and S6 phosphorylation status was analyzed in different tubes in duplicate or triplicate. Sample acquisition was performed in a DxFlex flow cytometer and analyzed with Flow Jo software.




2.3 Samples from patients and healthy donors

Peripheral blood samples from healthy donors (HD) were collected at La Paz University Hospital after obtaining informed consent. Patients with APDS from our clinic or from referring centers were enrolled in the study upon receiving informed consent. The study was approved by the hospital’s ethics committee (PI-4590 and PI-5350) and adhered to the principles set out in the Declaration of Helsinki. Blood samples were collected in lithium-heparin tubes. Depending in the age of the patients, we usually collect for children 2 tubes of 3 ml, while for adults we collect 2 tubes of 8 ml of blood. For travel samples we recommend to send them at room temperature.

The basic information of the genetically-confirmed patients with APDS is provided in Table 1. Patient 1 (P1) was a patient with APDS1 previously reported (21) with the mutation c.3061G>A, p. Glu1021>Lys in the PIK3CD gene. P3 had both APDS2 and SHORT syndrome due to a c.1425 + 1G>A splicing mutation in the PIK3R1 gene, as previously reported (26).


Table 1 | Information of the genetically-confirmed patients with APDS included in this study.






2.4 Statistics

The data were analyzed with GraphPad Prism version 9.0 software (San Diego, CA, USA). Statistical differences between patients with APDS and HDs were determined with the Mann–Whitney U test, and for paired samples (fresh vs. frozen) with the Wilcoxon test. P-values <0.05 were considered to have statistical significance and were coded as follows: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.





3 Results



3.1 Impact of the time lapsed from blood extraction to sample processing and analysis

The assay was requested as a complementary evaluation of gene variants in suspected APDS cases from other centers. Therefore, we anticipated the need for analyzing fresh samples that had traveled for some time from the time of extraction. First, we compared the performance of the assay in blood collection samples (travel samples) obtained from healthy donors (HDs) processed on the same day (SD) vs. those processed 24 hours later (next day [ND]). In these samples, we observed slight differences in unstimulated conditions between the mean MFI of pAkt and pS6 in total CD19+ and CD3+ lymphocytes (Figures 1A, B). Therefore, we considered it convenient to establish 2 sets of results from HDs, SD or ND, to be introduced into the assay as normal reference values for evaluation, Supplementary Table S1. The results from the HDs processed in parallel at 2 time points were included in the corresponding HD cohort.




Figure 1 | HDs processed on the same day and after 24 h: (A) Median fluorescence intensity (MFI) of basal Akt and S6 phosphorylation levels in 3 healthy donors (HDs) in CD19+ and CD3+ lymphocytes. (B) Histograms from representative HD showing the MFI of Akt and S6 phosphorylation in B cells processed same day and after 24 h.






3.2 Establishment of inter-assay variability and normal ranges for same day and next day assays

The establishment of normal ranges in HDs requires controlling the intrinsic inter-assay variability by means of a daily quality control check, and the update of cytometer settings, enabling the accumulation of results from HDs processed on different days. Similar values were obtained by triplicates from the same donor, processed the ND from separated blood samples over 1 year of follow-up, as shown in Figures 2A–D. These results indicate that our experimental procedure ensures reproducibility.




Figure 2 | HD stability of sample over time. Median fluorescence intensity (MFI) of Akt (A) and S6 (B) basal phosphorylation levels of healthy donors (HDs) and one HD in which the assay was run in triplicate, on 5 different occasions over a 12-month period. Dotted lines indicate the 10th and 90th percentile of HDs. Histogram from the HD with Akt (C) and S6 (D) phosphorylation levels represented as MFI in 5 different occasions.



For both sets of HDs, processed the SD or ND, we defined a normal reference MFI range by the 10th and 90th percentile of the cumulative results. Normal ranges in box-plot figures are shown in the corresponding figures in the manuscript and in Supplementary Table S1. We gradually increased the size of the normal cohorts by processing an HD sample in parallel every time a functional assay of baseline Akt and S6 phosphorylation was performed in patients with suspicion of APDS or who carried variants in PIK3CD or PIK3R1. So far, 30 HDs processed the SD as blood extraction and 20 HDs processed the ND after blood extraction account for the normal ranges of baseline Akt and S6 phosphorylation levels. Duplicates or triplicates were included for each sample to attenuate intra-assay variability.

As a complementary analysis, normal ranges of Akt and S6 phosphorylation were also established in stimulated conditions upon anti-IgM incubation in samples analyzed in duplicate from 11 HDs processed the SD and 9 HDs processed the ND after blood extraction. Normal ranges in box-plot figures are shown in the corresponding figures in the manuscript.




3.3 Assay performance in confirmed activated PI3K delta syndrome cases processed the same day as blood extraction

We validated the capacity of our assay to discriminate differences in the phosphorylation of targeted proteins in primary B cells from fresh samples processed the SD, between the range of normal controls and genetically confirmed patients with APDS. Four patients with APDS1 and confirmed variants in PIK3CD (P1, P2, P5 and P6) and 3 patients with APDS2 and SHORT syndrome harboring variants in PI3KR1 (P3, P4 and P7) were included.

The GOF effect for the PI3K pathway of gene variants from P1 and P3 had been suggested in our previous reports, by the increased baseline phosphorylation status of Akt and/or S6 in patient B cells compared with a single HD in samples processed the SD as extraction (21, 26). However, the lack of standardization methods and comparative results from a representative cohort of HDs precluded us to establish firm estimations at that time.

We then explored the performance of the assay of patients with APDS1 and APDS2 in SD conditions. As shown in Figures 3A–D, P2 and P6 presented remarkably higher baseline phosphorylation levels of mean triplicate
values for S6 in CD19+ B cells (MFI P2 = 17328, MFI P6 = 12047 vs HD mean MFI=2647 [90th percentile=3584]), which was even higher in naïve B cells (MFI P2 = 25512, MFI P6 = 13526 vs HD mean MFI=2532 [90th percentile=3918]). In panel 3d, a bimodal distribution for increased S6 phosphorylation is appreciated for P2, corresponding lower and higher MFI to memory and naïve B cells respectively (Supplementary Figure S1). Phosphorylation levels of Akt in P2 and P6 were well over the 90th percentile of HD for total B cells (MFI P2 = 6773, MFI P6 = 5016 vs HD mean MFI=2912 [90th percentile=4162]) and naïve B cells (MFI P2 = 6123, MFI P6 = 4857 vs HD mean MFI=2685 [90th percentile=3677]). Given that P4 presented a severe reduction of total B cells, the analysis of baseline phosphorylation could only be performed for total B cells to collect a representative number of events, without discriminating the particular status in naïve B cells. Baseline phosphorylation levels were greatly higher for both Akt and S6 compared with HDs (MFI=11261 vs. 2912 for Akt; MFI=12320 vs. 2647 for S6). Baseline phosphorylation levels to detect the functional gain of function impact of gene variants should be compared in naïve B cells, to ensure homogeneity in terms of similar cell composition in HD and different APDS patients.




