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The EuroFlow PIDOT external quality assurance scheme: enhancing laboratory
performance evaluation in immunophenotyping of rare lymphoid immunodeficiencies

ABSTRACT

Objectives: The development of External Quality Assessment Schemes (EQAS) for clinical flow
cytometry (FCM) is challenging in the context of rare (immunological) diseases. Here, we introduce a
novel EQAS monitoring the primary immunodeficiency Orientation Tube (PIDOT), developed by
EuroFlow, in both a ‘wet’ and ‘dry’ format. This EQAS provides feedback on the quality of individual
laboratories (i.e. accuracy, reproducibility and result interpretation), while eliminating the need for

sample distribution.

Methods: In the wet format, marker staining intensities (MedFIs) within landmark cell populations in
PIDOT analysis performed on locally collected healthy control (HC) samples, were compared to EQAS
targets. In the dry format, participants analyzed centrally distributed PIDOT flow cytometry data (n=10).

Results: We report the results of six EQAS rounds across 20 laboratories in 11 countries. The wet format
(212 HC samples) demonstrated consistent technical performance among laboratories (median %rCV
on MedFIs = 34.5%; average failure rate 17.3%) and showed improvement upon repeated participation.
The dry format demonstrated effective proficiency of participants in cell count enumeration (range
%rCVs 3.1% - 7.1% for the major lymphoid subsets), and in identifying lymphoid abnormalities (79.3%

alignment with reference).

Conclusions: The PIDOT-EQAS allows laboratories, adhering to the standardized EuroFlow approach,
to monitor interlaboratory variations without the need for sample distribution, and provides them
educational support to recognize rare clinically relevant immunophenotypic patterns of primary
immunodeficiencies (PID). This EQAS contributes to quality improvement of PID diagnostics and can

serve as an example for future flow cytometry EQAS in the context of rare diseases.
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INTRODUCTION

Multi-parameter flow cytometry (FCM) has emerged as an indispensable tool in the diagnostic workup
of primary immunodeficiencies (PID) in routine clinical practice. PIDs are a heterogeneous group of
rare disorders resulting from various immune system defects [1,2]. The International Union of
Immunological Societies (IUIS) has reported approximately 485 different PIDs across ten categories,
and their (phenotypical) classifications include, among others, FCM criteria for PID diagnosis [2,3].
Early diagnosis of life-threatening forms of PID, such as severe combined immunodeficiency (SCID),
is crucial in facilitating prompt intervention and prevention of complications [4-7]. Additionally,
screening for immunophenotypic abnormalities helps risk assessment in common variable
immunodeficiency (CVID) [8-10].

FCM standardization across diagnostic laboratories has become an increasing need, aiming to
address variability arising from diverse local standard operating procedures (SOPs). Collaborative
initiatives in clinical immunology have proven crucial in improving reproducibility and exchanging data
among laboratories, especially for rare conditions, such as PID [11-22]. Moreover, standardized FCM
procedures have facilitated integration of automated data analysis [23—-26]. While several published
recommendations for FCM standardization often focus on antibody panel design for disease-specific
diagnosis in PID, including SCID, agammaglobulinemia, CVID, hyper-IgM syndrome (HIGM), and
autoimmune lymphoproliferative syndrome (ALPS), the EuroFlow Consortium stands out for
standardizing the full FCM process [16,18-22]. This consortium provides SOPs for instrument setup
and calibration, sample preparation, and reagent panels, contributing greatly to standardized diagnostics
also by developing software tools for data analysis, comparison against reference datasets, and disease
classification [11,23,24,27-37]. In PID, EuroFlow has introduced and validated an innovative diagnostic
algorithm, including different antibody panels, with a primary focus on fast and extensive
characterization of lymphocyte cell populations in blood [38-40]. Central in this algorithm, is the PID
Orientation Tube (PIDOT), which was shown highly effective in detecting immunophenotypic
abnormalities in lymphoid cell counts, especially in severe forms of PID, such as SCID, in combination
with the EuroFlow reference database and age-matched reference ranges, aiding in early lymphoid PID
diagnostic screening [39,40]. Additionally, PIDOT, able to identify more than 27 (mainly lymphoid)
subpopulations, may also be suitable in detection of acquired or secondary immunodeficiencies, as has

recently been proven in Good’s syndrome [37].

According to the ISO 15189 International Standard for medical laboratories, participation in
external quality assessment schemes (EQAS) is required for maintaining and enhancing laboratory
performance [41-43]. EQAS encompass evaluating and monitoring the laboratory's operational
efficiency, tracking progress in harmonization and standardization efforts, identifying interlaboratory
variations, and promptly detecting errors in laboratory procedures, enabling corrective actions [41-43].

