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The adoption of high-sensitivity flow cytometry (HSFC) in routine laboratory settings has 
been slow owing to concerns regarding the reliability and reproducibility of results. Valida-
tion is an essential prerequisite for conducting assays, and implementing the CLSI guide-
lines has been confusing, primarily because many aspects are not yet established. We 
aimed to validate an HSFC protocol for detecting follicular helper T (Tfh) cells in a real-
world laboratory environment. The analytical validity of the Tfh cell panel was ensured 
through rigorous testing, including evaluations of precision, stability, carryover, and sensi-
tivity, following the CLSI H62 guidelines. We found that Tfh cells, present in very small 
numbers in the blood, could be sufficiently detected through HSFC, and concerns about 
the reliability and reproducibility of the results in real-world laboratories could be solved 
through systematic validation. Establishing the lower limit of quantification (LLOQ) is a crit-
ical step in HSFC evaluations. By selecting an appropriate sample, for example, collecting 
residual cells from CD4 isolation in our experiment and using them as low-level samples, 
the LLOQ could be accurately established. The strategic validation of flow cytometry pan-
els can facilitate the adoption of HSFC in clinical laboratories, even with limited resources.

Key Words: High-sensitivity flow cytometry, CLSI H26, Validation, Follicular helper T cells

Received: March 19, 2023
Revision received: April 23, 2023
Accepted: June 8, 2023

Corresponding author:  
Sang-Hyun Hwang, M.D., Ph.D.
Department of Laboratory Medicine, Asan 
Medical Center, University of Ulsan College 
of Medicine, 88 Olympic-ro 43-gil, Songpa-
gu, Seoul 05505, Korea
Tel: +82-2-3010-4510
Fax: +82-2-478-0884
E-mail: mindcatch@hanmail.net

© Korean Society for Laboratory Medicine
This is an Open Access article distributed under 
the terms of the Creative Commons Attribution 
Non-Commercial License (https://creativecom-
mons.org/licenses/by-nc/4.0) which permits 
unrestricted non-commercial use, distribution, 
and reproduction in any medium, provided the 
original work is properly cited.

High-sensitivity flow cytometry (HSFC) has become a valuable 

tool in biomedical research because it can detect rare events 

and quantify small changes in cellular populations. HSFC can 

measure cell populations comprising less than 0.1% of the total 

cell population [1]. Despite its advantages, adopting HSFC in 

routine laboratory settings has been slow, partly because of con-

cerns regarding the reliability and reproducibility of the results. 

However, HSFC is increasingly being used [2], underscoring the 

need for standardized validation methods. Given that laboratory-

developed assays are commonly used for flow cytometry, the 

CLSI H62 announcement appears to be consistent with the re-

cent regulatory changes to these assays. Although validation is 

an essential prerequisite for conducting the test, implementing 

the CLSI guidelines in clinical laboratories has been confusing, 

primarily because many aspects are not yet established. Fur-

thermore, given the restricted personnel and resources in clini-

cal laboratories, practical guidelines for essential items are nec-

essary to meet all conditions suggested by the CLSI guidelines. 

We report our experience validating an HSFC protocol for de-

tecting follicular helper T (Tfh) cells in a real-world laboratory 

environment.

 Tfh cells, a distinct subset of helper T cells, are important for 

immune modulation and cancer development and function by 

regulating germinal center B cell differentiation signals [3]. The 
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percentage of Tfh cells in the blood varies depending on differ-

ent factors, such as age, health status, and the immune response 

[3-6]. In healthy adults, Tfh cells typically comprise approximately 

1%–3% of circulating CD4+ T cells [7]. The Tfh panels were val-

idated against the minimum categories required in real-world 

laboratory settings. The analytical validity of the Tfh panel was 

ensured through rigorous testing, including evaluations of preci-

sion, stability, carryover, and sensitivity measures, following the 

CLSI H62 guidelines and previous literature [8-10]. The study 

was conducted from December 7, 2021, to January 20, 2022. 

To exclude matrix effects, validation studies were conducted us-

ing residual peripheral blood (PB) samples (N=17) obtained af-

ter performing a complete blood cell count at Asan Medical Cen-

ter (Seoul, Korea). Given the rarity and instability of Tfh cells in 

PB samples, we stabilized and fixed these cells by admixing each 

PB sample with TransFix (Cytomark Limited, Buckingham, UK). 