Figure 3 | Confirmed cases APDS1 and APDS2 in DxFlex processed on the same day of blood extraction. Median fluorescence intensity (MFI) of Akt (A) and S6 (B) basal phosphorylation levels in B cells and naïve B cells, from 30 HDs processed on the same day as blood extraction, P2, P4 and P6. Samples analyzed in a DxFlex flow cytometer. Dotted lines indicate the 10th and 90th percentile of HD. Representative MFI kinetics of Akt phosphorylation (C) and S6 phosphorylation (D) in B cells and naïve B cells for representative HDs and patient P2 (APDS1), P4 (APDS2) and P6 (APDS1). Median fluorescence intensity (MFI) at basaline and after stimulation with anti-IgM for 10 minutes of Akt (E) and S6 (F) phosphorylation levels in B cells and naïve B cells. Representative MFI kinetics of Akt phosphorylation (G) and S6 phosphorylation (H) in naïve B cells in unstimulated and anti-IgM conditions for representative HDs and patients P2 and P6. **p<0.01.



We also analyzed the induction of phosphorylation after anti-IgM activation of naïve and unswitched memory B cells in P2 and P6. In those patients, total B cells and naïve B cells presented higher levels of phosphorylated Akt (MFI P2 = 16117, MFI P6 = 14167 vs. HD mean MFI=4819 in total B cells and in naïve B cells MFI P2 = 19261, MFI P6 = 15025 vs. HD mean MFI=4658, respectively) and S6 after anti-IgM activation compared with 11 controls (MFI P2 = 42487, MFI P6 = 30465 vs. HD mean MFI=5903 and MFI P2 = 56980, MFI P6 = 33447 vs. HD mean MFI=5668, respectively), (Figures 3E–H).




3.4 Assay performance in confirmed activated PI3K delta syndrome cases processed the day after blood extraction

We received two patients sample P5 and P7 from two referring centers that were analyzed in triplicate together with a travel sample and a local 24 h extracted sample from an HD. In P5, we found baseline Akt phosphorylation levels (Figure 4A) in total B cells similar to those of the HD, and a slightly increased levels in P7 (MFI P5 = 3508, MFI P7 = 4581 vs. mean MFI HD=3716 (P7, p=0.065) and similar results in naïve B cells (MFI P5 = 3440, MFI P7 = 4417 vs. MFI HD=3406, respectively, P7 p=0.065) (Figure 4B). While the phosphorylated S6 levels of P5 and P7 were in the high range of the HD in total B cells (MFI P5 = 3580, MFI P7 = 3412 vs. mean MFI HD=2436, p=0.0008 and p=0.0003); and in naïve B cells, MFI P5 = 3607, MFI P7 = 3510 vs. mean MFI HD=2329, p=0.0005 and p=0.0002). These results suggested that baseline hyperphosphorylation can be affected in ND samples by time elapsed from blood extraction and sample processing. We confirmed these results with 2 independent samples collected at 2 different follow-up visits (Figures 4A, B, E–G).




Figure 4 | Confirmed APDS1 and APDS2 cases processed 24 h after blood extraction. Median fluorescence intensity (MFI) of basal phosphorylation levels of Akt (A) and S6 (B) in B cells and naïve B cells of HDs, P5 and P7 processed 24 hours after blood extraction. Phosphorylation induction of Akt (C) and S6 (D) with anti-IgM activation in B cells and naïve B cells. Representative histograms from P5 showing phosphorylation levels in naïve B cells at baseline and after anti-IgM activation of Akt (E, F) and S6 (G, H) processed 24 hours after blood extraction, *p<0.05; **p<0.01; ***p<0.001.



To assess whether enhanced Akt and S6 phosphorylation levels could be detected by flow cytometry in those fresh samples processed 24 hours after blood extraction, we processed new samples from P2 on the same day of blood extraction and 24 hours later. We found a slight reduction in MFI in relation to Akt phosphorylation levels in total B cells and naïve B cells (6773 vs. 5095; 6123 vs. 5005, respectively) and for S6 (17328 vs 4184; 25512 vs. 4547, respectively), although in both cases the results were much higher than in the HD cohort, respectively processed the SD of blood extraction or ND 24 hours after (Figures 5A, B, E–G). Also, there was a reduction in phosphorylation levels of Akt in total B cells and naïve B cells after anti-IgM activation 24 hours after blood extraction (16117 vs. 9252; 19261 vs. 11310, respectively) and in S6 (42487 vs. 14858; 56980 vs. 29601, respectively), but it remained higher than in the corresponding HDs (Figures 5C, D, F–H).




Figure 5 | Comparison of confirmed APDS1 case processed the same day as blood extraction and 24 hours later at basal and after anti-IgM activation. (A) Median fluorescence intensity (MFI) of basal Akt (A) and S6 (B) phosphorylation levels in B cells and naïve B cells from HDs and P2 processed the same day as blood extraction or after 24 hours. Phosphorylation induction with anti-IgM activation of Akt (C) and S6 (D) in B cells and Naïve B cells. Representative histograms from P2 showing the comparative phosphorylation levels in naïve B cells at basal and after anti-IgM activation of Akt (E, F) and S6 (G, H) processed same day or 24 h after blood extraction.



In P5 and P7 after activation with IgM, we found statistically significantly higher levels of phosphorylation in total B cells compared with 9 HDs for Akt (MFI P5 = 6907, MFI P7 = 6470 vs. MFI HD=3909, p=0.0004 and p=0.0131, respectively), and naïve B cells (MFI P5 = 6975, MFI P7 = 6279 vs. MFI HD=3612, p=0.0004 and p=0.0131, respectively) (Figures 4C, F). And also higher phosphorylation levels of S6 in total B cells (MFI P5 = 6487, MFI P7 = 5646 vs. MFI HD= 2435, p=0.0008 and p=0.0021) and in naïve B cells MFI P5 = 6639, MFI P7 = 5715 vs. MFI HD=2273, p=0.0005 and p=0.0015, respectively) (Figures 4C, H).