Recognizing the importance of EQAS, EuroFlow has developed innovative and easy-to-implement
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EQAS, aimed at monitoring the full FCM process for clinical laboratories, which routinely use the
EuroFlow protocols [28,44]. These EQAS, consisting of both ‘wet’ and ‘dry” formats, are designed to
mimic local routine FCM procedures without the need of complex sample distribution to participants
[36,44]. The wet design monitors the entire FCM process, assesses sample preparation and staining,
cytometer configuration, and data acquisition, and analysis by evaluating immune staining intensities of
predefined ‘landmark’ cell populations in locally collected samples [28,44,45]. It was previously shown
that the FCM variability in these locally collected samples of EuroFlow followers is not larger than in
centrally distributed samples [36,44]. The dry design evaluates data analysis, clinical interpretation, and
reporting of centrally distributed FCM data of well-defined patients. In lymphoid PID, this dry design
is of particular interest, because reporting and interpreting FCM results present significant challenges
for laboratory immunologists due to the rarity of lymphoid PID, the diverse immunophenotypic profiles
observed amongst specific subtypes and the complexity of analyzing multiparameter FCM data.

Here, we present the designh and summary results of the EuroFlow PIDOT external quality
assurance scheme (PIDOT-EQAS), spanning across six consecutive EQAS rounds with active
participants of 20 laboratories from diverse regions across 11 countries on four continents, using five

different FCM instruments from three manufacturers.

METHODS
EQAS set-up and participation
The PIDOT-EQAS, organized by the EuroFlow Consortium and coordinated by the Laboratory of

Hematology and Clinical Immunology, University Hospital Ghent (Ghent, Belgium) and the Childhood
Leukaemia Investigation Prague (CLIP)-Cytometry Laboratory, 2nd Med School, Charles University
(Prague, Czechia), comprises two formats: a wet and dry format. The PIDOT-EQAS underwent beta-
testing, involving seven EuroFlow member laboratories (EF members) across two rounds in May and
October 2021, with five labs participating in both. The dry format was exclusively tested during the
second beta-testing round, including four EF members. Since January 2022, the PIDOT-EQAS has been
made public and conducted twice per year, following the scheme presented in Figure 1. Across four
EQAS rounds, 20 EF member and Euroflow follower (EF follower, i.e., lab that employs the EuroFlow
standardized protocols, but are not EF members) laboratories from 11 countries participated (Table S1),
with 85% of the labs participating in multiple rounds. All involved laboratories except one were clinical
laboratories, and 12 out of 20 were located in Europe, many of them linked to University Hospitals (9
out of 20). EQAS instructions were made available on the EuroFlow EQAS website at the start of each
EQAS round.

Wet format

Blood samples, staining procedures, and data acquisition
Peripheral blood (PB) samples from healthy volunteers (HC) were locally collected in each participating

laboratory in EDTA tubes (three HC per EQAS round). As per EQAS instructions, sample processing
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including the EuroFlow bulk lysis protocol, followed by the EuroFlow stain-wash protocol with
acquisition of at least 106 events after storage for a maximum of 1h at 4°C per sample, was performed
[34,36]. BD FACSLyric users were instructed to use the electronic EuroFlow PIDOT assay, available
on the EuroFlow website, which contains all information needed for standardized PIDOT acquisition
without the need to manually setup the photomultiplier tube (PMT) voltages, except for the

compensation [45].

Flow cytometer instruments and reagents
Reported data were acquired on different flow cytometer instruments, including BD FACSCanto Il (BD

Biosciences, San Jose, CA), BD FACSLyric (BD Biosciences), Omnicyt (Cytognos, S.L., Salamanca,
Spain), BC DxFlex (Beckman Coulter, Brea, CA), and BC Navios (Beckman Coulter) (Table S1).
Participants were instructed to follow the EuroFlow SOP for instrument setup and compensation [36].
The 8-color/12-marker PIDOT reagents and titers were recommended, previously published by van der
Burg M. et al. (2019) and available at www.euroflow.org [40].

Dry format

For the dry format, PB samples of well-defined PID cases were analyzed in the reference lab (University
Hospital Ghent), using the same sample processing and staining, as described in the EQAS instructions.
The samples were acquired on BD FACSCanto Il or BD FACSLyric. The generated flow cytometry
standard (FCS) files were anonymized and distributed through a secured server to the participants (2
files per EQAS round). Participants were provided with white blood cell counts and clinical information
as listed in Table S2.

Flow cytometric data analysis

FCS data analysis of the wet and dry format were performed locally by the participants. Participants
were required to use either the Infinicyt Automated Gating & Identification (AG&I-) tool (Cytognos,
S.L., Salamanca, Spain) (‘AG&I-reports’) or to apply manual gating (MG) (‘MG-reports’) [23]. The
EQAS instructions provided an illustrative example of the MG strategy (Figure S1), as well as a link to
a digital PIDOT analysis template for the Infinicyt software, which offers guidance on MG.

Data reporting

Participants were required to submit online reports (see Figure S2) per round through a secured server
within 30 days from the fixed starting date. The wet format report form included reporting of median
fluorescence intensities (MedFIs) from the three locally obtained HC samples per EQAS round stained
with PIDOT, following the EQAS instructions (Figure S2). The dry format report form included
reporting of absolute cell counts (cells/pL) and 3 different qualitative interpretations (levels 1-3) -1) cell
counts interpretation against age-matched reference values as either ‘absent’, ‘decreased’, ‘normal’ or
‘increased’; 2) the combined interpretation of the T and B cell maturation patterns; and 3) the most

compatible PID subtype based on the immunophenotype and limited clinical information provided-,
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with level 2 and 3 being optional (Figure S2). As per EQAS instructions, participants were advised to
use Euroflow age-matched reference ranges (published by van der Burg et al. (2019) or available in the
AG&I-tool) or their own local reference ranges for cell count interpretation [40]. For the dry format,
participants calculated absolute cell counts based on the white blood cell count provided using their

local procedures.