To increase the proportion of Tfh cells in the test samples, CD4+ 

T cells were isolated using the EasySep Isolation Kit (STEMCELL 

Technologies, Inc., Vancouver, Canada) before the assay. Our 

choice of multicolor reagent combinations for analyzing Tfh cells 

and their subtypes was based on previous studies [11, 12] and 

included the following antibodies (all from BD Biosciences, San 

Jose, CA, USA): anti-CD45-RA BV510 with viability aqua dye, 

anti-CD3-APC-H7, anti-CD4-BV421, anti-CXCR5-PerCP-Cy5.5, 

anti-CCR6-PE, anti-CXCR3-FITC, anti-PD-1-PE-CF594, and anti-

ICOS-Alexa Fluor 647. Tfh cells were defined as CD3+/CD4+/

CXCR5+ cells, and Tfh subtypes were classified based on their 

CCR6 and CXCR3 expression patterns: type 1 follicular helper T 

cells (Tfh1; CXCR3+/CCR6−), type 2 follicular helper T cell (Tfh2; 

CXCR3−/CCR6−), and Tfh17 (CXCR3−/CCR6+). The primary fo-

cus of the validation studies was Tfh cells rather than their sub-

types. Prior to each analytical run, isotype controls were prepared 

and stained with antibodies against CD45-RA BV510, CD3-APC- 

H7, CD4-BV421, CXCR5 IgG-PerCP-Cy5.5, CCR6 IgG-PE, and 

CXCR3 IgG-FITC. Tfh cell counts were obtained using a Navios 

flow cytometer (Beckman Coulter, Brea, CA, USA). The mini-

mum count of total cells was set to 105, with a desired CV of 

10% for the frequency of Tfh cells [10]. The Tfh populations 

were manually gated by a laboratory technician and medical su-

pervisor according to a predefined gating strategy (Fig. 1), and 

the results were compared for consistency. The study protocol 

was approved by the Institutional Review Board of Asan Medical 

Center (approval No. 2021-0591, 2022-1276).

 Precision was evaluated using two approaches: intra- and in-

ter-assay precision. Intra-assay precision was determined by mea-

suring three replicates of each sample in a single run, whereas 

inter-assay precision was determined by measuring three repli-

cates of each sample in four different runs. Our Tfh assay was 

designed for research purposes and can be validated with a mini-

mum of three samples [10]. However, for patient testing, a mini-

mum of six samples is necessary for precision validation owing 

to the expected higher variability in low-level samples [1]. Intra-

assay precision was expressed as the %CV for reportable results 

for each sample, whereas inter-assay precision was expressed 

Fig. 1. Gating strategy for Tfh cells and their subtypes. Tfh was used 
to define the populations of live CXCR5+ helper T cells. Three Tfh 
types are presented according to the positivity of CXCR3 and CCR6: 
types 1, 2, and 17.
Abbreviation: Tfh, follicular helper T.
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as the mean %CV of all runs for each sample. Regarding the 

acceptable precision criterion, the CV should be within 10%, 

with a CV range of up to 25% considered acceptable. However, 

for detecting rare cell events, a CV range of 30%–35% can be 

considered acceptable according to CLSI H62 [12]. Therefore, 

we adopted an acceptable precision range of a 30%–35% CV. 

Regarding intra-assay precision, all %CVs for Tfh cells and their 

subtypes were <10%. Although some %CVs for the Tfh sub-

types were higher than 10%, most Tfh results exhibited high in-

ter-assay precision (Table 1).

 Sample stability was assessed to evaluate the effect of Trans-

Fix (Cytomark Ltd.) mixing and sample time lapses. One pa-

tient’s sample was divided into two groups: one was mixed with 

TransFix (Cytomark Ltd.), and the other was left untreated. Both 

were prepared based on CD4 isolation. The samples were stored 

at room temperature (20°C–22°C) and analyzed at five time points 

(0, 4, 24, 28, and 48 hours) after preparation. The fraction of 

total lymphocytes, including Tfh cells and their subtypes, was 

calculated at each time point. The relative difference between 

the results obtained at each time point and the baseline results 

obtained immediately after cell processing was calculated. A 

relative difference <20% indicated sample stability. Analysis of 

untreated sample stability revealed significant variations in the 

relative differences in Tfh subtypes after 4 hours. However, Tfh 

cells remained stable for up to 48 hours, irrespective of whether 

TransFix was mixed (Supplemental Data Table S1). The practice 

of testing immediately after sample collection can reduce stabil-

ity issues, as is performed in our laboratory. However, in case of 

delays, stability should be confirmed for at least three samples, 

including assessing changes in markers or cellular subsets dur-

ing storage/shipment, to account for potential loss or alterations.