These results suggest that to demonstrate a GOF of the mutated proteins by enhanced activity of the PI3K signaling pathway by means of demonstrating enhanced phosphorylation of AKT and S6, pre-activation to achieve maximum activity is required.




3.5 Performance of the assay for monitoring down-modulation of the PI3K-Akt-mTOR S6 pathway in patients with activated PI3K delta syndrome treated with mTOR inhibitors

We had previously reported that in P1 treatment with sirolimus, an mTOR inhibitor that attenuates hyperactivation of the PI3K-Akt-mTOR-S6 pathway, had decreased baseline phosphorylation levels for Akt and S6 compared with pre-treatment levels (21).

P1 (APDS1) had continued treatment by the time our assay was properly implemented, and P3 (APDS2) had initiated treatment with sirolimus after the baseline study had been performed, also with the validated assay by the time we used a FACS Canto II. Now, we again analyzed the phosphorylation status in fresh B cells from P1 and P3.

We found baseline phosphorylation levels of Akt in B cells (P1 MFI=4763, P3 MFI=2762 vs. mean MFI HD=2912 [percentile 2201-4162]) and naïve B cells (P1 MFI=4389, P3 MFI= 2635 vs. mean MFI HD=2685 [percentile 1938-3677]) (Figures 6A, B) almost within the normal range of HDs while the patients were under sirolimus. We obtained similar results for S6 phosphorylation in B cells (P1 MFI=3238, P3 MFI=1905 vs. mean MFI HD=2647 [percentile 1847-3584]) and naïve B cells (P1 MFI=3058, P3 MFI=1818 vs. mean MFI HD=2532 [percentile 1725-3918]), (Figures 6C, D). In P3 we also analyzed the phosphorylation levels after anti IgM during sirolimus treatment, and we found similar levels of Akt and S6 to those of HD (Figures 6E–H).




Figure 6 | Confirmed APDS1 and APDS2 cases in treatment with sirolimus. Median fluorescence intensity (MFI) of basal Akt (A) and S6 (B) phosphorylation levels in B cells from HDs processed on the same day of blood extraction; P1 (APDS1), P3, and P4 (APDS2) phosphorylation levels pre- and post-treatment with sirolimus are shown. Dotted lines indicate the 10th and 90th percentile of HDs. Representative MFI kinetics of Akt phosphorylation (C) and S6 phosphorylation (D) in B cells for representative HDs and P4 (APDS2) pre- and post-treatment with sirolimus. Comparable results of basal Akt and S6 phosphorylation in B cells from patient P1 and P3 at diagnosis in a FACS Canto II flow cytometer, and some years later with sirolimus treatment in a DxFlex flow cytometer. Results are expressed at the dynamic range of FACS Canto II. Representative histograms of Akt (E, F) and S6 phosphorylation (G, H) in P3 during treatment with sirolimus at basaline and after anti IgM activation in naïve B cells.



Moreover, the standardization allowed us to compare original results before treatment was initiated from patient P3 (26) analyzed in a FACS Canto II flow cytometer, with new results some years later while the patient was stable on sirolimus, in a DxFlex flow cytometer. We detected the attenuation of previously increased baseline S6 phosphorylation levels in B cells (MFI=541 vs. 119). We also monitored the response to sirolimus in P4, and the functional assay showed the reduction of baseline Akt (11261 vs. 5504) and S6 phosphorylation (12320 vs. 3127) in total B cells after treatment (Figures 6A–D).




3.6 Impact of the use of fresh vs. frozen cells in the assay capacity to reveal enhanced activity of the pathway in activated PI3K delta syndrome-confirmed patients

Lastly, we compared the phosphorylation levels in HDs processed the same day as blood extraction in fresh samples and the same frozen samples. We analyzed the baseline phosphorylation of Akt and S6 in a total of 11 HDs, and after anti IgM activation in 9 HDs. In the HDs we found slightly higher baseline phosphorylation levels in frozen samples of Akt in total B cells (4040 vs. 2954, p<0.0001), naïve cells (3818 vs. 2707, p<0.0001), and unswitched memory B cells (4680 vs. 3854, p=0.0001), as well as for S6 phosphorylation in frozen vs. fresh samples in total B cells (3224 vs. 2663, p=0.0029), naïve B cells (3170 vs. 2445, p=0.0050), and unswitched memory B cells (4336 vs. 3870) (Figures 7A, B, E, G). Both unswitched memory B cells and naïve B cells in fresh and frozen samples reached similar phosphorylation levels in Akt after stimulation with anti-IgM (5023 vs. 4572 in total B cells, and 5269 vs. 4182 in naïve B cells, p=0.04) and for S6 (6158 vs. 5844 in total B cells and 7973 vs. 5399 in naïve B cells, p=0.0186) (Figures 7C, D, F, H). However, the ratio for Akt in stimulated cells vs. unstimulated samples was slightly lower in the frozen samples compared with the fresh ones (p=0.0294). We also evaluated the phosphorylation levels in frozen PBMCs from P2. In P2 we observed a slight increment in the phosphorylation levels of baseline Akt and S6 in naïve B cells, and the hyperactivation of the pathway was more evident after anti-IgM activation (Figures 7I–L). The phosphorylation levels of frozen samples from P2 were similar to those obtained in fresh sample from the same patient 24 hours after blood extraction.




Figure 7 | Comparison of Akt and S6 phosphorylation levels in fresh vs. frozen PBMCs. Median fluorescence intensity (MFI) of basal Akt and S6 phosphorylation levels in B cells, naïve, and unswitched memory B cells (US mem) from fresh PBMCs of HDs (in black) or frozen PBMCs (in blue) in unstimulated (A, B) and stimulated conditions (C, D). Ratio of Akt and S6 phosphorylation induction after anti-IgM activation. Representative histograms of HDs showing phosphorylation levels of Akt (E, F) and S6 (G, H) in naïve B cells at basal conditions and after anti-IgM activation in fresh and frozen samples. Comparison between frozen PBMCs from HDs and P2 in total CD19+ B cells and naïve B cells at baseline and after anti-IgM stimulation conditions for Akt (I, J) and S6 (K, L); *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.







4 Discussion

Flow cytometry is a pivotal routine technology for the diagnosis of IEI (28). Its mainstream application is the phenotypic evaluation and enumeration of immune cells based on cell surface protein detection. This is accomplished by applying protocols that are relatively low in cost, reproducible, sensitive, an easy-to-use with current platforms, allowing complete analysis and data interpretation in a short period (28, 29). In addition, standardized procedures and protocols have been developed that allow for data comparison and integration in collaborative multicenter initiatives (17, 30).