Defining EQAS target values

For the wet format, a repository of FCS files was created from 96 HC samples analyzed from 2016-2021
by EF members and during beta-testing round one (i.e., stained with PIDOT, and analyzed following
EuroFlow SOPs) on different flow cytometers, and used to compute MedFI values and corresponding
reproducibility (%rCV) for each marker subset combination (n = 11). More details on definitions, the
stability and %rCV of these MedFlIs are presented in Supplementary Methods, Table 1 and Table S3
[46]. Next, the MedFI values were used to define EQAS targets (Table 1) -i.e., the Dmax and the median
of MedFls (gaMedFI)- according to the methods described by Kalina et al. for the Lymphocyte
Screening Tube (LST) [44]. See definitions in supplementary Methods.

For the dry format, FCS files of PID cases were collected by the reference lab (University
Hospital Ghent) and categorized per IUIS diagnostic category, distinguishing severe T cell defects in
IUIS I and IUIS |l -two Ataxia Telangiectasia (AT), one CHARGE syndrome, and two SCID cases -
one SCID with Omenn syndrome (OS) and one SCID with transplacental maternal engraftment (TME)-
and B cell defects in IUIS Il -two CVID, one HIGM, and one X-linked agammaglobulinemia (XLA)
cases--[2]. MG-gating with the age-matched reference ranges published by van der Burg et al. (2019)
[40] were applied by the reference lab to define EQAS targets for absolute cell enumeration and
gualitative data interpretation. The use of HC and patient data was approved by the Ethical Committee
of University Hospital Ghent (BC-07300; 2016/1138).

Performance evaluation and definitions
The EQAS supervisors JN, MB, MH, and CB (Ghent), NB and TK (Prague) centrally reviewed all
reported data per EQAS round and participating lab, as well as trends across (beta-)EQAS rounds, and

participating labs were assessed.

For the wet format, per EQAS round and participating lab, accuracy of reported MedFlIs was
evaluated using "Performance score (p-score)" metrics and outliers were identified using the EQAS
targets (Table 1), as published previously [44]. More details and the p-score and the acceptance criteria
can be found in Supplementary Methods. The “wet format overall score” is defined as the percentage of
acceptable p-scores for each laboratory across all marker subset combinations per EQAS round. An
overall score above 91% (30/33) was considered successful [44]. Scorings between 76% and 91% were
considered acceptable. Scorings below 76%, matching the 10" percentile of the well-established

EuroFlow LST-EQAS, were considered unsuccessful [28]. The “percentage of failure” is defined as the
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percentage of p-scores falling outside the acceptable range per marker subset combination across all

EQAS rounds. Reproducibility of reported MedFIs for each EQAS round was assessed.

For the dry format, per EQAS round and participating lab, accuracy of reported absolute cell
counts was evaluated through the calculation of robust z-scores for each cell population and PID case,
using the formula: z-score = (R-M)/rSD with R = cell count reported by participant lab, median (M) and
rSD of cell counts observed across peers and the reference lab. |Z-scores| < 3 were considered acceptable.
In addition, accuracy of reported qualitative data was assessed by comparing interpretations against the
reference lab and peers. The “dry format overall score” is defined as the percentage of cell count
interpretations matching the reference lab per laboratory and per PID case. For cell populations that are
expected in very low numbers (at young age), ‘normal’, ‘decreased’ and ‘absent’ were considered
acceptable. Reported ‘most compatible PID subtype’ was defined correct if it matched the reference lab
response(s), with ‘yes’ and ‘possible’ considered equal. For each PID case, the reproducibility of
reported absolute cell counts per population was calculated.

Trends in reproducibility and accuracy for the wet and dry format across EQAS round/PID

cases/ were assessed.

Providing feedback to the participants
Upon successful completion of each EQAS round, participants received certificates, together with a

summary report of results and frequently encountered issues (see Supplementary Methods). The EQAS

supervisors organize educational workshops, during which participants can discuss results.

Statistical methods
Mann-Whitney U tests (MW) or Kruskal Wallis tests (KW) followed by Dunn’s test for multiple

comparisons were used to compare independent groups. Microsoft Excel for Windows 11 (Microsoft
Corporation, Redmond, WA) and Graphpad Prism v10.1.1 (GraphPad Software, Boston, MA) were used

for statistical analyses and graphical representation, respectively.

RESULTS
Laboratory performance in the PIDOT-EQAS wet format

A total of 71 reports, including reported data of 212 FCS files from HC samples, were received from 20
laboratories obtained across all EQAS rounds. Most of these FCS files (n=171 in 57 reports) were
generated during the four open EQAS rounds, while the others (n=41 in 14 reports) were collected
during beta-testing. The reproducibility of reported MedFlIs (%rCVs) for each marker subset
combination (n=11) per EQAS round and across participating laboratories is presented in Table 2 (more
details are provided in Figure S3). Across EQAS rounds, this evaluation showed an average %rCV per
marker subset combination ranging from 23% to 58%, with a median %rCV of 35% across all

measurements (11 markers in 212 files, n=2332). The highest average %rCVs were observed for TCRyd-
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PE-Cy7 on TCRyd+ T cells (58%), CD4-PerCP-Cy5.5 on TCD4+ cells (44%), and CD27-BV421 on

unswitched B cells/plasma cells (43%).