 For validated carryover, high-level Tfh samples (Sample A) were 

obtained from patients with autoimmune conditions, whereas 

low-level Tfh samples (Sample B) were obtained from healthy 

individuals who did not undergo CXCR5 staining during a medi-

cal examination. The samples were alternated and analyzed three 

times with the following sequences: A1, B1, A2, B2, A3, and B3. 

The carryover was calculated using Equation 1:

Carryover (%)=([B1−B3])/([A3−B3])×100                (1)

 The measured Tfh values for each sample were consistent 

across replicates (Supplemental Data Table S2). Carryover was 

evaluated using Equation (1) and determined to be −0.017%; no 

carryover was observed.

 The assay sensitivity was assessed by evaluating several key 

parameters, including the limit of blank (LOB), limit of detection 

(LOD), lower limit of quantification (LLOQ), and linearity. The 

LOB and LOD were validated based on the results obtained us-

ing the isotype control. Since the isotype control was not stained 

with CXCR5, it could have served as a Fluorescence Minus One 

control. Ten results from all validation runs were analyzed. The 

LOB was calculated as mean plus 1.645 times the SD, whereas 

the LOD was calculated as the LOB plus 1.645 times the SDlow-

level sample. Detecting low levels of Tfh cells can be challeng-

ing because even healthy individuals can exhibit varying levels 

of Tfh cells depending on their physiological state [12, 13]. To 

address this, we used the residual cells following CD4 isolation, 

which were depleted of Tfh cells, as the low-level samples. The 

CD4-isolated samples were mixed with low-level samples and 

serially diluted two-fold to create five levels for each of the three 

samples. Each level was analyzed in triplicate, and the mean, 

SD, and %CV were calculated for replicates with values above 

the LOD. The LLOQ was calculated as the mean of the lowest 

level. The LLOQ data that best represented the assay performance 

were used to assess linearity. As the semi-quantitative method 

Table 1. Intra- and inter-assay precision for Tfh cells

Precision
Counts of  
analysis

Absolute count of  
Tfh cells (/µL)*

%CV

Tfh cells (%) Tfh1 cells (%) Tfh2 cells (%) Tfh17 cells (%)

Intra-assay Sample-1   3 1,186 1.67 3.57 2.25 7.64

Sample-2   3 130 0.56 0.82 1.82 1.34

Sample-3   3 29 1.29 0.21 4.68 0.90

Inter-assay Sample-1 12 1,068 2.19 8.53 20.96 16.0

Sample-2 12 128 3.13 4.99 10.17 4.50

Sample-3 12 29 6.51 7.13 6.94 9.48

*The average value of the absolute count of Tfh cells for all replicates of each sample is indicated.
Abbreviations: %CV, percent CV; Tfh, follicular helper T; Tfh1, type 1 follicular helper T; Tfh2, type 2 follicular helper T; Tfh17, type 17 follicular helper T.
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used in this study was not amenable to formal linearity verifica-

tion, linearity was evaluated using R2 calculations after linear re-

gression. The LOB was calculated to be 0.03%, and the LOD 

was 0.05%. The LLOQ was identified as the relative percentage 

of Tfh cells (0.11%) (Supplemental Data Table S3). The R2 value 

of the linearity was 0.9970, indicating very good linearity (Fig. 2).

 This study confirms the ability of HSFC to detect Tfh cells in 

blood samples, even when present in very small numbers. Our 

study has some limitations. As we aimed to propose a HSFC 

validation plan that is feasible in the real world under limited 

laboratory resources, we conducted a limited number of tests. 

The systematic validation approach, which involves evaluating 

essential verification items with a minimum number of samples, 

can effectively address concerns related to the reliability and re-

producibility of results in real-world laboratory settings with lim-

ited resources. Establishing the LLOQ is a crucial step in evalu-

ating HSFC, and it can be accurately and precisely determined 

by selecting an appropriate sample, such as collecting residual 

cells from CD4 isolation and using them as low-level samples in 

our experiment. In summary, implementing a strategic approach 

to validate flow cytometry panels can accelerate HSFC adoption 

in clinical laboratories, even with limited resources.
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