Flow cytometry can also be employed for the detection of intracellular disease-related proteins (31), whose level of expression can be directly affected by gene variants, or to detect changes in protein status or phosphorylation along signaling pathways, as read-out of cell function assays to reveal the functional impact of gene variants on proteins upstream of the evaluated event.

Protocols for intracellular detection are considerably more difficult and prone to variability, which can affect various parameters. Functional assays based on cell activation in various ex vivo or in  vitro conditions, followed by intracellular protein detection, remain as in-house research-grade laboratory procedures. They are performed sporadically, with patients’ cells typically only compared with same-day healthy controls.

However, proper attention to critical parameters is intrinsic to these assays: the time frame for sample processing, optimization of sample preparation with fixation and permeabilization steps to simultaneously detect surface and intracellular targets, the use of positive controls, the establishment of appropriate cut-offs based on a sufficient number of normal controls, and a correct instrumental setup to account for inter-assay variability. All these steps allow for the use of these assays as a complement to routine diagnosis from laboratories in highly specialized centers (28, 29).

Our research group has broad experience in the immune cell signaling assessment by intracellular cytometry (IMMUNE SIGNAL®), and we are familiar with the principles of standardization and quality control in routine diagnostic settings. Therefore, we implemented a number of in-house research-based assays developed under reproducible conditions that account for individual, intra-, and inter-assay variability, ensuring their usefulness for the clinical interpretation of the results.

APDS disease comprises 3 distinct entities, APDS1, APDS2, and LOF mutations in PTEN (APDS-L) (5). In all cases, there is hyperactivation of the PI3K signaling pathway, which can be inferred through Akt and S6 phosphorylation, two downstream proteins, in lymphocytes. To detect the enhanced Akt and S6 phosphorylation, functional assays have occasionally been reported to have been applied to cells from patients with APDS, based on intracellular flow cytometry or western blot (13–15, 32, 33).

Well-established pathogenic variants enhance Akt and/or S6 phosphorylation in primary B and T cells. Other studies have also reflected the relevance of increased Akt and S6 phosphorylation in T cell blasts as an informative functional test for APDS confirmation; however, this involves a longer process including maintaining T cells in culture for several days, which is even more prone to intrinsic variability than primary unstimulated cell analysis or a short-term activation-based experiment (33). Only robust and reproducible functional assays should be applied for new pathogenic variants or VUS, in which it is necessary to establish the casual relationship between genotype and phenotype (2).

We illustrated the robustness and reproducibility of our assay in patients with APDS, with high baseline Akt and/or S6 phosphorylation levels and after anti-IgM stimulation in B cells. We showed the relevance of including an appropriate cohort of HDs processed within the same conditions as that of suspected samples, especially the time elapsed for processing the sample from when the blood is collected. In a patient with APDS (P2) who had a described variant, we compared the behavior of Akt and S6 phosphorylation on the same day of blood extraction and 24 hours later, detecting a reduction in baseline Akt and S6 phosphorylation levels in B cells at 24 hours. Our results were similar to those of Angulo et al., who reported the degradation of protein and the impossibility of performing a western blot to detect the phosphorylation status (14). Angulo et al. suggested increased cell death due to hyperactivation of the pathway. We could not formally prove this in our experimental procedure; however, we consistently detected higher phosphorylation levels of Akt and S6 in baseline conditions without activation in fresh samples from patients with relevant pathway hyperactivation.

We highlight the importance of B cell stimulation, through B cell receptor signaling, which is highly recommended, especially for samples that would be processed 24 hours after of blood extraction and that are studied to assess a causal relationship between the genetic variant and the functional effect.

In addition, it is important to consider an assay as complementary to routine practice. A well-defined experimental procedure and appropriate cytometer set up is key, which would allow the intra-assay to be performed to the same standard as the laboratory. In this way, we could progressively accumulate healthy control participants, leading to a good representation of biological variation among individuals and establishing an accurate cutoff within the 10th-90th percentile.

Moreover, cytometer reproducibility for a given period enables the comparison of a sample at different times. For example, we could compare samples from patients at diagnosis and during monitored treatments to ameliorate clinical symptoms in those with APDS, and, in particular, lymphoproliferation (34). We and others have also monitored the phosphorylation levels of Akt and S6 after PI3K inhibitor treatments (21–23, 35).

After carefully taking into consideration all the above aspects, our functional assay is robust by confirming the hyperactivation of the PI3K pathway in already described variants. And to test the pathogenicity by analyzing this pathway in novel non-described variants. Thus, patients could benefit from treatments that are more precise and that can be monitored over time. Moreover, this functional assay could be implemented for other IEI, but focusing on T cells to test variants in other primary immunodeficiency-related genes, with dysregulation of the PI3K-Akt-S6 pathway as previously described in some variants of CARD11 with reduced S6 phosphorylation (36), or enhanced Akt phosphorylation in double negative T cells from autoimmune lymphoproliferative syndrome (37).

However, there are still some limitations; for example, patients with APDS presented higher numbers of transitional B cells (38), which might also involve a higher Akt phosphorylation level (15). Also, for pediatric patients, an age-matched HD cohort should be included. For the less frequent, but possible LOF variants in PIK3CD in which there is a severe reduction of B cells, the appropriate evaluation of the reduced T cell phosphorylation with specific stimuli would be also informative (39).

There was no major difference in Akt and S6 induction in frozen PBMCs, although the baseline phosphorylation levels were upregulated in frozen PBMCs compared with the same blood extraction samples collected and processed on the same day. Asano et al. also observed that frozen samples from patients with APDS presented higher phosphorylation levels of Akt than that of the HDs (15). Based on a sample from the patient with APDS1 our results indicate that hyperphosphorylation of Akt and/or S6 could be detected at baseline and after stimulation in frozen samples. However, frozen samples from suspected APDS patients should be carefully processed in the same freezing and thawing conditions than controls.