The accuracy (p-scores) was calculated on reported MedFls of individual marker subset
combinations obtained from a set of three HC reported per participating lab and EQAS round (Figure
S4A). Out of all the p-scores (n=2310) across EQAS rounds, 82.7% of the p-scores were acceptable,
with median p-values falling within the acceptable range for each marker subset combination (Figure
S4B). Individual outlier p-scores represented 6.7% of p-scores. Triplicates of p-scores falling outside
the acceptable range were seen in each EQAS round except beta EQAS I and represented 10.6% of all
p-scores (Figure S4A). The average percentage of failure of p-scores falling outside the acceptable range
per marker across EQAS rounds was 17.3% (range: 11.4% - 28.6%). CD8-FITC on TCD8+ cells
(28.6%) and CD4-PerCPCy5.5 on TCDA4+ cells (21.9%) showed the highest percentage of failure and a
higher frequency of triplicate p-scores falling outside the acceptable range, while the lowest p-scores
out of range were documented for CD19-PE-Cy7 on B cells (11.4%). Across all EQAS rounds, 8/11
markers displayed a percentage of failure of 20% or less. Triplicate failure of p-scores might indicate

potential issues related to reagents and/or fluorochrome quality, titration or gating mistakes.

The wet format overall scores (n=71), which indicates the percentage of acceptable p-scores per
participating lab and EQAS round, and trends throughout the EQAS rounds were assessed in Figure 2A,
with a mean and median of 82% and 91%, respectively. Additionally, EF followers showed a trend in
improvement in average overall scores with each additional participation round, reaching 82.9% after
more than three rounds, comparable to EF members participating in three rounds or more (86.1%)
(Figure 2B). Furthermore, no significant differences in overall scores across EQAS rounds were
observed between EF members and EF followers, liquid and lyophilized reagents, but lower overall
scores were noted for participants using Navios flow cytometers (median = 76%; range: 0% - 79%)
(Figures 2C and S5).

Laboratory performance in the PIDOT-EQAS dry format

A total of 59 reports were received from 20 laboratories obtained across all EQAS rounds. The
reproducibility of reported absolute cell counts (%rCVs) among participants per cell population and per
PID case are presented in Table 3 (Figures S6 and S7). Across PID cases, reported absolute cell counts
of most of the cell populations (84.5%, n = 136/161) had %rCVs below 30%, with the absolute cell
counts of all major lymphocyte subsets (i.e., total B, total T, TCD4+, TCD8+ and NK cells) showing
low average %rCVs of 3.1% to 7.1%. Interestingly, laboratories using the AG&I-tool demonstrated
significantly lower cell count variability compared to those applying manual gating (MG) (median
%rCV: 2.5% vs 7.6%, p=0.0002, MW). To assess the accuracy of reported absolute cell counts, z-score
statistics were used to highlight outliers in the analyses, identifying the laboratories with most outliers
(2.6% - 14.8% of all reported values were outliers) (Table S4). Additionally, 87.6% of the reported cell
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counts of relevant cell populations for the different PID cases, presented in Figure 3, were considered

acceptable (|Z-scores| < 3).

The accuracy to interpret the absolute cell counts in relation to the locally applied reference
values per PID case is shown in Figure 4, left panel. Across PID cases, after excluding missing values -
5.7% of all values (n=125/2204)-, 79.3% (n=1649/2079) of the cell count interpretations aligned with
the reference lab values. The mean and median of the dry format overall scores (indicating percentage
of cell count interpretations matching the reference lab) were 85.3% and 89.0%, respectively (Figure
5A). No differences were seen in the dry format overall scores in AG&I-reports vs MG-reports (89% vs
88%, p=0.2, MW) (Figure 5B). The dry format overall scores were significantly higher for the EF
members vs EF followers (94% vs 85%, p=0.002, MW) and varied among PID cases (range: 73% -
100%; CVID vs XLA, pagj=0.0241; XLA vs SCID OS, pagj=0.0355; KW) (Figure 5B).

In addition, laboratories were given the option to identify the most compatible PID subtype in
relation to the immunophenotype and minimal clinical information provided (Figure 4, right panel and
Table S5). Overall, most of the laboratories that opted to participate in this format (response rate
exceeded 80% per case) were able to recognize severely altered immune cell patterns that are compatible
with severe PID cases, such as SCID and agammaglobulinemia (Supplementary Results).

DISCUSSION
The EuroFlow PIDOT is a powerful tool for lymphoid PID diagnostic screening [39,40]. In extension,

the PIDOT-EQAS scheme was launched for monitoring local PIDOT execution and tracking potential
technical and interpretational issues. Unique in this scheme is that evaluation of the performance of the

laboratory technique in local settings (wet format) is separated from data interpretation (dry format).