The challenge remains for all the VUS found in patients, which are difficult to categorize clinically, or in patients with concomitant complications undergoing treatments that might attenuate the immune system and could interfere with the identification of hyperactivation in this pathway. To summarize, we showed the robustness of our experimental procedure to detect hyperactivation of the PI3K pathway, with confirmed cases of APDS. We recommend to evaluate the activity of this pathway in patients with suspected APDS, preferentially in fresh samples, in basal and after activation conditions, especially for samples processed more than 24 hours after blood extraction.
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LM: Conceptualization, Formal analysis, Investigation, Methodology, Validation, Writing – original draft, Supervision. KY: Investigation, Writing – review & editing. YS: Investigation, Writing – review & editing. ÁB: Investigation, Writing – review & editing. JO: Validation, Writing – review & editing. RP: Validation, Writing – review & editing. EG: Conceptualization, Funding acquisition, Project administration, Supervision, Writing – original draft. CA: Resources, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study has been funded by Instituto de Salud Carlos III (Carlos III Health Institute) (ISCIII) through the project PI20/01371 and co-funded by the European Union and “Ayudas a la Investigación Fundación Mutua Madrileña” (AP180562022). LM is supported by CIBERER (CB19-07-00042), KY was supported by Fundació Marató de TV3 (565/C/2021). YS was supported by PEJD2019_PRE, cofinanced by the European Social Found through the Youth Employment Operational Program and the Youth Initiative (YEI) Comunidad de Madrid. ÁB is supported by SEPE Programa Investigo funded by Next Generation UE.




Acknowledgments

We thank all participants in the study.





Conflict of interest

LM and EG have received consultee fees and sponsored research grant by Pharming.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The authors declare that this study received funding from Pharming. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1476218/full#supplementary-material

SUPPLEMENTARY TABLE 1 | Data sheet of HD showing median MFI, maximum, minimum and percentiles 10th and 90th, for Akt and S6 phosphorylation levels processed same day (SD) or next day (ND) of blood extraction at baseline and after anti IgM activation.




References

1. Tangye, SG, Al-Herz, W, Bousfiha, A, Cunningham-Rundles, C, Franco, JL, Holland, SM, et al. Human inborn errors of immunity: 2022 update on the classification from the international union of immunological societies expert committee. J Clin Immunol. (2022) 42:1473–507. doi: 10.1007/s10875-022-01289-3

2. Casanova, JL, Conley, ME, Seligman, SJ, Abel, L, and Notarangelo, LD. Guidelines for genetic studies in single patients: Lessons from primary immunodeficiencies. J Exp Med. (2014) 211:2137–49. doi: 10.1084/jem.20140520

3. Vanselow, S, Wahn, V, and Schuetz, C. Activated PI3Kδ syndrome – reviewing challenges in diagnosis and treatment. Front Immunol. (2023) 14. doi: 10.3389/fimmu.2023.1208567

4. Deau, MC, Heurtier, L, Frange, P, Suarez, F, Bole-Feysot, C, Nitschke, P, et al. A human immunodeficiency caused by mutations in the PIK3R1 gene. J Clin Invest. (2014) 124:3923–8. doi: 10.1172/JCI75746

5. Redenbaugh, V, and Coulter, T. Disorders related to PI3Kδ Hyperactivation: characterizing the clinical and immunological features of activated PI3-kinase delta syndromes. Front Pediatr. (2021) 9:1–7. doi: 10.3389/fped.2021.702872

6. Preite, S, Gomez-Rodriguez, J, Cannons, JL, and Schwartzberg, PL. T and B-cell signaling in activated PI3K delta syndrome: From immunodeficiency to autoimmunity. Immunol Rev. (2019) 291:154–73. doi: 10.1111/imr.v291.1

7. Preite, S, Huang, B, Cannons, JL, McGavern, DB, and Schwartzberg, PL. PI3K orchestrates T follicular helper cell differentiation in a context dependent manner: Implications for autoimmunity. Front Immunol. (2019) 10. doi: 10.3389/fimmu.2018.03079

8. Thauland, TJ, Pellerin, L, Ohgami, RS, Bacchetta, R, and Butte, MJ. Case study: Mechanism for increased follicular helper T cell development in activated PI3K delta syndrome. Front Immunol. (2019) 10. doi: 10.3389/fimmu.2019.00753

9. Wentink, MWJ, Mueller, YM, Dalm, VASH, Driessen, GJ, van Hagen, PM, van Montfrans, JM, et al. Exhaustion of the CD8+T cell compartment in patients with mutations in phosphoinositide 3-kinase delta. Front Immunol. (2018) 9:1–15. doi: 10.3389/fimmu.2018.00446

10. Cannons, JL, Villarino, AV, Kapnick, SM, Preite, S, Shih, HY, Gomez-Rodriguez, J, et al. PI3Kδ coordinates transcriptional, chromatin, and metabolic changes to promote effector CD8+ T cells at the expense of central memory. Cell Rep. (2021) 37:109804. doi: 10.1016/j.celrep.2021.109804

11. Sogkas, G, Fedchenko, M, Dhingra, A, Jablonka, A, Schmidt, RE, and Atschekzei, F. Primary immunodeficiency disorder caused by phosphoinositide 3–kinase δ deficiency. J Allergy Clin Immunol. (2018) 142:1650–1653.e2. doi: 10.1016/j.jaci.2018.06.039

12. Nunes-Santos, CJ, Uzel, G, and Rosenzweig, SD. PI3K pathway defects leading to immunodeficiency and immune dysregulation. J Allergy Clin Immunol. (2019) 143:1676–87. doi: 10.1016/j.jaci.2019.03.017

13. Lucas, CL, Kuehn, HS, Zhao, F, Niemela, JE, Deenick, EK, Palendira, U, et al. Dominant-activating germline mutations in the gene encoding the PI(3)K catalytic subunit p110δ result in T cell senescence and human immunodeficiency. Nat Immunol. (2014) 15:88–97. doi: 10.1038/ni.2771

14. Angulo, I, Vadas, O, Garçon, F, Banham-Hall, E, Plagnol, V, Leahy, TR, et al. Phosphoinositide 3-kinase δ gene mutation predisposes to respiratory infection and airway damage. Sci (1979). (2013) 342:866–71. doi: 10.1126/science.1243292

15. Asano, T, Okada, S, Tsumura, M, Yeh, TW, Mitsui-Sekinaka, K, Tsujita, Y, et al. Enhanced AKT phosphorylation of circulating B cells in patients with activated PI3Kδ syndrome. Front Immunol. (2018) 9:1–10. doi: 10.3389/fimmu.2018.00568

16. de Valles-Ibanez, G, Esteve-Sole, A, Piquer, M, Gonzalez-Navarro, EA, Hernandez-Rodriguez, J, Laayouni, H, et al. Evaluating the genetics of common variable immunodeficiency: monogenetic model and beyond. Front Immunol. (2018) 9:636. doi: 10.3389/fimmu.2018.00636