Building on experience gained from the EuroFlow LST-EQAS, the PIDOT-EQAS applied a
similar set-up for the wet format using locally collected and processed samples from healthy volunteers
[28,44]. This solution circumvents the need for a fixed cellular sample distribution, which would be
impossible in rare disease settings (e.g., with low sample cellularity due to frequent lymphopenia and/or
neutropenia) and thus reaches a much larger number of participants worldwide. Moreover, it was
already demonstrated that the variability of MedFI values of specific PB subsets is not larger in this
approach compared to centrally collected and distributed samples [36,44]. The PIDOT-EQAS
demonstrated a median MedFI %rCV of 34.5%, in line with the LST-EQAS’s median MedFI %CV of
32.5%, and demonstrated similar reproducibility in markers assessed in both PIDOT and LST-EQAS
(CD8-FITC, CD19-PE, and CD3-APC) [44]. Assessing laboratory performances using wet format
overall scores demonstrated improvement with repeated participation similar to the trends observed in
LST-EQAS [44,45]. Interestingly, no significant differences were detected in overall scores obtained
after liquid vs lyophilized staining, and across most device types, in line with previous EuroFlow studies
[33,35,47].
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An important difference with other EQAS/proficiency testing programs for immunodeficiency
diagnostics (e.g., INSTAND EQAS, UK-NEQAS), is that the PIDOT-EQAS does not distribute
(stabilized) whole blood samples amongst the participants but is built on the locally collected samples
(wet format) and electronically distributed FCS filed (dry format) [44]. For example, UKNEQAS
distributes robust stabilized lymphocyte suspensions, while INSTAND EQAS delivers fresh,
unstabilized blood without refrigeration, primarily in the German-speaking region. By eliminating
sample distribution, PIDOT-EQAS avoids the risks of sample deterioration by fixation and/or by lengthy
transport and ensures that the evaluated samples represent ‘real-life’ sample matrices [36,44]. Also, it
circumvents the need to collect a large sample volume from a pediatric patient for distribution [44].
Additionally, the number of cell populations assessed varies across programs. For instance, the
UKNEQAS evaluates a limited set (i.e., total T, TCD4+, TCD8+, B and NK cells), while INSTAND
EQAS and PIDOT-EQAS conduct more comprehensive evaluations, including additional T and B cell
maturation subsets [48-50]. The low variability in absolute cell count enumeration observed for the
major lymphocyte subsets in the PIDOT-EQAS aligns with observations in other studies [15,49].
Furthermore, PIDOT-EQAS demonstrate a significant reduction in cell count variability when using the
AG&I-tool compared to manual gating, consistent with the findings of our previous study [23].

The PIDOT-EQAS provides a major advantage by not only evaluating the technical quality in
FCM measurements and absolute cell count enumeration following data analysis among clinical labs,
but also assessing their capabilities to interpret and report complex FCM data of PID cases. In daily
diagnostic PID care, it is of utmost important that both specialized and non-specialized labs have the
proficiency to descriptively identify relevant lymphoid cell abnormalities through the analysis and
interpretation of FCM data against age-matched reference ranges. This study demonstrated that the vast
majority of laboratories successfully identified relevant lymphoid abnormalities in all cases analysed.
Of note, discordances in cell count interpretations for individual cell types observed during these EQAS
rounds could be attributed to variations in the age-matched reference ranges and/or data analysis
strategies (i.e., MG or AG&I) locally applied (Figure S8). To improve the results, we advocate the use
of EuroFlow standardized FCM procedures and the regularly updated age-matched reference values,
available on the EuroFlow website after online registration (https://euroflow.org/protocols/), aiming for

increased standardization.

Moreover, the PIDOT-EQAS can be regarded as an accessible training tool for laboratories to
enhance their skills in recognizing the clinically important but rare abnormal immunophenotypic
patterns that urgently need further clinical management action (particularly SCID). However, it should
be noted that clinical interpretation of flow cytometric immune profiles is not a task of the clinical
(immunology) lab specialists in every country. Due to the variability in tasks assigned to the lab
specialists worldwide, this part of the dry format was made optional. Our data demonstrate that almost

all labs (that opted to answer this part of the dry format) successfully identified the SCID cases based

10
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on the immunophenotype and limited clinical information provided, and centres experiencing challenges
in this regard were identified. Therefore, the PIDOT-EQAS also holds an important instructive value,
given the fact that even in specialized diagnostic labs such cases only occur 2-3 times a year. For cases
diagnosed with CID, ranging from ‘CID less profound than SCID’ to ‘CID with associated and/or
syndromic features’, as well as cases with primary B cell defects, which exhibit a broader spectrum of
T and/or B cell abnormalities, the immunophenotype might be linked with various PID subtypes and is
therefore not specific, aligning with the corresponding diagnostic criteria, as also captured by the
diversity in the responses obtained in the PIDOT-EQAS. Effective communication between the flow
laboratory and clinical departments is therefore critical to integrate flow data with the clinical context

and determine the need for further functional and genetic analyses.

The PIDOT-EQAS has some limitations. First, the PIDOT antibody cocktail, and thus also the
EQAS only cover a limited repertoire of the (lymphoid) PIDs that can be detected by FCM. Indeed, the
antibody selection as well as the PIDOT format (no intracellular staining nor stimulation) does not allow
for identification of the full spectrum of lymphoid PIDs (i.e. STAT3 DN, ZNF341, defects of BTK,
CD21, CD132, CD40 ligand, ...), but is mostly focussed on identifying absent populations and/or
deviations in the maturation patterns. Secondly, this EQAS focusses solely on the PIDOT assay
performed according to the EuroFlow principles, and thus cannot replace established EQAS/proficiency
testing (PT) studies in which more populations and more analytical variables are evaluated. Thirdly, the
wet format of the PIDOT-EQAS provides EuroFlow adopters with an answer to the question: “Can I
obtain data in my own setting comparable with the reference EuroFlow data set ?”. Non-adopters can
still gain educational support from the software analysis of the provided PID cases and their
interpretation. Fourthly, our results indicated that further group efforts are needed to derive optimized
PIDOT-specific target values for specific instrument hardware, such as Navios devices [33]. Finally,
suboptimal results can arise from several sources -e.g. reagents volumes and/or quality, bulk lysis
methods or insufficient washing, compensation or gating issues; or use of other age-matched reference
ranges or gating. The QA supervisors cannot pinpoint the exact issue causing suboptimal results for

individual participants; it is the responsibility of the participating lab to trace back their potential issues.

In summary, PIDOT-EQAS effectively monitors the quality of PIDOT immunophenotyping
analysis, and reporting procedures in local settings, which is enabled by EuroFlow standardization.
Furthermore, PIDOT-EQAS offers a unique educational support platform to learn from very severe
cases that urgently require further clinical care and that are rarely encountered even in the setting of
national diagnostic reference centres. The PIDOT-EQAS leads to improved quality flow cytometry
testing in PID screening, serving also as an example for future immunophenotyping EQAS in the context

of rare diseases.
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TABLES

Table 1 Reproducibility of median fluorescence intensity values (%rCV) of the reference dataset (n=96)

and the EQAS target values (Dmax and gqaMedFI) of the PIDOT-EQAS wet format

Marker Subset %rCV of Dmax® Median MedFI ¢
MedFI12 (qaMedF1)

IgD:FITC On pre-germinal-center B cells 25% 0.2122 5734
IgM:PerCP-Cy5-5 On unswitched B cells + plasma cells 26% 0.2624 30017
CD27:BV421 On unswitched B cells + plasma cells 32% 0.2894 2557
CD4:PerCP-Cy5-5 On TCD4+ cells 28% 0.2309 7153
CDS8:FITC On TCD8+ cells 17% 0.1507 13542
CD19:PE-Cy7 On B cells 21% 0.1976 13553
CD45RA:BV510 On B cells 19% 0.2889 33664
CD3:APC On T cells 23% 0.1871 37691
CD45:APCH7 or APC- | On T cells 30% 0.2473 22243
C750

TCRy3:PE-Cy7 On TCRyd+ T cells 57% 0.3960 6991
CD16+CD56:PE On NK cells 30% 0.3263 36218

aThe reproducibility of MedFIs per marker subset combination expressed as robust coefficient of variations (%rCV) with
formula: %rCV = [robust Standard Deviation (rSD)]/(median) X 100 (%) with rSD calculated using the interquartile range
and sample size [46] bThe Dmax is defined as the maximum allowable difference, calculated as the 95th percentile of all
per marker subset combination. ¢The gaMedFI is

absolute differences between individual MedFls and the gaMedFI

calculated as the median MedFI per marker subset combination.

Table 2 Reproducibility of reported median fluorescence intensity values (%rCV) in the PIDOT-EQAS

wet format

Marker - Subset Beta EQAS | EQAS I EQASIII  EQAS IV Average
(n=41) (n=45) (n=39) (n=42) (n=45)