17. van Dongen, JJM, van der Burg, M, Kalina, T, Perez-Andres, M, Mejstrikova, E, Vlkova, M, et al. EuroFlow-based flowcytometric diagnostic screening and classification of primary immunodeficiencies of the lymphoid system. Front Immunol. (2019) 10:1271/full. doi: 10.3389/fimmu.2019.01271/full

18. Knight, V. The utility of flow cytometry for the diagnosis of primary immunodeficiencies. Int J Lab Hematol. (2019) 41:63–72. doi: 10.1111/ijlh.2019.41.issue-S1

19. Richardson, AM, Moyer, AM, Hasadsri, L, and Abraham, RS. Diagnostic tools for inborn errors of human immunity (Primary immunodeficiencies and immune dysregulatory diseases). Curr Allergy Asthma Rep. (2018) 18:19. doi: 10.1007/s11882-018-0770-1

20. Harder, I, Münchhalfen, M, Andrieux, G, Boerries, M, Grimbacher, B, Eibel, H, et al. Dysregulated PI3K signaling in B cells of CVID patients. Cells. (2022) 11:464. doi: 10.3390/cells11030464

21. del Pino-Molina, L, Torres Canizales, JM, Rodríguez-Pena, R, and López-Granados, E. Evaluation of B-cell intracellular signaling by monitoring the PI3K-Akt axis in patients with common variable immunodeficiency and activated phosphoinositide 3-kinase delta syndrome. Cytometry B Clin Cytom. (2020) 100:460–6. doi: 10.1002/cyto.b.21956

22. Diaz, N, Juarez, M, Cancrini, C, Heeg, M, Soler-Palacín, P, Payne, A, et al. Seletalisib for activated PI3Kδ Syndromes: open-label phase 1b and extension studies. J Immunol. (2020) 205:2979–87. doi: 10.4049/jimmunol.2000326

23. Wang, Y, Yang, Q, Chen, X, Tang, W, Zhou, L, Chen, Z, et al. Phenotypic characterization of patients with activated PI3Kδ syndrome 1 presenting with features of systemic lupus erythematosus. Genes Dis. (2021) 8:907–17. doi: 10.1016/j.gendis.2020.04.012

24. Kalina, T. Reproducibility of flow cytometry through standardization: opportunities and challenges. Cytometry Part A. (2020) 97:137–47. doi: 10.1002/cyto.a.23901

25. Brdičková, N, Glier, H, Vlková, M, Flores-Montero, J, Lima, M, Burgos, L, et al. How to make usage of the standardized EuroFlow 8-color protocols possible for instruments of different manufacturers. J Immunol Methods. (2019) 475:112388. doi: 10.1016/j.jim.2017.11.007

26. Bravo García-Morato, M, García-Miñaúr, S, Molina Garicano, J, Santos Simarro, F, Del Pino Molina, L, López-Granados, E, et al. Mutations in PIK3R1 can lead to APDS2, SHORT syndrome or a combination of the two. Clin Immunol. (2017) 179:77–80. doi: 10.1016/j.clim.2017.03.004

27. Cossarizza, A, Chang, HD, Radbruch, A, Andrä, I, Annunziato, F, Bacher, P, et al. Guidelines for the use of flow cytometry and cell sorting in immunological studies. Eur J Immunol. (2017) 47:1584–797. doi: 10.1002/eji.201646632

28. Cabral-Marques, O, Schimke, LF, de Oliveira, EB, El Khawanky, N, Ramos, RN, Al-Ramadi, BK, et al. Flow cytometry contributions for the diagnosis and immunopathological characterization of primary immunodeficiency diseases with immune dysregulation. Front Immunol. (2019) 10. doi: 10.3389/fimmu.2019.02742

29. Kalina, T, Lundsten, K, and Engel, P. Relevance of antibody validation for flow cytometry. Cytometry Part A. (2020) 97:126–36. doi: 10.1002/cyto.a.23895

30. van der Burg, M, Kalina, T, Perez-Andres, M, Vlkova, M, Lopez-Granados, E, Blanco, E, et al. The euroFlow PID orientation tube for flow cytometric diagnostic screening of primary immunodeficiencies of the lymphoid system. Front Immunol. (2019) 10:246/full. doi: 10.3389/fimmu.2019.00246/full

31. Kanegane, H, Hoshino, A, Okano, T, Yasumi, T, Wada, T, Takada, H, et al. Flow cytometry-based diagnosis of primary immunodeficiency diseases. Allergol Int. (2018) 67:43–54. doi: 10.1016/j.alit.2017.06.003

32. Tessarin, G, Rossi, S, Baronio, M, Gazzurelli, L, Colpani, M, Benvenuto, A, et al. Activated phosphoinositide 3-kinase delta syndrome 1: Clinical and immunological data from an italian cohort of patients. J Clin Med. (2020) 9:1–16. doi: 10.3390/jcm9103335

33. Moriya, K, Mitsui-Sekinaka, K, Sekinaka, Y, Endo, A, Kanegane, H, Morio, T, et al. Clinical practice guideline for activated phosphatidyl inositol 3-kinase-delta syndrome in Japan. Immunol Med. (2023) 46:153–7. doi: 10.1080/25785826.2023.2210366

34. Maccari, ME, Abolhassani, H, Aghamohammadi, A, Aiuti, A, Aleinikova, O, Bangs, C, et al. Disease evolution and response to rapamycin in activated phosphoinositide 3-kinase δ syndrome: The European society for immunodeficiencies-activated phosphoinositide 3-kinase δ syndrome registry. Front Immunol. (2018) 9:1–8. doi: 10.3389/fimmu.2018.00543

35. Rivalta, B, Amodio, D, Milito, C, Chiriaco, M, Di Cesare, S, Giancotta, C, et al. Case report: EBV chronic infection and lymphoproliferation in four APDS patients: the challenge of proper characterization, therapy, and follow-up. Front Pediatr. (2021) 9. doi: 10.3389/fped.2021.703853

36. Dorjbal, B, Stinson, JR, Ma, CA, Weinreich, MA, Miraghazadeh, B, Hartberger, JM, et al. Hypomorphic caspase activation and recruitment domain 11 (CARD11) mutations associated with diverse immunologic phenotypes with or without atopic disease. J Allergy Clin Immunol. (2019) 143:1482–95. doi: 10.1016/j.jaci.2018.08.013