IgD:FITC on PreGC B cells 34% 39% 31% 47% 31% 36%

IgM:PerCP-Cy5.5 on unswitched B cells 27% 39% 39% T7% 30% 42%

+ plasma cells

CD27:BV421 on unswitched B cells + 37% 45% 40% 46% 50% 43%

plasma cells

CD4:PerCP-Cy5.5 on TCD4+ cells 26% 37% 35% 48% 76% 44%

CD8:FITC on TCD8+ cells 23% 43% 33% 40% 20% 32%

CD19:PE-Cy7 on B cells 18% 34% 27% 24% 28% 26%

CD45RA:BV510 on B cells 19% 34% 26% 35% 24% 27%

CD3:APCon T cells 30% 26% 12% 21% 23% 23%

CD45:APC H7 or APC-C750 on T cells 27% 32% 26% 42% 61% 38%

TCRy3:PE-Cy7 on TCRy6+ T cells 71% 7% 45% 37% 62% 58%

CD16+CD56:PE on NK cells 37% 52% 29% 39% 41% 40%

Average 32% 42% 31% 41% 41% 37%

Beta = beta-testing dataset; EQAS I to IV = open EQAS round datasets; PreGC: pre-germinal-center. NK: natural killer
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Table 3 Reproducibility of reported absolute cell counts (%rCV) in the PIDOT-EQAS dry format.
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CVID Median (/uL) 109.0 94.0 13.7 1.3 1176.0 558.0 194.0 296.5 54.9 7.7 525.8 1415 214.1 34.4 21.6 122.0 8.7 77.7 141.0
%rcvV 0.6% 0.6% 15.5% 7.8% 0.3% 1.4% 4.8% 4.1% 122%  70.5% 1.0% 4.1% 3.7% 37.7% 30.9% 9.9% 12.6% 0.6% 4.0%
AT Median (/uL) 75.2 30.9 28.7 19.3 401.0 204.9 355 153.9 16.7 0.6 136.5 44.1 88.4 5.6 3.3 3.0 1.6 57.6 376.5
%rcvV 29%  142%  194%  11.6% 5.9% 6.6% 10.3% 6.8% 14.5% - 6.1% 13.1% 17.7% 22.5% 32.9% 14.6% 172% 9.5% 6.8%
XLA Median (/uL) 1.2 1.2 0.0 0.0 3540 1920 1671 213 20.7 11 1125.5 869.0 179.9 1.9 59.6 12.4 23.0 475.5 124.0
%rcvV 451%  61.3% * % 1.8% 1.7% 5.0% 18.3% 7.7% 125% 1.3% 2.6% 6.3% 58.3% 1.8% 6.9% 8.6% 2.5% 2.3%
SCID Median (/uL) 0.0 0.0 0.0 0.0 2835.0 2559 17 1418 1114 13.7 96.6 0.1 80.0 15.7 0.0 0.9 23.9 146.5 1105
0s %rcvV * * * - 12.8% 13.0%  222% 9.7% 17.0%  95.3% 19.8% > 21.2% 9.4% * * 11.4% 128%  14.9%
ALPS/  Median (/uL) 359.0 235.0 117.0 4.1 1745 1039 559.2 473.0 8.0 0.1 5445 403.5 91.7 7.4 21.4 20.6 90.8 65.8 777
%rcvV 4.8% 2.4% 11.2%  20.0% 2.0% 2.0% 5.2% 4.1% 4.9% - 1.6% 1.6% 7.7% 30.5% 35.4% 11.6% 3.8% 5.7% 3.5%
CID Median (/uL) 15.0 13.6 0.6 0.0 400.5 196.5 96.7 81.8 13.8 0.4 164.0 51.8 72.7 5.5 15 32.0 5.1 34.4 70.9
%rcvV 1.7%  14.0% * - 0.4% 2.1% 11.3%  147%  155% * 0.7% 3.1% 5.8% 6.0% 71.9% 1.7% 19.1% 2.1% 1.6%
SCID Median (/uL) 4735 4725 0.3 0.0 28.0 23.6 0.0 20.5 3.0 0.0 0.9 0.0 0.9 0.0 0.0 0.0 2.3 1.1 337
%rcvV 1.3% 1.0% > > 1.1% 1.0% * 2.2% 2.1% * * * * * * > 7.2% 11.3% 9.0%
HIGM Median (/uL) 186.0 86.2 99.3 0.1 1321.1 434.4 67.5 266.6 94.2 6.0 832.5 79.7 342.5 36.5 206.9 156.8 10.7 43.9 50.2
%rCV 3.6% 2.8% 9.6% * 2.1% 2.4% 14.0% 4.8% 3.2% 31.4% 1.8% 9.4% 26.9% 37.8% 34.7% 4.9% 7.9% 5.4% 7.9%
Charge  Median (/uL)  1939.0 1787 109.4 355 33052 5550 0.1 2145 3401 0.8 23486 0.3 18673 4318 0.0 10.0 3748 66.2 745.0
%rcvV 1.4% 4.6% 546%  28.7% 2.1% 1.2% * 2.1% 2.2% * 2.8% * 4.1% 8.4% * 60.1%  21.6% 5.3% 7.3%
AT/ Median (/uL) 104.0 54.8 42.3 4.0 24355 483.0 34.3 334.5 101.0 17.1 1618.5 22.4 1135.1 220.0 16.7 192.0 8.2 318.8 684.4
%rCV 25%  405%  60.7%  93.3% 2.5% 1.8% 42.6% 3.7% 7.4% 37.2% 3.1% 22.7% 2.8% 25.6% 68.3% 25.8% 16.7% 1.8% 5.1%
Average % rCv 7.1% 15.7% 285%  35.3% 3.1% 3.3% 39.4% 7.1% 8.7% 71.9% 4.2% 8.1% 10.7% 26.2% 39.4% 16.9% 28.1% 5.7% 6.2%
Median %rCV 2.5% 4.6% 17.5%  20.0% 2.1% 1.9% 10.8% 4.5% 7.6% 70.5% 1.8% 4.1% 6.3% 25.6% 34.7% 10.8% 12.0% 5.4% 6.0%

* . the rCV% is not interpretable due to near absent absolute cell counts (cells/uL). CM: central memory; DN: double negative; EM: effector memory; PC: plasma cells; Pre-GC B cells: pre-germinal center B cells; NK: natural killer; TD: terminally
differentiated; ALPS: auto-immune lymphoproliferative syndrome; AT: ataxia-telangiectasia; CID: combined immunodeficiency; CSR: class-switched recombination defect; CVID: common variable immunodeficiency; HIGM: hyper-1gM syndrome;
ME: maternal engraftment; OS: Omenn syndrome; SCID: severe combined immunodeficiency; XLA: X-linked agammaglobulinemia
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FIGURE LEGENDS

Figure 1 Overview of the EuroFlow PIDOT-EQAS. The phases of each EQAS round encompassing
the preparation of the EQAS rounds by the EQAS supervisors (indicated in blue), the analysis and
reporting of the results by the participants (indicated in yellow), and evaluation of the reported results
and preparation of the EQAS certificates by the EQAS supervisors (indicated in green).