37. Rensing-Ehl, A, AllgäuerAllg, A, Schreiner, E, Ricarda Lorenz, M, Rohr, J, Klemann,  C, et al. Hyperactive mTOR pathway promotes lymphoproliferation and abnormal differentiation in autoimmune lymphoproliferative syndrome. Blood. (2016) 128:227–38. doi: 10.1182/blood-2015-11-685024

38. Wentink, M, Dalm, V, Lankester, AC, van Schouwenburg, PA, Schölvinck, L, Kalina, T, et al. Genetic defects in PI3Kδ affect B-cell differentiation and maturation leading to hypogammaglobulineamia and recurrent infections. Clin Immunol. (2017) 176:77–86. doi: 10.1016/j.clim.2017.01.004

39. Rodriguez, R, Fournier, B, Cordeiro, DJ, Winter, S, Izawa, K, Martin, E, et al. Concomitant PIK3CD and TNFRSF9 deficiencies cause chronic active Epstein-Barr virus infection of T cells. J Exp Med. (2019) 216:2800–18. doi: 10.1084/jem.20190678




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 del Pino Molina, Reche Yebra, Soto Serrano, Clemente Bernal, Avendaño-Monje, Ocejo-Vinyals, Rodríguez Pena and López Granados. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1476218-g003.jpg
a CD19 B cells Naive B cells
CD19+ B cells Naive B cells
k’G MFI=4878
- + 10000 P6 MFI=4589
% 10000 ':é
i A r:» .\:H:%lll
3 é T—p— P2 MFI=6123
2 5000 2 5000 2 MFI=
= I# =
= = HD MFI=3008 HD MFI=2475
0 ] O »? 0* »®
HD P2 P4 P6 HD P2 P6 MFI pAkt
APDS1  APDS2  APDSI1 APDS1  APDS1
b d §
Naive B cells CD19 B cells Naive B cells
CD19+ B cells
80000 20000 A P6 \m m« % .\m|=|45u
o =
3 @
P4 MFI=10953
220000 220000 é! 3 1 ‘
= =
B E 2z o mw P2 MFI=24400
£ 2 “ | ‘
E] * *
= 10000 &= 10000
S E /\ HD \m-z&s HD MFI=2420
o ‘ R 0® W 0! w®
HD P2 P4 P6 HD P2 P6 MFI pS6
APDS1  APDS2  APDSI APDS1  APDS1
Naive B cells
e g Basal +IgM
CD19+ B cells Naive B cells
25000 o 25000
20000 20000 - P6 MFI=4589 P6 MFI=14782
=z =z
Z 15000 = e % 15000 s _
o & F2MFI=6123 P2 MFI=19261
Z 10000 = 10000
“ - 2 HD MFI=5050
- —— HD MFI=3027
5000 . % 5000 . é
0 ‘ W w w w w 0t 04
0
HD P2 P6 HD P2 P6 HD P2 P6 HD P2 P6 MFI pAkt
Basal +IgM Basal +IgM
£ h Naive B cells
CD19+ B cells Naive B cells Basal +IgM
*k *k
*x *k T e
60000 ** *k 60000
P6 MFI=32768
2 40000 - 2 40000
: P2 MFI=24482 P2 MFI=58640
=
Z 20000
HD MFI=2588 HD MFI=5952

HD P2 P6 HD P2 P6 HD P2 P6 HD P2 P6
Basal +IgM Basal +IgM





OEBPS/Images/fimmu-15-1476218-g001.jpg
MFI basal p Akt (CD19+)

MFI basal p $6 (CD19+)

B cells T cells
8000 T 10000
)
o}
&550 G 8000
Z 6000
4000 =
= 4000
2000 é
— 2000
&
0 = 0
Same day +24h Same day +24h
of blood collection of blood collection
B cells T cells
3000 N
& 2000
a
3] %
2000 ;’ 1500
»
2 1000
=
1000 g
= 500
=
0 “ 0
Same day +24h Same day +24h
of blood collection of blood collection
B cells B cells
100 100
80 L]
L —— 24h MFI=6833 « —— 24 h MFI=2631
i |
od 0 dl Y e Fresh MFI=3146 ° """"" Fresh MFI=1956
20 2
0 0

0 10

MFI pAkt

10






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Technical challenges of intracellular flow cytometry-based assays as a functional complement to diagnosis of signaling defects of inborn errors of immunity: PI3K pathway as a case of study

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Flow cytometer settings and standardization measures

          



          		

            2.2 Flow cytometry analysis of intracellular protein phosphorylation levels

          



          		

            2.3 Samples from patients and healthy donors

          



          		

            2.4 Statistics

          



        



        



        		

          3 Results

        

          		

            3.1 Impact of the time lapsed from blood extraction to sample processing and analysis

          



          		

            3.2 Establishment of inter-assay variability and normal ranges for same day and next day assays

          



          		

            3.3 Assay performance in confirmed activated PI3K delta syndrome cases processed the same day as blood extraction

          



          		

            3.4 Assay performance in confirmed activated PI3K delta syndrome cases processed the day after blood extraction

          



          		

            3.5 Performance of the assay for monitoring down-modulation of the PI3K-Akt-mTOR S6 pathway in patients with activated PI3K delta syndrome treated with mTOR inhibitors

          



          		

            3.6 Impact of the use of fresh vs. frozen cells in the assay capacity to reveal enhanced activity of the pathway in activated PI3K delta syndrome-confirmed patients

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1476218-g006.jpg
(2
o
o
o

10000

MFTI basal p Akt (CDI9+2
o

L
o
o
o
o

o
o
=3
o

MFI basal p $6 (CD19+

Basal

5000

50004

Naive B cells

f

Bl pre treatment

B post treatment

+IgM

P3 MFI=2569

HD MFI=3027

CD19 B cells

P4 post
MFI=5269

P4 pre
MFI=9610

HD MFI=2972

0 2 4 ()

MFI pAkt

10

P4 post
MFI=3095

P4 pre
MFI=10953

HD MFI=2587

Naive B cells

Basal h +IgM

P3 MFI=5659

MFI pAkt

HD MFI=5050

P3 MFI=1815

HD MFI=2588

MFI pS6

P3 MFI=2367

HD MFI=5952






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2024.1476218_cover.jpg
& frontiers | Frontiers in Immunology

Technical challenges of intracellular flow
cytometry-based assays as a functional
complement to diagnosis of signaling
defects of inborn errors of immunity: PI3K
pathway as a case of study