Figure 2 Accuracy of median fluorescence intensity values (wet format overall score (%0)) in the
PIDOT-EQAS wet format and trends. The “wet format overall score” is defined as the percentage of
acceptable p-scores for each laboratory across all marker subset combinations per EQAS round. A
Graphical representation of the wet format overall scores per participating lab across EQAS rounds.
Overall scores above 91% were considered successful. Scorings between 76% and 91% were considered
acceptable, and scorings below 76% were considered unsuccessful. The grey dotted lines represent the
thresholds of 76% and 91%. B The wet format overall score in relation to the number of participations
for both EF members and EF followers C Comparison of the wet format overall scores across EQAS
rounds, for EuroFlow (EF) member vs EF followers, distinct devices and reagents. Medians are indicated
with horizontal lines. *p<0.05, Mann Whitney U Test.

Figure 3 Accuracy of reported absolute cell counts (z-scores) in the PIDOT-EQAS dry format.
Dot plots show reported absolute cell counts of the most relevant cell populations per PID case. Outlier
absolute cell counts with z-scores > 3 and z-scores < -3 are indicated in green and red, respectively. The
median cell count is indicated by a black horizontal line. The rows of the heatmaps indicate the
calculated z-scores -i.e. grey indicate acceptable z-scores (|z-score| < 3), red and green colors indicate
z-scores above 3 and below 3, respectively- of participating labs (A-T with “REF” = reference lab)
organized per distributed PID case. The AT and CVID case, included in the beta-testing round, involved
only four participating labs. Noninterpretable z-scores due to (near) absent absolute cell counts
(cells/uL) are left blank. Missing values are indicated by a cross through the cell. Abbreviations: CM:
central memory; DN: double negative; EM: effector memory; PC: plasma cells; Pre-GC B cells: pre-
germinal center B cells; NK: natural killer; TD: terminally differentiated. ALPS: auto-immune
lymphoproliferative syndrome; AT: ataxia-telangiectasia; CID: combined immunodeficiency; CSR:
class-switched recombination defect; CVID: common variable immunodeficiency; HIGM: hyper-IgM
syndrome; TME: transplacental maternal engraftment; OS: Omenn syndrome; SCID: severe combined

immunodeficiency; XLA: X-linked agammaglobulinemia

Figure 4 Accuracy of reported qualitative data in the PIDOT-EQAS dry format. The qualitative
data included the cell count interpretation of reported absolute cell counts (left) and identification of the
most compatible PID subtype (right). The PID cases are organized according to the 1UIS classification
((A) IUIS 1, (B) IUIS 11, and (C) IUIS I11). The rows of the heatmaps indicate the reports of participating

labs (A-T with “REF” = reference lab) organized per distributed PID case with the reference diagnosis
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depicted in the grey boxes at the left side of the heatmaps, and the columns indicate the evaluated cell
populations (left) and most compatible PID subtypes as defined in the checklist provided in the report
form (right). Abbreviations: CM: central memory; DN: double negative; EM: effector memory; PC:
plasma cells; Pre-GC B cells: pre-germinal center B cells; NK: natural Killer; TD: terminally
differentiated. ALPS: auto-immune lymphoproliferative syndrome; AT: ataxia-telangiectasia; CID:
combined immunodeficiency; CSR: class-switched recombination defect; CVID: common variable
immunodeficiency; HIGM: hyper-lgM syndrome; TME: transplacental maternal engraftment; OS:

Omenn syndrome; SCID: severe combined immunodeficiency; XLA: X-linked agammaglobulinemia

Figure 5 Accuracy of reported cell count interpretation (dry format overall score (%0)) in the
PIDOT-EQAS dry format and trends. A The graph represents dry format overall scores per
participating lab for the different centrally distributed well-defined PID cases classified per 1UIS
category. B The dry format overall scores in relation to the PID cases — left graph, analysis strategies —
middle graph (i.e., manual gating (MG) vs automated gating and identification (AG&aI)), and EuroFlow
(EF) members vs EF followers — right graph. *p<0.05, **p<0.001, Mann Whitney U Test.
Abbreviations: AG&I: Automated Gating and Identification; ALPS: auto-immune lymphoproliferative
syndrome; AT: ataxia-telangiectasia; CID: combined immunodeficiency; CSR: class-switched
recombination defect; CVID: common variable immunodeficiency; HIGM: hyper-IgM syndrome; MG:
manual gating; TME: transplacental maternal engraftment; OS: Omenn syndrome; SCID: severe

combined immunodeficiency; XLA: X-linked agammaglobulinemia
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