OEBPS/Images/fimmu-15-1476218-g002.jpg
CD19 B cells

5000

'S
(=3
o
o

3000. -

2000

MFI basal p Akt

1000

0 +3 +6
months

HD

CD19 B cells
5000

'S
(=3
(=3
o

3000,

2000 "

MFI basal p S6

-
o
o
o

o

HD 0 +3 +6
months

+9 +12

+9 +12

5000

'S
o
o
o

3000

2000

MFI basal p Akt

1000

5000

S
o
o
o

3000

2000

MFTI basal p S6

1000

HD

HD

Naive B cells

0 +3 +6
months

Naive B cells

0 +3 +6
months

+9 +12

+9 +12

Naive B cells

MFI=2960

MFI=2785

MFI=2475

MFI=2819

MFI=3184

MFI p Akt

Naive B cells

MFI=1948

MFI=1818

MFI=1669

MFI=1774

N MFI=2674

° 10? 10* 10°

MFIp S6





OEBPS/Images/fimmu-15-1476218-g004.jpg
a
CD19 B cells Naive B cells CD12 B cells Naive B cells
%% * ok kK * %k
5000 5000 - 6000 —aEE 6000
_3 4000 % 4000 2 g
2 s 2. 4000 2. 4000
2 30004.. = 3000 = =
< ] 3 @
g 2 2000] 3 2 £
E A008 ; = 2000." = 2000
- - -
2. 1000 ~Z. 1000 = =
0 0 0 0
HD P5 P7 HD P5 P7 HD P5 P7 HD P5 P7
APDS1 APDS2 APDS1 APDS2 APDS1 APDS2 APDS1 APDS2
V. s d
c CD19 B cells ‘\“M*B e CD19 B cells Naive B cells
* S — *ok * %
10000 -_— 10000 % % % 10000 - 10000
% % % JR— %%k %k %k Xk
};I 8000 %ﬂ 8000 = 8000 = 8000
= )
« 6000 < 6000 6000 + 6000
z =z § i 2 —=
o. 4000 2. 4000 3 4000 S 4000
E E 2 =
Z 2000 ~. 2000 Z 20004 T==% Z 2000
0 0
HD P5 P7 HD P5 P7 HD P5 P7 HD P5 P7
APDS1 APDS2 APDS1 APDS2 APDS1 APDS2 APDS1 APDS2
+IgM +1gM +IgM +1IgM
Naive B cells Naive B cells
e f g h
Basal +IgM Basal +IgM

P7 MFI=4146 P7MFI=6403

P7 MFI=3701

P7 MFI=6198

P5 MFI=3823 P5 MFI=7441 P5 MFI=5142 PS MFI=7877

HD MFI=3568

HD MFI=4741

HD MFI=1818 HD MFI=2209

MFI pAkt MFI pS6





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1476218-g005.jpg
MFI basal p Akt (CD19+)

(<]

MFI pAkt+lgM (CD19+)

(=

B cells Naive B cells B cells Naive B cells
8000 % ~ 25000 o 30000
6000 Z 2 20000 3
— ] 2 < 20000
= .
4000 - < i 15000 4
% z 3 = 10000 E
20004 z 2 g 10000
= — 5000 = ——
0 Z = 0 ., ';' el
HD P2 HD P2 HD P2 HD P2 HD P2 HD P2 HD P2 HD P2
Fresh +24 hours Fresh +24 hours Fresh +24 hours Fresh +24 hours
B cells Naive B cells d B cells Naive B cells
20000 2 25000 : 50000 _ 60000
15000 — £, 20000 — Z 40000 - ;;
— 19 =~
: e = 40000
o000 %, 15000 = 30000 =
— % — ) K
A 2 10000 20000 § 20000
5000 - G&: = 5000 a =
- 2 towo
z = z
0 0 - o ) [}
HD P2 HD P2 HD P2 HD P2 HD P2 HD P2 ED P2 HD E2
Fresh +24 hours Fresh +24 hours Fresh +24 hours Fresh +24 hours
+IgM +igM +IgM +IgM
Naive B cells Naive B cells
e Basal f +IgM g Basal b +IgM

+24H P2
MFI=11310

+24H P2
MFI=5005

Fresh P2
MFI=19261

Fresh P2
MFI=6123

MFI pAkt

+24H P2
MFI=4307

Fresh P2
MFI=24400

+24H P2
MFI=29651

Fresh P2
MFI=56980

MFI pS6





OEBPS/Images/fimmu-15-1476218-g007.jpg
* ¥
8000 15000
< - g
< 6000 Z _$
:. %‘ 10000 = 35 e fresh
- -] E..E 4 frozen
§ 4000 “ o2
E % 2 €5
= = 5000 @ — g3
S 2000 s z
[ 0
CD19+  Naive US mem CD19+  Naive US mem CD19+ Naive US mem
b d
8000 40000 8
)
o - 9
% 6000 Z, 30000 56
-9 D — g =
2
E] . & a £
Z 4000 é h 2 20000 ST 4
| @Ed - 3 L
— - & =
= = L
= 2000 = 10000 %2 g = @
0 0 o
CD19+ Naive US mem CD19+ Naive US mem CD19+ Naive US mem
Naive B cells Naive B cells
e Basal f +IgM g Basal

Frozen
MFI=3426

Frozen
MFI=3949

MFI=5927

Fresh
MFI=2547

Fresh
MFI=2475

MFI=3933

MFI pAkt

i j k |
CD19 B cills Naive B cells CD19 B cells Naive B cells
25000
—
20000
z 2 2
= 2 2
E ] % 15000
S = =
= & = 10000
] z =
H
5000 —

HD P2 HD P2 HD P2 HD P2 HD P2 HD P2
+IgM +IgM +IgM






OEBPS/Images/table1.jpg
Treatment

\ . when
Patient - Clinical )
D Gene variant henotype functional
P yp assay
is performed
PIK3CD
P1 c.3061G>A, APDSI1 Sirolimus
p.Glul021>Lys
PIK3CD
P2 c.3061G>A APDSI1 None
p.Glul021Lys
P3 PIK3R1 c.1425 APDS2; Siroli
+ 1G>A Short syndrome Hrotmus
P4 PI3KRI c.(1425 + 4)_ APDS2; Siroli
(1425 + 5)del Short syndrome RO
PIK3CD
P5 APDSI1 N
¢.241G>A, p.Glu81Lys s one
PIK3CD:
P6 c.3061G>A APDSI1 None
p.Glul021Lys
PI3KRI
7 1425 + 2T>G. APDS2 None






